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LCLS-II STATUS, ISSUES AND PLANS*
M. C. Ross†, SLAC National Accelerator Laboratory,Stanford, CA 94305, USA
Abstract
The Linac Coherent Light Source II (LCLS-II) project
requires the assembly, test, and installation of 37 cryomodules (CM) in order to deliver a 4 GeV CW electron beam
to the FEL undulators for production of both hard and soft
X-ray pulses at a repetition rate of up to 1 MHz. SRF cavity
performance in the 30+ tested CM exceeds gradient and
cryogenic dynamic heat-load requirements (set at 16
MV/m and 10 W resp). In this talk we present microphonics, shipping, magnetic-flux exclusion, and field emission
performance. The US funding agency, DOE, has recently
approved an additional 20 CM for the extension of LCLSII to 8 GeV. This paper will also include initial cavity and
heat-load performance results for the extension project,
LCLS-II-HE.

INTRODUCTION
The LCLS-II Free Electron Laser (FEL) project [1] takes
advantage of the excellent performance of the LCLS FEL
[2] and the successful development of superconducting RF
technology, done in part in preparation for a future linear
collider [3,4]. Following the completion of the International Linear Collider (ILC) Technical Design Report [5]
in 2013, a partnership of US accelerator labs initiated the
US Department of Energy (DOE) Critical Decision (CD)
process and quickly obtained permission to baseline and
start procurements for the roughly 1.04 billion USD project. Completion (CD-4) is planned for 30 June 2022.
Table 1: Performance of Large (>100 m) CW SRF Linacs.
The bottom row of the table shows the improvement in cryogenic heat load per GeV of acceleration over ~27 years.
Parameter

CEBAF
1994
338
7.5
169
1.2
4.0e9
1497
2.08
5
4.2

LEP2
1999
288
7.2
490
3.6
3.2e9
352
4.5
53
14.7*

LCLS-II
2021
280
18.5
296
4.6
2.7e10
1300
2.0
3.7
0.8

N_cav
E_acc (MV/m)
Meters of SRF
E_tot (GeV)
<Q0>
f (MHz)
Temp (K)
Heat Load(kW)
Heat Load
/GeV
* @4.5K. Divide by 3.5 to convert to equivalent load
at 2 K, (4.2 for LEP2)
___________________________________________

* Work supported by US DOE Contract DE-AC02-766SF00515
† email address mcrec@slac.stanford.edu
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LCLS-II is the first application of low cryogenic-loss nitrogen doping SRF technology [6]. Nitrogen doping reduces the high purity niobium ‘BCS’ resistance (R_BCS)
by a factor of three to four enabling large CW accelerator
facilities to operate with 15-20 MV/m acceleration gradients (E_acc). The doping is applied to the now-standard
1300 MHz nine-cell niobium sheet elliptical cavity. Table
1 compares large ~100 m linac performance over the last
roughly 27 years and shows the factor of five impact that
nitrogen doping has had on heat load.
Table 2 shows the LCLS-II Machine parameters. Figure
1 shows the layout of the LCLS-II SRF linac (from the end
of the injector), housed in the first kilometer of the SLAC
infrastructure formerly used for the normal-conducting
linac. Each cavity is powered by its own 4.8 kW solid-state
amplifier (SSA) with nominal loaded Q (Q_ext) of 4e7,
considered a practical match of low beam current and anticipated microphonics. Q_ext can be manually adjusted
within a +/- factor 3 range.
Cryogens for the facility are provided by two independent 4kW (at 2.0K) helium refrigerators, based closely on
the five-stage full cold compression Jefferson Lab CHL-2
design, commissioned in 2012 [7]. The complex is expected to be loaded to capacity following the completion
of LCLS-II-HE; only one of the two is required for LCLSII. A ~300 m long two-arm cryo distribution system (CDS)
feeds cold helium to the cryomodule strings [8]. Two distribution boxes (labeled DB in Fig. 1), each containing a 24 K heat exchanger, are located in the surface building directly above the cryomodule connection points.

European XFEL
The SRF technology deployed for LCLS-II follows very
closely that developed and constructed for the European
XFEL. Niobium, cavity, coupler, cryomodule, and auxiliary components are mechanically almost identical to that
used for the recently completed European XFEL (XFEL)
[9]. Changes to the cavity higher-order-mode extractor,
fundamental power coupler (FPC), cavity tuner, and magnetic shielding were required to manage the 1) higher dynamic heat load, 2) higher Q_ext, 3) higher average beam
current, and 4) higher sensitivity to magnetic field.
(B_amb). The CM hardware was fabricated by many of the
same companies and was tested by institutes that have
close collaborative relationships with XFEL institutes. The
most important collaborators from outside the DOE system
are DESY, CEA/Saclay, INFN (Milano), and KEK.

DOE Office of Science Lab Partnership
Fermilab and Thomas Jefferson Lab (JLab) each constructed and tested roughly half of the 37 cryomodules (35
each 1.3 GHz CM and two each 3.9 GHz linearizer CM).
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In addition, the JLab cryogenics group designed and managed the production of the 2.0 K cryoplant and Fermilab
provided the cryogenic distribution system. SLAC was responsible for integration of the linac, cryoplant, and cryogenic distribution system.

LCLS-II-HE
In 2018, the same partnership initiated the CD process
for LCLS-II-HE to make X-rays up to 12.8 keV [10]. The
new project received CD-1 (approval of the conceptual design and cost-range) in September 2018. Twenty CM with
an improved doping scheme and higher E_acc of 20.8
MV/m will be built from 2021 to 2023 using the same partnership scheme as for LCLS-II. A prototype will be built
and tested at Fermilab in 2020. Figure 1 shows the LCLSII-HE layout.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOFAA1

Table 2: LCLS-II Machine Parameters
Parameter
Energy
Beam I
Duty Factor
RF
Cavity
Cryomodules
Linearizer CM
Cryoplant cap.
SSA

Value
4
100
CW
1300
8
35
2
8
4.8

Units
GeV
μ Amp
MHz
per CM
each
each
kW@2.0K
kW

Figure 1: LCLS-II (top) and LCLS-II-HE (bottom) SRF linac layout schematic. (The injector and BC1 are omitted).

SUPERCONDUCTING CAVITIES
Cavity performance for the CW linac has two primary
criteria acceptance thresholds for E_acc and Q0 (inverse
heat load). In a pulse-mode linac the latter is less important
as the overall cryogenic capacity requirement has a much
larger relative contribution from the static heat load. Table
3 lists the cavity vertical test (VT) acceptance criteria. The
cavity vendors were not responsible for VT performance
but were responsible for meeting hold-point requirements
(mechanical, surface processing, microwave tuning, integration) and quality assurance reporting.

Nitrogen Doping
Nitrogen doping, first reported in 2012 by Grassellino et
al [6], changes the electron mean free path and the energy
band-gap in the superconductor resulting in greatly reduced R_BCS. R_BCS continues to improve with increasing E_acc. Doping is done in two steps at the end of the
hydrogen-outgas vacuum heat cycle. First, 25 milliTorr N2
is established in the high-temperature oven for a few
minutes, then, while maintaining temperature, the pressure
is quickly reduced for a few minute anneal cycle. The anneal cycle ends when oven cool down begins. Non-superconducting niobium nitride compounds form on the surface

MOFAA1
2

and (ideally) stop forming during the anneal cycle. The
atomic nitrogen continues to diffuse deeper into the bulk
niobium resulting a nitrogen concentration about 100x
background and 30 microns thick. The nitrides do not penetrate and must be completely removed with 5-micron
electro-polishing chemistry.
Before starting cavity production, a detailed, well-defined doping/annealing process (including allowable margins) was established through the Q0 R&D Program [11].
The R&D Program benefited from the availability of cavities fabricated for the ILC high gradient study [12]. Eighteen nine-cell cavities were pre-tested to establish a baseline, doped, and re-tested in an industrial-style scheme with
a 2 minute dope / 6 minute anneal recipe. Vertical test results were excellent, with <E_acc> = 21.6 MV/m and
<Q0> = 3.5e10, well above target averages of 16 MV/m
and 2.7e10 respectively. Sixteen of the 18 were used to
build two prototype CM (pCM). Long-term (several year)
tests, including to-air vents, show the doping is durable.

Cavity Industrialization
Cavities were fully fabricated, processed and tuned by
two companies, Research Instruments (Germany) and Ettore Zanon (Italy). Following the XFEL scheme [13], cavities are delivered fully dressed in their titanium helium
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vessels, under vacuum, and ready for vertical test [14].
Each vendor prepared two cavities, provided by LCLS-II,
in a doping-qualification cycle [15]. These were tested at
Fermilab and Jefferson Lab with excellent results, indicating nitrogen doping process was ready to begin transfer to
industry.
Table 3: Cavity Acceptance Criteria in Vertical Test. (Q0
criterium in VT is reduced by 0.2e10 to account for the two
blank flanges on the beamline ports.)
Parameters
Numbers
Unit
E_acc
>19
MV/m
Q0
>2.5e10
(at 16 MV/m)
R
<10
nΩ
HOM power
<1.0
W
Field emission
>17.5
MV/m
Onset*
Field Emission
<1
nA
at onset
*Field Emission limits changed 30% into production to
require No Detectable Field Emission at maximum gradient

Figure 2: Cavity VT performance.
Initial production at one of the two vendors was plagued
with poor performing cavities requiring a remediation program [16].
Figure 2 shows vertical cavity test results for both Q0
and Eacc for cavities with adequate heat treatment and acceptable vendor processing.
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Magnetic Flux Expulsion
Nitrogen doping causes both a reduced E_acc quench
limit compared to the un-doped cavities (>40 MV/m to 27
MV/m) and increased heat dissipation per unit of trapped
magnetic flux (roughly 3x, from 0.6 to 1.5 nΩ/mGauss)
[17]. In practice, since typical B_amb in the CM is ~3-5
mGauss, the latter is much more important as it has a direct
impact on the cryogenic load of the linac. Two steps are
taken to reduce the additional heat: 1) minimizing of
B_amb around the cavity and 2) maximizing Meissner-effect magnetic flux expulsion by the superconductor at cool
down transition to below Tc (9.2 K) so that the fraction of
B_amb trapped in the cavity is as low as possible. Good
flux expulsion efficiency requires a smooth, sweeping cool
down through Tc and, evidently, appropriate bulk niobium
metallurgical properties [18,19], so that such a cool down
through Tc traps expels B_amb. Cool down characteristics
of cavities in VT and CM are quite different due to cavity
orientation and CM cryogenic piping [20]. If slow or nonuniform cavity cool down happens in a CM, for example
following a quench, a ‘fast cool down’ (FCD) reset, typically from 40 K with 32 g/s 4K He flow, is required to release trapped flux. Numerical studies have shown this is
practical in the fully assembled SLAC linac [21].
Niobium sheet was purchased from two vendors [22] using the specification developed for the JLab 12-GeV upgrade and XFEL projects. Cavities were made of sheets
from one vendor or the other, but not of mixed content from
both vendors. The first batch of cavities made from sheets
from either of the two vendors showed very poor flux expulsion efficiency, even with optimum fast cool down
through Tc. This was identified to be a bulk phenomenon
and could be fully corrected by increasing the degas-cycle
temperature, (one of the two vendor’s sheets requiring
higher temperature to develop full efficiency). Dressed,
tuned, cavities cannot be heat treated to such high temperatures and several cryomodules were built with low expulsion efficiency cavities (see Table 4). From that point forward sample sheets from each Nb parent ingot were used
to assemble single – cell cavities to prove flux expulsion
for that specific material. This is rather expensive and time
consuming and efforts are underway to augment the existing specification to include metallurgical criteria aimed at
achieving efficient flux expulsion.
Three steps were taken to keep B_amb surrounding the
cavity in VT and in the CM to below 5 mGauss. 1) Two
layers of hermetic magnetic shielding are placed in the CM
around the cavity. 2) All close-in components, (such as the
Ti/SUS bimetallic transition joint), and associated tools
used for installation, are demagnetized and verified (a practice known as magnetic hygiene) [23]. 3) Each CM subject
to a degaussing cycle or cycles [24,25]. The CM are all
equipped with between 3 and 5 fluxgate magnetometers. In
practice this has been successful and no active B_amb cancellation has been needed in CM test. While the SLAC tunnel is oriented east-west, and the magnitude of B_amb is
low compared to the test facilities, sections of it have become magnetized over time and it is unknown if an active
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cancellation system will be required in order to stay below
the 5 mGauss limit.

CRYOMODULE
The most important design advances needed to adapt for
CW operation have already been summarized [26]. The
Fermilab team is the ‘designer of record’. JLab provided
mechanical mode and transportation analysis.
Equivalent, and in many cases identical, mass-production tooling was deployed at the production facilities,
CEA-Saclay (XFEL), Fermilab and Jefferson Lab (both
LCLS-II). Having the two facilities in parallel provided a
unique opportunity to compare different institutional procedures and infrastructure performance since incoming
procured components and tooling are identical. Some of
the differences seen in performance can therefore be attributed to different practice.
For example, JLab keeps the cavity string actively
pumped and under vacuum throughout CM assembly. Ideally, cavities are never backfilled throughout the life of the
CM. Fermilab practice is to assemble the CM with the
string back-filled nitrogen, as like XFEL. The strings are
not actively pumped during shipment and installation. As
would be expected, the additional integrated pumping time
results in better base pressure for the JLab strings (~30x).
Table 4: Cryomodule Acceptance Testing
Parameter
Total stable gradient: ~10
hour minimum hold
Usable E_acc . Limit by radiation, quench, or admin. limit
Total heat load (@ 2K)
B_amb
Radiation/dark current:
Onset of detectable Field
Emission and its magnitude at
operating gradient
Endurance test (all cavities
powered )

Criteria
>16 MV/m average;
128 MV total
Admin limit: 21 MV/m
Q = 2.7 x 1010, 88W
<5 mGauss
≤10 nA equivalent of
radiation @ 16 MV/m
(all cavities in phase)
50 mrad/hr limit for
E_acc (usable)
10-16 hours

Cryomodule Testing
Cryomodule testing is ‘critical-path’ on the project
schedule. Testing infrastructure is expensive, prone to unforeseen shutdown, and may have limited capabilities.
Typical ‘good’ CM testing durations (i.e. without unforeseen shutdown) are 28 days, including installation, cool
down, soak, testing, warm up and removal. Table 4 lists the
CM acceptance requirements. Failure to meet a given criteria triggers a review and mitigation process.
For LCLS-II three test facilities, Cryomodule Test Facility (CMTF, JLab), Cryomodule Test Station-1 (CMTS-1,
Fermilab), and Low Energy Recirculator Facility (LERF,
JLab) were used. The JLab CMTF, (commissioned ~1990
[27]), required reconfiguration in order to provide 32 g/s
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helium as needed for FCD. CM tested before the reconfiguration (J-01 to J-07) show poor flux expulsion and are
listed in italics in Table 5. To check that slow cool down
indeed caused the high heat load, one CM, (J-01) was
tested at both CMTF and CMTS-1.
Each of the 3 facilities were initially configured with
very different radiation-dose instrumentation. Since E_acc
usable, which is sometimes fixed by the maximum allowable radiation dose rate of less than 50 mrad/hour, is an important limitation to performance, these differences required resolution during production. That process is not
complete and it is planned to review and resolve it further
during LCLS-II-HE CM production.
Table 5: Cryomodule test results for total usable E_acc
(units MV) and average Q0 (x1010). ‘F-#’ were built and
tested at Fermilab, ‘J-#’ at JLab. Twenty-nine out of 35 (not
incl 5 each spares) have been tested with an average CM
E_acc of 18.5 MV/m and an average Q0 of 2.8e10. *J-01
results are from testing done at Fermilab CMTS-1.
CM
E_acc
Q0
CM
E_acc
Q0
F-01
151
2.9
J-01
142
2.7*
F-02
166
2.1
J-02
138
1.7
F-03
146
3.4
J-03
134
2.2
F-04
164
3.1
J-04
144
1.9
F-05
158
3.0
J-05
150
2.3
F-06
166
1.9
J-07
130
1.9
F-07
167
2.6
J-08
127
2.5
F-08
162
2.3
J-10
156
3.0
F-09
171
3.3
J-12
161
2.8
F-10
168
2.7
J-13
152
2.7
F-11
163
3.6
J-14
151
2.6
F-12
164
3.0
J-15
146
2.3
F-13
162
3.2
F-14
150
2.9
F-15
152
3.0
F-16
152
3.6
F-17
141
3.1

Field Emission
Ionizing radiation from field emission (FE) causes induced radioactivity and radiation damage [28], in addition
to limiting E_acc and increasing cryogenic heat loads. Radiation damage modelling [29] was used to estimate the allowable maximum dark current, minimum E_acc (onset)
onset gradient, and maximum radiation dose-rate. Figure 3
shows cavity E_acc (usable) distributions reported by the
two CM production lines for a) all cavities (232 each), b)
cavities without detectable field emission, and c) cavities
with field emission (69). In b), it is clear the two test facilities report the same parent distribution. In c) there may be
an indication the JLab CM have a greater incidence of field
emission, even though the number of FE cavities is less (29
vs 39). The number of cavities where the maximum gradient is set by field emission is much less than the number
shown in Fig. 3 (11 JLab / 9 Fermilab). The figure shows
E_acc (usable) for cavities with evidence of field emission.
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can ratchet up trapped flux leading to an ever-increasing
heat load, eventually requiring an FCD reset [32]. This depends on B_amb and the size of the normal-conducting
zone. Multipactor processing will be required as a part of
commissioning in the assembled linac in order to keep the
heat load fixed and limit the rate of FCD resets [33].

Microphonic Instability
a

Initial testing of LCLS-II cryomodules showed high amplitude microphonic instability in the low sub-audio band
[34] that was ultimately traced to thermo-acoustic oscillations (TAO) in the two cryogenic valves built into each cryomodule (see Fig. 4). Thermo-acoustic parametric analysis
was used to develop and evaluate the needed corrections,
the most important of which involved the reversal of both
CM valves (JT and fill) to have the valve stem volume at
low (~30 mbar) pressure.

b

c

Figure 3: E_acc (usable) in CM test for a) all CM, b) no
FE, c) only FE cavities. (The bins are overlaid).
At roughly the 30% point in the production and test cycle, following the scheme of XFEL, cavity string assembly
process and infrastructure at both institutes were audited
[27,30]. This was successful and subsequent assemblies
had substantially reduced FE rates. A total of 6 CM show
no detectable FE up to the quench or admin limit.

Multi-pactor breakdown
The TESLA elliptical cross-section cavity is known to
have a multipactor discharge band from 17 to 23 MV/m
[31]. A typical discharge event may cause quench and the
subsequent return to the superconducting state may result
in increased trapped flux giving a higher heat load to 2K.
A sequence of such events, for example during processing,
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Figure 4: showing a four-hour duration cavity detuning
spectrogram (difference between the cavity resonant frequency and nominal center frequency). The slow frequency drifts are correlated with the movement of cryogens in the cryomodule and are consistent with TAO-generated frequencies.
This fix, together with improvements to the upstream
gate valve cavity mounting and input piping improvements, was adequate to satisfy the +/- 10 Hz detuning microphonic-stability acceptance criteria that matches the
Q_ext, E_acc, and RF power-overhead.
Each CM is specified be operated in full ‘linac-mode’
during testing, i.e. all cavities frequency-locked at nominal
integrated gradient for at least 10 hours. In practice, this
has not been routinely achieved as 1) the cavity resonance
stabilization is not mature enough to allow all cavities to
be frequency-locked and 2) (for JLab) the cryogenic capacity of CMTF is inadequate to carry the full CM heat load.
Active compensation using the piezo-driven fast cavity
tuner is foreseen, as the microphonic disturbance level in
the SLAC tunnel may be different than in the test facilities.
The tuner control / low level RF system provides the capability to deploy fast mechanical compensation if needed.
Testing [35] demonstrated a factor 3 reduction in detuning.
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Shipping
After CM acceptance testing is complete, each CM is
shipped to the SLAC accelerator enclosure for installation.
The cryomodules are integrated into long strings to await
cool down and commissioning, which may be 2 – 3 years
after testing.

Figure 5: Mechanical model of the articulated FPC, showing the central DN100 6-inch conflat flange pair (middle of
the figure). A section of beam pipe is shown in blue in the
upper right side of the figure and the large insulating vacuum tank flange is shown on the left.
At the start of LCLS-II CM shipments to SLAC, two severe beamline loss-of-vacuum incidents occurred. These
were traced to two shortcomings: 1) semi-trailer shipping
frame springs were too stiff and 2) the FPC central ‘floating
flange’ was insufficiently restrained and showed resonantly
driven motion. [36, 37] In both incidents the vulnerable
component which failed was the cold-side FPC flexible
bellows (Fig. 5). The coaxial FPC is articulated and is designed to withstand ~10 mm of lateral offset from CM cool
down. The central DN100 conflat flange pair and its surrounding thermal anchor shroud make up a roughly 5 kg
central segment of the articulated assembly that does not
have a mechanically stiff connection and oscillates at
roughly 15 Hz natural frequency (warm and cold-side bellows under vacuum). Figure 5 shows the distortion of the
FPC during road transport. The bellows shown on the right
side cracked after afew thousand 6 mm peak – to – peak
movements, a number easily exceeded in the initial transports. Subsequent bench testing of the bellows, heat treated
and brazed in a manner similar to these, showed the same
crack failures following similar integrated motion.
The disturbance to the FPC was exacerbated because
the natural oscillation frequency of the truck-trailer
transport frame was similar to its own natural frequency.
This was readily fixed by adjusting the suspension spring
scheme to reduce (2x) the transport frame frequency thus
decoupling the resonantly-driven motion caused by the
truck. In addition, a small neoprene spacer is clamped to
the conflat flange assembly to limit the amplitude of motion. Installation of this can be awkward because it must be
placed inside the completed CM after testing through the
side-mounted tuner access ports and removed upon arrival
at SLAC. This delicate process has been done many times
but is prone to mishap because the inside of the CM is quite
congested, and on one occasion the removal process failed
and the CM beamline was damaged.
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Initial shipments also showed flaws in cold mass fastener
assembly with some fasteners becoming loose or undone.
A complete fastener inventory and assembly protocol review was done with specific attention paid to thermal-anchor fasteners as these often rely on uniformly squeezed
indium conduction gaskets. Following the review and implementation of corrections, no further fastener problems
have been observed [30].

Figure 6: Single Cryoplant Process Flow Diagram, with
room temperature at the top and 2K at the bottom. It shows
the liquid nitrogen precooling (upper left), series/parallel
high power warm compressors (top), expansion turbines
(left), cold-box heat exchangers (8 each), sub-cooler vessel
and heat exchanger, JT expansion valves (bottom, one in
the cryoplant and one in CM), cold compressors (lower
right). The cavity tanks are shown in the lower right with a
red W to indicate heat from SRF.

CRYOPLANT
Figure 6 shows the Process Flow Diagram of helium refrigerator equipped with five-stages of cold compression
[7]. The design is optimum for a CW linac with high 2.0 K
heat load and each refrigerator has mass-flow capability of
215 g/s. Table 6 shows the expected LCLS-II and LCLSII-HE heat loads.

PLANS
Linac Integration
The L2 linac segment, 12 CM, (Fig. 1) is complete and
interconnect welding is underway. We expect L3, 20 CM,
to be complete until the end of 2019 and LCLS-II to be
ready for initial commissioning and cryogenic testing in
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summer 2020. Beam operation will start about one year
later.
Table 6: Cryogenic System Heat static and dynamic loads
for the three circuits, 70K shield, 5-8 K low-temperature
intercept and 2.0 K inner circuit. The ultimate (LCLS-IIHE) total 2K load is anticipated to be 7.13kW, with a 12%
margin below the dual cryoplant 8kW capacity.
Load
LCLS-II
CM static heat
CM dynamic heat
CDS heat
Total
Total mass flow
LCLS-II-HE
CM static heat
CM dynamic heat
CDS heat

Total

70
4.56
3.22
4.29
12.06
115.6
7.02
5.04
8.37

Circuit
5-8
0.63
0.27
0.21
1.11
58.0
0.97
0.43
0.36

17.64 1.63
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2
0.26
3.02
0.25
3.53
174.6
0.41
6.40
0.32

7.13

Unit
K
(kW)
(kW)
(kW)
(kW)
(g/s)
(kW)
(kW)
(kW)

(kW)
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OPERATION OF THE EUROPEAN XFEL
TOWARDS THE MAXIMUM ENERGY
M. Omet∗ , V. Ayvazyan, J. Branlard, S. Choroba, W. Decking, V. Katalev, D. Kostin,
L. Lilje, P. Morozov, Y. Nachtigal, H. Schlarb, V. Vogel, N. Walker, B. Yildirim
Deutsches Elektronen-Synchrotron, Hamburg, Germany
Abstract
After the initial commissioning of the available 25 radio
frequency (RF) stations of the European XFEL (RF gun, A1,
AH1 and stations A2 through A23) a maximum electron
beam energy of 14.5 GeV was achieved, 3 GeV short of the
design energy of 17.5 GeV. In order to tackle this problem,
the Maximum Gradient Task Force (MGTF) was formed. In
the scope of the work of the MGTF, RF stations A6 through
A25 (linac L3) were systematically investigated and voltagelimiting factors were identified and improved. As a result,
the design electron beam energy was exceeded at 17.6 GeV
on 18th of June 2018. Beside this an overview over the
regular RF operation at the European XFEL is given.

INTRODUCTION
The European X-ray Free-Electron Laser (XFEL) [1] is
operated at the Deutsches Elektronen-Synchrotron (DESY),
Hamburg, Germany. Currently up to 6000 coherent laser
pulses per second with a duration of less than 100 fs and
with a wavelength down to 0.62 Å are delivered to the experiments. In future the number of pulses will increase to the design value of 27000 per second. For the production of these
laser pulses, electrons have to be accelerated using a 1.5 km
long accelerator based on superconducting radio frequency
(RF) technology. In order to provide a highly reproducible
and stable electron beam, a precise regulation of the RF fields
within the superconducting cavities (SCC) is required. The
hardware standard in which the low-level radio-frequency
(LLRF) systems are realized is Micro Telecommunications
Computing Architecture (MicroTCA.4) [2].
Figure 1 shows a schematic of the facility. It is divided into
various subsections, including the ones for electron beam acceleration: the injector I1 and the linacs L1, L2 and L3. The
sections L1 and L2 are part of the bunch compression sections and are operated at electron beam energies of 700 MeV
and 2.4 GeV, respectively. The additional energy gain up to

the design energy of 17.5 GeV [1] is realized in L3. The RF
stations in sections L1 to L3 have a master-slave configuration. For further information on the system architecture
see [3, 4]. As high power RF sources 10 MW multi–beam
klystrons are used. The electron bunches are distributed [5]
to the beam dump TLD, to the north branch including undulator sections SASE1, SASE3 and the beam dump T4D
as well as to the south branch including undulator section
SASE2 and the beam dump T5D.

MAXIMUM ENERGY REACH
Initial Situation
The maximum design electron beam energy of the European XFEL is 17.5 GeV [1]. After early commissioning of
the RF stations up to A23, a maximum energy of 14.5 GeV
was achieved. Results from the Accelerator Module Test
Facility (AMTF) [6, 7] tests and subsequent waveguide system tailoring predicted a theoretical maximum energy of
17.9 GeV. Figure 2 shows the corresponding VS voltages per
RF station in grey. However, in reality, measurement and installation errors can only reduce this value. Furthermore 10
cavities have been detuned after the modules were installed
in the tunnel due to high field emission, due to coupler issues, etc. [8]. Nevertheless, it was expected that sufficient
margin still remained in the stations to be able to achieve
the required design energy. To achieve this, a careful and
systematic set up and investigation of each individual station
was required.

Mitigation Strategy
In order to reach and exceed the design energy of
17.5 GeV a team of RF station sub-system experts (e.g. for
cavities, couplers, klystrons, LLRF, waveguides, etc.) was
assembled, the Maximum Gradient Task Force (MGTF).
It performed investigations of individual RF stations on
a weekly basis. For the investigations extensive use of
the very flexible timing system was made. It generates an

Figure 1: Schematic of the RF stations, the cryostrings and the accelerator sections of the European XFEL.
∗
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Figure 2: Maximum VS gradients of L3: estimated from
AMTF tests (grey), measured at XFEL before the MGTF
efforts up to A23 on the 23rd of June 2017 and up to A25
on the 12th of July 2018 (yellow) as well as at XFEL after
the MGTF efforts on the 30th of January 2019 (blue).
individual trigger for every RF station. By this the timing of
an arbitrary subset of RF stations can be shifted in respect to
the trigger of the electron beam. This allowed to study the RF
stations in parallel to regular beam operation and even during
user runs. In total 40 investigations were conducted. All
investigations were performed following the same checklist
in order to guarantee an unified testing procedure. Based
on the findings, solutions for the maximum possible vector
sum (VS) voltage were determined and implemented. All
findings were documented in unified RF station reports.
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klystron power was insufficient, its high voltage was increased. It turned out this was only an issue of the initial
setup. The klystrons per se were never the limiting factor.
As a result of these studies, 12 cavities have been detuned
in order to maximize the available VS voltages of the RF
stations. In total 22 cavities are currently detuned. The
improvements of the maximum RF station VS voltages are
shown by the blue bars in Figure 2. An average of 93.6%
of the AMTF estimations have been reached. Due to the
work of the MGTF, the energy gain in L3 was increased
by 1.9 GeV, which corresponds to about 2.4 L3 RF stations.
Figure 3 shows the estimated maximum possible electron
beam energy after every MGTF investigation (assuming
2.4 GeV after L2). On the 12th of July 2018, after basic
commissioning of the last two RF stations A24 and A25, the
design energy of 17.5 GeV was exceeded by 100 MeV. In
order to make this possible, the energy at L2 was increased
by 200 MeV to 2.6 GeV. In the following days cavities of A25
were conditioned, allowing an increase of the maximum VS
voltage of that station by about 100 MV. On the 18th of July
2018 the design energy of 17.5 GeV was again exceeded by
100 MeV, this time while keeping L2 at the design energy
of 2.4 GeV. Figure 4 shows a screen shot of the beam line
overview panel during this run. This was a major milestone
in the commissioning of the European XFEL.

Results
Two categories of limitations were found, namely insurmountable and surmountable limits. The insurmountable
limits were cavity quenching, reaching the field emission
limit of 500 µSv/h of neutrons and missing piezo operation.
The quench gradients were determined by the evaluation of
the beam-based calibrated cavity probe signals. The radiation level was measured by a robot (MARWIN [9]) equipped
with a radiation detector (PANDORA [10]) moving along
the RF stations. The piezo operation was not possible due
to missing piezo driver electronics at the time of the investigations.
The surmountable limits were waveguide sparking and too
low klystron power. The waveguide sections, which showed
sparking, were replaced. It was confirmed afterwards that
waveguide distribution systems can sustain the power levels
required for maximum for maximum VS voltages. If the

Figure 3: Maximum electron energy over MGTF investigations (green), 17.5 GeV design electron energy (red) and the
theoretical AMTF-based upper limit (dark blue).

Figure 4: Screen shot of the overview panel of the beam line from the RF gun to the TLD during the first reach of the
17.5 GeV after L3 while keeping the design energy of 2.4 GeV after L2 on the 18th of July 2018.
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RF OPERATION PERFORMANCE
The requirements for the in-loop amplitude and phase
stability over the flattop is 0.01% and 0.01◦ , respectively [1].
Figure 5 shows the amplitude and phase stability reached
at the XTL RF stations. The achieved performance in amplitude and phase is up to a factor of 2 more stable than
required. The differences in stability from station to station
result from differences in the detuning of the cavities. The
presented data was taken during nominal operation with
beam (600 bunches, 0.25 nC, 1.125 MHz spacing). Algorithms such as the multiple input multiple output-based feedback controller [4], the learning feedforward [11] and the
beam loading compensation [12] were active. The required
level of RF amplitude and phase stability is continuously
and reliably met since the commissioning in 2017.

JACoW Publishing
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considered. The main goal of current investigations has
shifted from reaching maximum electron energy to operating
the RF stations reliably at their established limits.
The amplitude and phase regulation performance of the
LLRF systems meet reliably the requirements since the conclusion of the commissioning in 2017 with plenty of head
room. The commissioning of the beam loading compensation ensures this also for quickly changing bunch train
lengths.

REFERENCES
[1] The European X-Ray Free Electron Laser Technical Design
Report, 2007, http://xfel.desy.de
[2] MicroTCA® is a trademark of PICMG, MicroTCA.4 specifications, 2006, http://www.picmg.org
[3] H. Schlarb, “Overview on the LLRF and MicroTCA developments at DESY”, Talk at the Low Level Radio Frequency
Workshop 2013, Lake Tahoe, CA, USA, 2013.
[4] S. Pfeiffer et al., “Desgin of an Optimal and Robust Controller
for a Free-Electron Laser Exploiting Symmetries of the RFSystem”, in Proc. of the 51st IEEE Conference on Decision
and Control (CDC’12), Maui, HI, USA, 2012.
[5] L. Fröhlich et al., “Multi-beamline operation at the European XFEL”, to be presented at Proceedings of the 39th International Free-Electron Laser Conference, 2019, Hamburg,
Germany, 2019.
[6] J. Branlard et al., “LLRF Tests of XFEL Cryomodules at
AMTF: First Experimental Results”, in Proc. 16th Int. Conf.
RF Superconductivity (SRF’13), Paris, France, Sep. 2013,
paper THP087, pp. 1132–1134.
[7] J. Swierblewski, “Large Scale Testing of SRF Cavities and
Modules”, in Proc. LINAC’14, Geneva, Switzerland, Aug.Sep. 2014, paper TUIOC01, pp. 426–430.

Figure 5: In–loop intra–pulse amplitude (top) and phase
(bottom) stability of the XTL RF stations averaged over
1000 pulses as of 30th of May 2019. The red line indicates
the required stability level.

SUMMARY AND OUTLOOK
In mid 2017 the maximum possible electron energy of
14.5 GeV was much lower than expected. As a reaction to
this the MGTF was founded. After about one year of work
and 40 investigations of all 20 L3 RF stations the design
electron energy of 17.5 GeV was reached and exceeded by
100 MeV on the 18th of July 2018, while keeping the design
energy of 2.4 GeV at the bunch compressor 2. This was a
major milestone during the commissioning of the European
XFEL. After the MGTF studies the piezo driver electronics
have been installed. Their commissioning is expected to
be finished mid 2019. After this two RF stations, which
were limited by the missing piezo operation, have to be
investigated again. Hardware modifications such waveguide
distribution system optimization in order to retune cavities,
which have been detuned during the MGTF studies, are

Facilities - Progress
operational experiences

[8] D. Kostin et al., “SRF Operation at XFEL: Lessons Learned
After More Than One Year”, in Proc. IPAC’19, Melbourne, Australia, May 2019, pp. 12-16. doi:10.18429/
JACoW-IPAC2019-MOYPLM2
[9] A. Dehne, T. Hermes, N. Moeller, and R. Bacher,
“MARWIN: A Mobile Autonomous Robot for Maintenance and Inspection”, in Proc. ICALEPCS’17,
Barcelona, Spain, Oct. 2017, pp. 76–80. doi:
10.18429/JACoW-ICALEPCS2017-MOCPL06
[10] A. Leuschner, “Dose rate measurements around the electron
extraction at FLASH”, in Proceedings of the 8th International Workshop on Radiation Safety at Synchrotron Radiation Sources 2015 (RadSynch15), Hamburg Germany, 2015.
[11] S. Kirchhoff et al., “An iterative learning algorithm for control of an accelerator based Free Electron Laser”, in Proceedings of the 47th IEEE Conference on Decision and Control
(CDC’08), Cancun, Mexico, 2008.
[12] L. Butkowski, J. Branlard, M. Omet, R. Rybaniec, H.
Schlarb, and Ch. Schmidt, “Implementation of the Beam
Loading Compensation Algorithm in the LLRF System of the European XFEL”, in Proc. LINAC’18, Beijing, China, Sep. 2018, pp. 594–597. doi:10.18429/
JACoW-LINAC2018-TUPO132

MOFAA2
11

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOFAA3

THE FRIB SC-LINAC: INSTALLATION AND PHASED COMMISSIONING*
J. Wei#, H. Ao, S. Beher, B. Bird, N. Bultman, F. Casagrande, D. Chabot, W. Chang, S. Cogan,
C. Compton, J. Curtin, E. Daykin, K. Davidson, K. Elliott, A. Facco1, A. Fila, V. Ganni,
A. Ganshyn, P. Gibson, T. Glasmacher, I. Grender, W. Hartung, L. Hodges, K. Holland,
H.-C. Hseuh, A. Hussain, M. Ikegami, S. Jones, T. Kanemura, S.-H. Kim, M. Konrad, P. Knudsen,
R.E. Laxdal2, J. LeTourneau, Z. Li, S. Lidia, G. Machicoane, P. Manwiller, F. Marti, T. Maruta,
E. Metzgar, S. Miller, D. Morris, C. Nguyen, K. Openlander, P. Ostroumov, A. Plastun,
J. Popielarski, L. Popielarski, J. Priller, M. Reaume, H. Ren, T. Russo, K. Saito, M. Shuptar,
J. Stetson, D. Victory, R. Walker, X. Wang, J. Wenstrom, M. Wright, M. Xu, T. Xu, Y. Yamazaki,
Q. Zhao, S. Zhao, Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI,
USA
K. Dixon, M. Wiseman, Thomas Jefferson National Laboratory, Newport News, VA, USA
M. Kelly, Argonne National Laboratory, Argonne, IL, USA
K. Hosoyama, KEK, Tsukuba, Japan
1
also at INFN - Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy
2
also at TRIUMF, Vancouver, Canada
3
also at Argonne National Laboratory, Argonne, IL, USA
Abstract
The Facility for Rare Isotope Beams (FRIB)
superconducting (SC) radio-frequency (RF) driver linac is
designed to accelerate all stable ions, including uranium, to
energies above 200 MeV/u. The linac includes 46
cryomodules (CMs) containing 104 quarter-wave
resonators (QWRs) and 220 half-wave resonators (HWRs).
With the newly-commissioned refrigeration system
supplying liquid helium to the QWR and SC solenoids,
heavy ion beams including Ne, Ar, Kr, and Xe were
accelerated to > 20 MeV/u in the first linac segment (LS1),
using 15 CMs containing 104 QWRs (β = 0.041 and 0.085)
and 39 solenoids. Even at this intermediate stage, the FRIB
accelerator has already become the world’s highest-energy
continuous-wave (CW) hadron linac [1]. Installation of
HWR CMs (β = 0.29 and 0.53) is proceeding in parallel.
Development of β = 0.65 elliptical resonators is on-going
to support an energy upgrade to 400 MeV/u. This paper
summarizes the FRIB SC-linac installation and phased
commissioning status that is on schedule and on budget.

parallel installation and maximizes machine availability
and maintainability. The helium refrigeration system feeds
cryogens through four separated distribution lines, one for
each of the three linac segments (LS1 to LS3) and the
fourth for the experiment systems (ES) area. U-tube
connections allow for flexible and robust configuration
changes. Each CM is connected to via U-tubes, allowing
independent cool-down and warm-up of each CM. The
segmented design provides the flexibility needed for
phased commissioning: LS1 (Fig. 1, red) remains cold
since April 2019 after beam commissioning; LS2 (Fig. 1,
blue) is being cooled down in preparation for beam
commissioning; LS3 (Fig. 1, green) is under fabrication
and installation; and the ES (Fig. 1, brown) area cryogenic
and magnet systems are still being designed (Table 1).

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) driver linac
uses SRF technology to accelerate CW or pulsed beams of
stable ions, from hydrogen to uranium, from 0.5 MeV/u to
200 MeV/u, with upgrade potential to 400 MeV/u [2].
Four types of accelerating cryomodules (CMs) are used, all
operating at 2 K: β = 0.041 and 0.085 QWRs at 80.5 MHz,
and β = 0.29 and 0.53 HWRs at 322 MHz (Fig. 1). The
CMs also contain SC solenoid packages operating at 4.5 K
for transverse focusing and steering.
Strategically-designed segmentation in the cryodistribution system facilitates phased commissioning with
___________________________________________
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Figure 1: Schematic layout of the FRIB accelerator
complex. The primary beam is generated from the front
end and accelerated through linac segment 1 (LS1), folding
segment 1 (FS1), LS2, FS2, and LS3, then strikes the
production target for rare isotope production of fast,
stopped, and reaccelerated beams.
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An innovative “bottom-up” cryomodule design
facilitates the mass production required for the SC-linac
CMs. The cold mass is mounted on supporting posts on
linear roller bearings to streamline CM assembly and
alignment [3, 4]. The cryogenic headers are suspended
from the top for microphonics suppression. Local
magnetic shielding allows the solenoids to operate at ~ 8 T
without compromising the resonator performance.
Rigorous acceptance testing is employed to ensure
quality accelerator components for rapid beam
commissioning. Extensive development work and preproduction prototyping were done for both subcomponents (cavities, couplers, tuners, solenoids) and
CMs. Subsequently, all production subcomponents are
tested before assembly onto a cold mass. Each assembled
cryomodule is bunker tested before tunnel installation [5].
Table 1: Stages of Accelerator Readiness (ARR) for the
Phased Beam Commissioning of the FRIB Accelerator
ARR
Phase
1
2
3
4
5
6
Final

Area with beam
Front end
 = 0.041
 = 0.085 (LS1)
 = 0.29, 0.53 (LS2)
+  = 0.53 (LS3)
+ target, beam dump
integration with NSCL

Energy
MeV/u
0.5
2
20
200
>200
>200
>200
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Date
Jul 2017
May 2018
Feb 2019
Mar 2020
Dec 2020
Sep 2021
Jun 2022

additional loads or exergetic losses [6]. This allows for
efficient operation with reduced loads during
commissioning or as dictated by operational needs, since
the main compressor input power is mainly proportional to
the supply pressure to the cold box. The main compressor
skid design was developed for the NASA James Webb
project. The 2 K (31 mbar) load is supported using five
stages of centrifugal cryogenic compressors, housed within
the sub-atmospheric cold box that recompress the helium
to 1.15 bar (~ 30 K), with reinjection of the discharge into
the 4.5 K cold box. The 4.5 K cold box is comprised of
two separate vacuum-insulated vessels, a vertical one that
spans from 300 K to 60 K and a horizontal one housing
seven turbines with four expansion stages and a sub cooler.
This cold box has an equivalent 4.5 K refrigeration
capacity of 18 kW.
Most of the subsystems were designed by the FRIB
cryogenic design team consisting of members from JLab
and MSU, and procured from the industry as build-to-print.
The team is also responsible for the planning, integration,
installation, controls, commissioning, and operations of the
entire system. Careful planning and execution avoided the
need to store or “double-handle” any equipment. The
4.5 K refrigeration system, operating with the main
compressors, met all the design goals and has been
continuously operating since April 2018, efficiently
supporting the phased commissioning of the SC-linac.
Similarly, the 2 K system was tested in December 2018 and
met all the design goals for linac operations.

DESIGN AND CONSTRUCTION
Helium Refrigeration System
The initial plan of a “turn-key” approach for the
cryogenic helium system from industry exposed the project
to serious risks in budget and scope. The approach failed
since a large-scale, non-standard system is not a
manufacturer’s standard product; many required
subsystems are not the primary contractor’s expertise. This
lead FRIB to utilize the design and operations experience
of JLab and SNS and to acquire expertise accordingly to
form an in-house team.
The FRIB cryogenic system, integrating the cryo-plant
(Fig. 2), cryo-distribution, and cryomodules is based on a
modular design to support phased installation and
commissioning.
At the cryogenic plant level, the
distribution system is divided into four main branches, as
shown in Figure 1. All interfaces between the cryo-plant
and the four main distribution branch lines are connected
using a pair of cryogenic couplings that are connected by a
removable inverted U-tubes with ambient temperature
valves for isolation when U-tubes are removed. Each
cryogenic load is also connected to the main distribution
with U-tubes for each circuit (i.e., 4.5 K helium supply, 4.5
K helium return, shield supply, shield return, subatmospheric return, etc.). The cryo-plant uses the Ganni
floating pressure process, allowing both the compressor
discharge and 4.5 K cold box supply pressure to
automatically vary from 6 to 21 bar without introducing
Facilities - Progress
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Figure 2: FRIB cryoplant operating at both 4.5 K and 2 K
temperatures.

Quarter-wave Resonator Cryomodules
SRF cryomodules are designed to accelerate CW ion
beams starting from 0.5 MeV/u energy. LS1 uses 15 QWR
cryomodules containing 104 QWRs of β = 0.041 and 0.085
and 39 solenoids to accelerate the beam through the charge
stripper to the beam dump at FS1 (Figs. 1 and 3).
FRIB superconducting resonators are double-wall,
coaxial cavities made of bulk niobium and surrounded by
a titanium He vessel [7]. To meet the FRIB construction
and long-term operation needs, the design philosophy aims
at a good balance between high reliability and
performance, easy production and assembly, and low cost.
Design complications have been carefully avoided. The Ti
vessel is a fundamental component of the structure and
contributes to its mechanical stability. Nb and Ti are
MOFAA3
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directly welded together. The cavity preparation includes
a bulk etch (BCP), 650 °C thermal treatment followed by a
light etch, and high-pressure water rinsing in a clean room.
Following our test results, we decided to apply 120 °C
baking only to the ReA QWRs (operating at 4.5 K) but not
for the FRIB cavities operating at 2 K, as no real
improvement was observed after baking. Cavity final
frequency adjustment includes plastic deformation,
differential etching and virtual welding when needed.

Figure 3: Photograph of the FRIB tunnel during ARR3
beam commissioning. The beams down from the vertical
LEBT are accelerated through the RFQ and the LS1 QWR
cryomodules to the beam dump at the end of LS1.
Cavity development work intensified in 2011, prompted
by an unforeseen lack of performance of the first lot of β =
0.085 QWRs. A systematic testing campaign finally
identified a subtle flaw in the first generation QWR design:
where a combination of design choices was leading to
overheating, bad rf contact and problematic differential
contraction [8]. All cavity designs, including HWRs, were
thoroughly revised. For the QWRs, the rf couplers were
moved from the tuning plate to the side; the tuning plate
was moved further away from the inner conductor, and the
bottom flange design and materials were changed. This
solved the design problems, and eight underperforming
QWRs were fully recovered and installed in the ReA linac.
In addition, the electromagnetic, cryogenic and mechanical
design of all cavities were re-optimized, improving their
performance and allowing a slight reduction of in the
cavity count and a larger safety margin for performance.
The initial rather complex HWR tuner was replaced by an
Argonne-type pneumatic one [9], with a newly designed
interface to the cavity which allows for easy installation in
the tight space available between cavities after cold mass
assembly. The fundamental power couplers (FPCs) for the
QWRs and HWRs were modified and upgraded. An
Argonne-style 4 kW double window adjustable FPC
design was adopted for QWRs; in the SNS-type, singlewindow FPC used for HWRs, the impedance profile was
modified to reduce multipacting conditioning time. The
resonator construction and tuning procedures, surface
processing, and thermal treatments were updated as well.
A rigorous validation procedure, including integrated
resonator testing in operation-like conditions, was set up
and enforced in the production chain. This rather intensive
campaign required a considerable effort, but succeeded in
meeting all FRIB requirements in due time.
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The cryomodule design converged to a single approach
for all cavity types after testing of the first generation, “topdown” QWR and HWR cryomodule prototypes. In the
first generation, the assembly time was found to exceed by
far the time allocated in the FRIB schedule. The new
“bottom-up” design [10] allows for an easier, faster and
more reproducible assembly procedure, and gives better
access to cavities and ancillaries during critical assembly
steps (Fig. 4). The rather long cold mass alignment rails,
split in two or three independent sections to limit thermal
displacements, sit on short G10 posts which stand directly
on the cryomodule baseplate, which supports all rf,
cryogenic and beam vacuum interfaces. A clever system
of linear bearings placed in between posts and rails
provides automatic alignment of the cold mass to the beam
axis during cool-down with excellent precision and
reproducibility. The cryomodule top cover has only the
functions of vacuum vessel and of stiff support for the
helium reservoir. To validate the new design and the
required long O-ring seal with 3-way connections, a special
cryomodule mockup (“engineering test cryomodule,”
ETCM) was built and tested to verify the kinematic support
and post-cool-down alignment accuracy.

Figure 4: Partially assembled β = 0.53 cryomodule. The
base-plate, alignment rails, thermal shield, cryogenic
headers, and cryogen connections are visible.

INSTALLATION AND PREPARATION
Installation and system integration must be completed
before device readiness reviews (DRR) are conducted;
after DRR, integrated tests are done, followed by
accelerator readiness reviews (ARR) prior to beam
commissioning. Each DRR consists of device hazard and
device operation reviews. These activities are concerted
for each phase of commissioning listed in Table 1.

Personnel Protection System
Personnel protection systems include oxygen deficiency
hazard (ODH) control, the access control system (ACS),
and the radiation control system (RCS) [11]. The ODH
control system is sequentially deployed in the cryoplant
building before the cryoplant commissioning, in the linac
tunnel before cooling down, and in the service building
above the tunnel due to unsealed conduits. The ACS is
deployed before high power RF conditioning of SRF
Facilities - Progress
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cavities. The RCS is deployed in steps according to the
beam energy during beam commissioning (Table 1).

Cryo-Distribution Installation
The cryomodule has loads at 3 different temperatures,
requiring 5 process circuits in the distribution system: a
4.5 K supply (for cryomodules and SC magnets), a 4.5 K
return (1.2 bar, for SC magnets), a 4 K return (0.03 bar, 2 K
flow from cryomodules after energy exchange with the 4
K supply flow in the 2 K – 4 K heat exchanger), a 40 K
shield supply, and 55 K shield return. The goal is to
maintain flexibility to connect or disconnect any cryogenic
load at any time to support installation, phased
commissioning, and maintenance. Each linac segment has
cryogenic coupling U-tube interface at the cryogenic plant,
a shaft transfer line from the cryoplant to the tunnel, a
horizontal line to a tee for each segment and a connection
for each cryomodule on either side of the tee. Figure 5
shows the LS1 cryo-distribution scheme. The design for
the cryogenic line with cryogenic couplings and cryogenic
control valves was standardized. Forty-six of these
sections were procured from industry and are being
installed in the three linac segments to interface with the
cryomodules [12].

Figure 5: Cryo-distribution schematic for LS1.

Cryomodule Tests and Transportation
Jacketed FRIB resonators are etched, rinsed, and Dewar
tested at MSU [13 - 15]. After Dewar certification testing,
the resonators and RF couplers are installed onto a cold
mass [16] and assembled into a cryomodule. Each
cryomodule undergoes cryogenic and RF testing at MSU
before installation into the FRIB tunnel. Cryomodule
testing [17] verifies operation of the cavities, couplers [18],
tuners [10], solenoid packages [19, 20], magnetic shield,
and thermal shield at 4.3 K and 2 K.
Detailed procedures have been developed to move the
cryomodules safely [4, 21], though the risk is relatively low
since the FRIB CMs are assembled and bunker tested in
house, ~ 100 m from the final installed locations. The CMs
are transported with the beam line/cavity space under
vacuum and with the insulating space vented to nitrogen
gas. The beam line vacuum is actively pumped with a
battery-powered ion-getter pump when the CM is being
moved. Accelerometers are attached to the CMs for their
journey from the test bunker to the linac tunnel. CMs are
moved between buildings on a truck; they are lowered into
Facilities - Progress
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the tunnel with a crane. They are moved into their final
position in the tunnel on wheels, using a self-propelled
crawler drive. Once the CM is in its final position, the
wheels are replaced with stationary supports. The supports
allow for fine adjustment of the position for cryomodule
alignment [5].

Survey and Alignment
The “bottom-up” design and assembly approach for
achieving internal alignment of cavities and solenoids
within each cryomodule provides most of the internal cold
mass alignment with minimal manual intervention. This
technique saves assembly time and proves suitable for
mass production. Cavity and solenoid fiducials are
measured at room temperature during assembly and related
to baseplate fiducials before cold mass visibility is lost due
to installation of the vacuum cover. Thermal offset
corrections are applied to the room temperature CM
assembly measurements to account for the effect of cooldown. A least-squares best fit line through the magnetic
centers of the solenoids is used to characterize the primary
axis to align each CM. Figure 6 shows the expected cavity
and solenoid as-aligned positions from the ideal beam
trajectory considering: (i) solenoid mapping magnetic
offset data; (ii) cavity and solenoid fiducialization data;
(iii) assembly measurements relating cavity and solenoid
fiducials to CM baseplate fiducials; (iv) cool down offset
corrections; (v) measured baseplate distortion between
assembly, vacuum cover installation, transport; (vi) asaligned baseplate fiducial measurements. The expected
cavity and solenoid position deviations are 0.29  0.16 mm
and 0.42  0.20 mm, respectively. Solenoid alignment is
prioritized to minimize mis-steering.
LS1 alignment was validated and quantified during
beam commissioning, which only required 25% of
available corrective dipole current to steer the beam onaxis within  1 mm. The alignment procedures consist of
fiducializing each beam component during assembly,
establishing a robustly-measured network of survey
monuments surrounding the beam line, and positioning
beam components on the theoretical beam line with submillimeter placement tolerance by referencing component
fiducials relative to the monument network.

Figure 6: Expected LS1 cavity and solenoid as-aligned
vertical displacements from the ideal beam trajectory.
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Cryo-Distribution and Cryomodule Cool-Down

Device Energization and RF Conditioning

The integrated LS1 cryo-distribution was first cooled to
operating temperatures.
Subsequently, the cryodistribution was connected to the first 3 cryomodules by Utubes and the CMs were cooled to operating temperatures.
The beam was accelerated through these 3 cryomodules in
ARR2, establishing the base line for the beam operations.
Later, the remaining 12 CMs of LS1 were connected to the
cryo-distribution and cooled to operating temperatures
with the first 3 CMs still cold. Presently, LS2 and LS3 are
connected to their respective tee sections, the shaft
sections, and the cryogenic coupling sections in the cold
box room. The LS2 transfer line has been cooled and
supported the commissioning of the first SC dipole magnet
at the East end of the LS2 transfer line, which is ready for
CM connections.

The smooth SRF commissioning was possible only
because extensive tests were first conducted on individual
components and then on integrated systems to resolve
potential issues. For example, slow frequency tuner
operation and microphonics were checked in LLRF
integration tests [22]; the frequency-tracking circulator
integrated in the RF amplifier was tested in amplifier tests
[23]. High-power RF operation of the cavities started with
RF interlock tests and field calibration checks, followed by
multipacting conditioning and field emission X-rays
checks. Multipacting conditioning took about 1 hour per
cryomodule (with up to 8 cavities), as multiple cavities can
be simultaneously conditioned while keeping the dynamic
load into the helium bath at a moderate level. No cavities
had high field emission X-rays, so no field emission
conditioning was performed. In addition, there were no
measurable changes in the field emission X-rays before
and after opening the beam line gate valves [22]. After all
of the tests, checks, and measurements, stable amplitude
and phase lock at the design field was demonstrated along
with operation of the slow frequency tuner.
During CM commissioning, all SC solenoids and
correctors were energized to ~ 80% of the full design
current while PID control parameters were optimized on
the helium gas flow for cooling the current leads. During
beam commissioning, solenoids were set at 20 to 70% of
the full field (8 T), and correctors were set at ~ 10% of full
field for beam tuning. The SC magnet packages had no
quenches during LS1 beam commissioning.

Microphonics Mitigation
Because of the narrow bandwidth of SRF cavities,
microphonic excitation is a potential show-stopper. Hence
microphonic mitigations were implemented starting at the
system design stage for both cryogenics and cryomodules.
In addition to a careful cavity and CM design, several
specific features were incorporated: (i) all QWRs were
equipped with mechanical dampers; (ii) the long helium
headers in the CMs were firmly connected to the CM top
covers to efficiently suppress their low-frequency
mechanical modes; (iii) the 2 K operation temperature was
extended—for the first time in a SC linac, and without
significant loss of overall cryogenic efficiency—to the
QWR section to reduce helium bath pressure fluctuations
and related microphonics by more than one order of
magnitude. Smooth operation of tuners and cryogenic
valves was adopted as well.
Suppression of cryogenic compressor vibration is
monitored by tunnel measurements of the vibration
spectrum (Fig. 7). The results indicate that we are able to
meet the requirement of < 40 nm rms amplitude over the
relevant frequency range. In the initial cool-down some
SRF cavity locking issues were observed. These were
promptly resolved by iterative improvements in the valve
control logic and by provisions for 1.6 bar liquid helium
from a 10k liter Dewar, instead of from the 3 bar supercritical supply.

Figure 7: Measured tunnel vibration after the turn on of the
cryoplant compressors.
MOFAA3
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Low-level RF Controls
The FRIB LLRF controller is designed to accommodate
various cavity and tuner types [23]. Using direct-sampling
/ under-sampling allows the analog-to-digital converter
(ADC) to sample RF signals of five different frequencies
ranging from 40.25 MHz to 322 MHz with the same
sampling frequency. RF output synthesis is done using
three RF board variations, each supporting two
frequencies. Two types of tuner boards of the same form
factor are designed to drive 2-phase or 5-phase stepper
motors for the QWR and multi-gap buncher (MGB),
respectively, and to drive analog tuners (pneumatic valves
for HWR, tuner error signal for RFQ). Besides flexibility,
other LLRF controller features include a digital selfexcited loop (SEL), allowing cavities to be driven with
tuners unlocked; advanced control algorithms for high
performance [24]; comprehensive external and internal
interlocks to protect the cavities, amplifiers, and other
equipment; and an auto-start procedure to automate cavity
turn-on for efficient operation (Fig. 8).
During ARR3 commissioning, over 100 SRF cavities
were turned on and ready for beam in less than 30 minutes.
Without beam, the amplitude and phase peak error were
better than ± 0.1% and ± 0.2, respectively, well below the
requirement of ±1% and ± 1. At ~ 30% final peak current,
the amplitude regulation is still better than ± 0.2%. Beam
loading effects on phase regulation are negligible.
Facilities - Progress
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Control Software Deployment
Control software packages are automatically built on a
continuous integration cluster and deployed in a manner
which is tightly integrated with FRIB’s information
technology infrastructure management system [33]. This
allows software to be deployed frequently and in a
reproducible way, making it possible to address software
development needs identified during beam commissioning
in a timely manner.
Figure 8: Example of automated turn-on of QWR during
ARR3 commissioning.

Instrumentation and Machine Protection
Beam instrumentation and diagnostics in LS1 consist of
room temperature and cryogenic button-style BPMs [25],
AC current transformers (ACCTs), halo monitor rings [26],
fast thermometry sensors on the cryomodule beam pipe,
and scintillator-based neutron monitors for beam loss
detection. Most signals are read by MicroTCA [27] for
analysis and decision-making. A mixture of commercial
and in-house custom hardware and firmware are used to
integrate global timing, RF clock, machine protection, and
data acquisition and reporting [28, 29].
The beam pulse structure is generated by an electrostatic
chopper in the Front End [30]. The chopper system
provides the operator with a high-precision (to 12.4 ns)
knob to tune the pulse duration and duty cycle, assisted by
an FPGA-based chopper monitor. Typically, beam
commissioning is done with a 50 s pulse at 100 Hz,
though higher duty cycles have been used for higher
average power tests.
The fast machine protection system safeguards the
cryomodules and ensures that the operational safety
envelope parameters are strictly observed [31, 32]. During
low-power commissioning (beam power < 2 W), the
ACCT network monitors the peak beam intensity as well
as differential beam losses throughout LS1. The beam is
inhibited within 35 s upon over-power or power-lossover-threshold conditions (Fig. 9), or from fast events
detected by the LLRF controllers [32]. During high-power
operation, additional modalities of beam loss detection
(halo rings, neutron monitors, etc.) provide additional
layers of safety.

PHASED BEAM COMMISSIONING
Phased beam commissioning started in 2017, three years
after the start of FRIB technical construction (Critical
Decision 3). Each of the 7 commissioning phases, listed in
Table 1, carries specific goals, and is preceded by an
accelerator readiness review (ARR). ARR1 established the
commissioning team culture and integrated warm
accelerator systems with newly-built civil infrastructure
[34]. ARR2 integrated the cryogenic refrigeration system
with the CMs and other accelerator systems. ARR3
transformed the accelerator tunnel into a radiation
restricted area, with acceleration of multiple species and
ion charge states to > 20 MeV/u. ARR4 aims at fully
commissioning the cryogenic system with both 4 K and
2 K operations and accelerating ions to 200 MeV/u with
both QWR and HWR CMs. ARR5 marks the completion
of linac commissioning and readiness to transfer beams to
the experimental area.
All 104 QWRs in the fifteen LS1 cryomodules met the
design accelerating gradients (5.1 MV/m for β = 0.041
QWRs and 5.6 MV/m for β = 0.085 QWR) with no field
emission or multipacting issues [22]. The twelve β = 0.085
CMs were commissioned at a rate of about 1 cryomodule
per day with 8 hour shifts. High-power RF operation of the
LS1 SRF cavities was done at 4.5 K, a more challenging
condition for microphonics than the baseline design (2 K).

Figure 10: ARR3 beam commissioning in 2019 in the
FRIB main control room.

Linac Segment 1 Beam Commissioning

Figure 9: Demonstration of fast machine protection with
the differential current monitor signal.
Facilities - Progress
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LS1 beam commissioning (Fig. 10) met all goals ahead
of the baseline schedule. In ARR1 and ARR2, detailed
studies of beam dynamics in the Front End and the first
three cryomodules were done, as reported in Ref. [35].
For ARR3, three one-week beam shifts were scheduled
from February to April 2019, alternating with ongoing
equipment installation in the tunnel. Starting with low
beam power (< 2 W), we applied a phase scan procedure to
all 104 SC cavities to accelerate an argon ion beam (40Ar9+)
to 20.3 MeV/u. The transverse beam dynamics were
MOFAA3
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verified by beam profile measurements and evaluation of
the Courant-Snyder parameters and rms emittances.
Beams of 20Ne6+, 86Kr17+ and 129Xe26+ were accelerated to
20.3 MeV/u by simple scaling of all electromagnetic fields
according to the charge-to-mass ratio relative to the
settings for 40Ar9+. The beam transmission through LS1
was 100% for all beams with measurement uncertainty <
1%. The beam-charge-state distributions after the stripper
were measured via a 45 bending magnet and charge-state
selection slits.
The maximum allowable beam power is limited to
500 W by the air-cooled beam dump at folding segment 1
(FS1). We delivered high-power equivalent beam to the
beam dump in two modes: pulsed and CW. Initially, a
pulsed Ar beam with peak intensity of 3.8 pA and 10%
duty cycle was accelerated and delivered to the beam
dump. Then the peak intensity was increased to 14.8 pA
which (30% of the FRIB design goal) at 3% duty factor. In
CW, a 0.36 pA beam of Ar was accelerated, which set a
new world record for the highest-energy CW
superconducting hadron linac.
A number of accelerator physics tools were successfully
tested, including central trajectory correction with the
“optics response matrix” (ORM) method, phase scan and
field calibration procedures, and on-line beam matching
using profile monitor data. Figure 11 shows signals in the
beam position monitors (BPMs) along LS1 with manual
tuning (top) and with ORM-based beam steering correction
(bottom). The ORM method allows for a significant
reduction in the transverse displacement. We used 133 A
beam pulses of duration 6 ms to test the low-level RF
(LLRF) system’s capacity to compensate for beam loading.
The LLRF control system kept the cavity voltage constant
with an accuracy of < 0.1%.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOFAA3

manual correction (top) and after ORM-based steering
correction (bottom).

Forthcoming Beam Commissioning
ARR4, scheduled for March 2020, aims at
accelerating heavy ion beams like Ar to about 200
MeV/u using the 15 QWR CMs in LS1 and 24 HWR
CMs in LS2 (12  = 0.29 CMs and 12  = 0.53 CMs).
Subsequent ARRs aim at accelerating the primary
beam with the remaining six HWR CMs, transporting
the beam through the space reserved in LS3 for the
FRIB energy upgrade, striking the production target,
producing the rare-isotope secondary beam, and
transporting through the new fragment separator and
reconfigured experimental areas (Table 1).

OPERATIONS COORDINATION
Operations coordination is key to mitigate safety hazards
during interlaced beam commissioning and installation.
During commissioning shifts, the ACS prevents access into
the shielded enclosure while the RCS interlock ensures that
there is no prompt radiation through temporary
penetrations, including the transport shaft and unsealed
conduits. Before the transition to an installation shift, a
radiation survey is done and areas of radio-activation are
secured. During the installation shift, daily work control
planning is implemented for all tasks in the linac tunnel,
with specified locations, times, and personnel. When
switching back to commissioning, the operator-in-charge
ensures that the operational conditions are restored and
search-and-evict is conducted following the established
procedures.

MAINTENANCE INFRASTRUCTURE
To facilitate future maintenance and development, a new
1440 m2 cryogenic assembly building (CAB) is being
constructed (Fig. 1) to provide additional space for
development and production of cryogenic systems,
cryomodules, and superconducting magnets. The CAB is
adjacent to the 2500 m2 “SRF Highbay” [36] which
supports the production throughput of testing five
resonators per week and one cryomodule per month. In
addition, an electro-polishing (EP) facility is being
established to support the FRIB upgrade.

SUMMARY

Figure 11: Horizontal and vertical beam centroid positions
for an Ar beam along LS1 measured by the BPMs after
MOFAA3
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Nearly five years after the start of technical construction,
FRIB is progressing on schedule and on cost, with beam
commissioning completed through the first 15 of 46
superconducting cryomodules, and with heavy ions of Ne,
Ar, Kr and Xe accelerated above 20 MeV/u. The next
phase of beam commissioning (ARR4) scheduled after
March 2020 aims at accelerating these heavy ion beams to
about 200 MeV/u using the 15 QWR CMs and 24 HWR
CMs. Operations for scientific users is expected to start as
planned in 2022.
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Abstract
In this paper, the progress in the development of Nb3Sn
cavity coating by vapour diffusion method at IMP was
reported. Three 1.3 GHz single cell cavities were coated
and one of them was vertically tested both at 4K and 2K.
Effect of low temperature baking (1000C for 48 hs) on the
RF performance of Nb3Sn cavity was studied. After
baking, the Q drop in the low field region was eliminated
and the Q value in the intermediate field region was
increased ~8 times. The Q value of the Nb3Sn cavity
coated at IMP was 12 times larger than that of the Nb
cavity at 4.2K even in the case of the ambient field larger
than 20 mGs and with the slow cooling down absent. This
study shows that the low temperature baking is an
effective enrichment to the post treatment of the Nb3Sn
cavity.

the Nb3Sn samples have to be prepared together with the
cavity.

Separate Temperature Control Route
The first Nb3Sn cavity was coated using a recipe based
on the temperatures and times specified by Cornell
University [4] with the cavity at 11000C and the tin
source at 12000C, which was shown in Fig. 1. Material
measurements (Fig. 2, Fig. 3 and Fig. 4) showed that the
structure and composition of the Nb3Sn samples was
good. However, the cavity showed the expected grey
appearance in the downside half-cell, the upside half-cell
showed the visually non-uniform shiny appearance. As a
result, the first Nb3Sn cavity was not vertically tested.

INTRODUCTION
The radio-frequency (RF) superconducting accelerator
can operate in long-pulse mode or even continuous wave
(CW) mode due to its extremely low surface resistance.
Most advanced accelerator projects both in construction
and future planning, including synchrotron radiation
source, high energy experimental project, free electron
laser, proton and heavy ion accelerator, have chosen to
use RF superconducting (SRF) technology. After many
years of worldwide R&D, niobium cavities are now
approaching their fundamental limits, both in terms of
maximum field [1] as well as in terms of surface
resistance [2,3] at typical operating temperatures. For the
future of our field and for the further of SRF driven
accelerators it is therefore of utmost importance to look
into materials offering SRF performances beyond
niobium. Among which, the A15 superconductor Nb3Sn
is the most promising alternative materials to standard
niobium for SRF applications. Therefore, the
development and testing of the Nb-substrate Nb3Sn thin
film SRF cavity by vapour diffusion method was carried
out at IMP.

Figure 1: The Nb cavity was lowered into the furnace.

COATING OF THE NB3SN CAVITY
The cavity deposition and processing facility was
shutdown because of the environmental concerns from the
local government until to the end of April 2018. About
four months was spent to find limitations, make
improvement plans, and complete debugging of the
furnace for Nb3Sn cavity coating. The furnace includes
two heating zones. This allowed for separate temperature
control of the niobium cavity and the tin source.
However, there is no separate all Nb coating camber. So
___________________________________________
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Figure 2: EDS spectrum of the first batch Nb3Sn samples
indicates composition 24.49 At. % Sn (top); Tc of the first
batch Nb3Sn samples reached ~17.9K
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Figure 3: SEM images of the first batch samples tilted at
550 to show three-dimensional features (left); XRD results
showed no undesired low-Tc phases were detected (right).
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Figure 4: Grey appearance in the downside half-cell;
visually non-uniform shiny appearance in the upside cell.

(a)
(b)
(c)
Figure 5: Profiles of layers made visible by ion beam of the bottom sample (a), the central sample (b) and the upper
sample (c).
FIB-SEM measurements in Fig. 5 showed directly that
the thickness of the bottom sample is obviously thicker
than that of the central and upper samples. The reason that
caused the non-uniform Nb3Sn coverage between the
downside and upside half-cell is the unreasonable design
of the furnace. The distance between the hot zone of Sn
source and Nb cavity is too far, resulting in an obvious
decrease of Sn pressure in the upside cell.

FIB-SEM measurements in Fig. 7 showed that the
thickness of the Nb3Sn film was almost the same.

Isothermal Route
In view of the inherent defects involved in the furnace,
we chose to change the coating process and adopted that
from JLab temperatures and times [5]. The 2nd and 3rd
Nb3Sn cavity was coated by maintaining both the Sn
source and Nb cavity at 12000C for 3 hours with the Sn
placed at the bottom flange of the cavity. With the
modified coating process, both the downside and the
upside half-cell of the cavity was covered with uniform
Nb3Sn film, which was shown in Fig. 6.

Figure 7: With the modified coating process that kept the
Sn source and the cavity at 12000C for 3 hours, the
thickness of the bottom sample and the upper sample is
almost the same.

VERTICAL TEST OF THE NB3SN CAVITY
Figure 6: Typical matte grey Nb3Sn surface from top view
(left) and bottom view (right) indicating uniform Nb3Sn
coverage.
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Due to the limited SRF conditions in China, only one
Nb3Sn cavity was vertical tested. At first, the cavity was
tested at Peking University. Before the test, the cavity was
treated with high pressure water rinse to clean the surface.
No other treatment was performed to the cavity. Figu-

Fundamental R&D - non Nb
non-Nb films

SRF2019, Dresden, Germany

re 8 showed the magnetic field was effectively shielded
and the ambient field was below 5 mGs. A slow
cooldown of about ~5 min/K was achieved from 25K to
15K as shown in Fig. 8. However, the vertical test results
in Fig. 9 showed the Q0 was only ~2.7e9 at 4.2K and
4.6e9 at 2K in the low field region. What’s more, the Q0
dropped seriously at the low field region below
Eacc<4MV/m both at 4.2K and 2K. The maximum
accelerating field Eacc,max was 8 MV/m. Then the Nb3Sn
cavity was taken back to IMP and re-tested at 4.2K
without a slow cooldown process. Before the test, the
cavity was treated with HPR again. Also, the ambient
field was as high as 22 mGs. No accident, the result is
worse. The Q0 was degraded to ~1.3e9 at low field. But
the Eacc,max reached 10.4 MV/m. However, the low field
Q-slope existed in the IMP test again. Based on our
previous testing experience, the low field Q-slope may be
caused by insufficient degassing. So the cavity was
warmed up and baked at 1000C for 48 hours. After that
the cavity was cooled down and tested again.
Surprisingly, the Q0 at low field was increased to the
value of 2K at Peking University. What’s more, the low
field Q-slope was eliminated and the Q value in the
intermediate field region was increased ~8 times. A
1.3 GHz single cell Nb cavity with the standard treatment
was tested at IMP with the same cooldown rate and
ambient field. The Q value of the Nb3Sn cavity coated at
IMP was 12 times larger than that of the Nb cavity at
4.2K even in the case of the ambient field larger than
20mGs and with the slow cooling down absent. This
study shows that the low temperature baking is an
effective enrichment to the post treatment of the Nb3Sn
cavity.
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Figure 9: Vertical test results of the Nb3Sn cavity coated
at Peking University and IMP.
To be honest, even after baking, the results of the
Nb3Sn cavity are still far from Cornell University and
JLab. The Nb3Sn samples coated together with the cavity
was analyzed. In summary, the reasons for the slightly
worse performance may be mainly due to two aspects.
The first reason is the pollution from the furnace during
the coating process. Because there is no pure Nb chamber
to isolate the Nb cavity from the furnace, the inner surface
of the furnace was carefully cleaned before each coating.
However, it can be seen from Fig. 10 that the inner
surface of the furnace was badly polluted after each
coating.

Figure 10: The inner surface of the furnace was badly
polluted after each coating.
The second reason maybe arises from the
inappropriate coating parameter. EDS measurements
indicates composition of only 22% At. % Sn.
Correspondingly, the Tc of the Nb3Sn samples coated
with the 2nd and 3rd cavity is about 17.6K in Fig. 11.

Figure 8: (Top) A slow cooldown of ~5.23min/K was
achieved at Peking University; (Down) Magnetic field
expulsion was observed during the cooldown at Peking
University.
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Figure 11: Tc of the Nb3Sn samples coated with the 2nd
and 3rd cavity is about 17.6K.
The surface morphology of the samples coated with
the 2nd and the 3rd Nb3Sn cavity in Fig. 12 directly showed
more voids compared with the Nb3Sn samples coated
with the cavity at 11000C and the Sn source at 12000C.
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Together with the EDS spectrum and the Tc
measurements, it may indicate that the coating parameters
of the 2nd and the 3rd cavity is inappropriate and need
further optimization.
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Figure 12: SEM pictures obviously showed many voids
on the surfaces of the 2nd and 3rd batch samples.

CONCLUSION
To summarize, the first Nb3Sn cavity has been coated
and tested successfully at IMP and showed obvious
advantage of high Q value. Although there is still a gap in
performance compared with Cornell University, JLab and
FNAL [6], the study of Sn nucleation on Nb samples [7]
and the finding of low temperature baking effect to the
Nb3Sn cavity point out the direction for the follow-up
upgrade of the furnace, the further optimization of the
coating parameters and the exploration of post treatments
of Nb3Sn cavities at IMP. It may also be beneficial to the
further improvement and breakthrough of the RF
performance and even practical application of the Nb3Sn
cavities.
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Abstract
R&D activities related to preparation of the
superconducting Pb photocathode layer on niobium substrate are ongoing at the National Centre for Nuclear Research (NCBJ) in cooperation with DESY, HZDR, HZB,
BNL and other research institutes. The activities are part of
the R&D program at DESY for the cw-upgrade of E-XFEL
and for the newly approved free electron laser facility
PolFEL to be built and operated at NCBJ. The optimization
results obtained for the lead deposition on niobium and
smoothing of the coated layers are reported. The photocathodes samples were tested for their surface morphology,
microstructure and quantum efficiency in terms of the impact on the operation of all-superconducting RF electron
injector, proposed for both facilities.

INTRODUCTION
Research and development program on a 1 mA-class,
fully-superconducting radio-frequency (SRF) electron
photo-injector is an integral part of the task of improving
the duty factor of X-ray free electron laser (XFEL) at
DESY [1-3] and in other, similar devices. The injector is
expected to produce electron beam bunches of normalized
emittance below 1 μrad with charges up to nC. Long pulse
and continuous wave operation modes are also anticipated
[1]. The concept of a superconducting RF, hybrid Nb-Pb
electron injector for linear superconducting (sc) accelerators was proposed and developed [1,4-8]. This solution assumes the use of a fully sc photocathode in the form of a
Pb film applied to niobium surface. Whereas both metals
are superconductors with similar critical temperatures, lead
exhibits much higher quantum efficiency (QE). Besides, a
much shorter time of Cooper pairs recombination in Pb (a
few μs) than in Nb at the 2 K working temperature [9]
permits the exposure of such photocathode with laser beam
at a repetition of up to 100 kHz.
Different design versions of the injector, comprising
half-cell and 1.6-cell niobium cavities, based on TESLA
SRF technology, were built, tested and optimized within a
collaboration between DESY, Brookhaven National Laboratory (BNL), Stony Brook University, Thomas Jefferson
National Accelerator Facility (TJNAF), NCBJ and Stanford Linear Accelerator Center (SLAC). To emit photoelectrons the lead photocathode is typically excited with an
*Work supported by PolFEL – Polish Free Electron Laser”
#
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UV beam of wavelength between 193 nm and 266 nm, synchronized with the phase of RF field. The amplitude of the
electric field on the cathode surface is 40-60 MV/m [9]. At
this electric field the cathode is exposed to a magnetic field
of up to 4 mT which is much smaller than the critical field
of lead (80 mT). The optimized 1.6-cell injector structure
was equipped with an exchangeable niobium “plug”
mounted to the back cavity wall [10]. The lead photocathode is deposited on the plug tip. Such a solution, first proposed and tested at TJNAF [9], allowed avoiding the cathode contact with mixtures of acids used for chemical treatment of cavities. Nevertheless, high pressure water rinsing
of the injector with the photocathode is needed to obtain
sufficiently high field intensity in the cavity. This preparatory step imposes demands on the lead layer adhesion to
the plug.
Usability of lead-layer hybrid photocathodes reached by
different Pb coating procedures has been tested in a series
of experiments. The deposition methods included: electroplating based on methane sulfonic acid chemistry [4], Pb
evaporation in vacuum, magnetron sputtering, lead coating
in cathodic arc [5] and by using pulsed laser deposition
[11]. QE measurements were conducted in dedicated teststands at a 1 MV/m dc extraction electric field at the cathode, after appropriate laser cleaning of its surface. The data
presented in [4-5, 11] indicate that the Pb film coated in
cathodic arc shows the highest QE. Its value (eg.
QE=2.7x10-3 at a photon wavelength of 213 nm) is close to
the theoretical predictions based on the Spicer three-step
photoemission model [5, 12].

LEAD DEPOSITION IN CATHODIC ARC
Assuring proper and reproducible operation of a photocathode requires smooth and uniform lead film and its sufficient thickness. The film cleanliness, microstructure and
morphology determine quantum efficiency, thermal emittance of photocurrent and dark current from the photocathode. These features, in turn, depend strongly on deposition
and post-processing procedures used to prepare the layer.
Lead deposition in cathodic arc (also referred to as ultrahigh vacuum (UHV) arc) is most promising due to the
aforementioned high QE of electron photoemission from
Pb layers obtained in this way. This type of arc is started
and maintained without any support gas. It makes use of
the eroded metallic cathode material as a discharge medium. However, the main disadvantage of using this coating method is the presence of Pb macroparticles (droplets),
in a stream of plasma with lead atoms and ions. The droplets are by-products of activation of microscopic “cathode
spots” on the arc cathode. They are sites of non-stationary,
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explosive emission of electrons and plasma generation.
The occurrence of the macroparticles is linked with the impact of local plasma pressure on liquid metal present in
these locations. In the absence of limitation in the flow of
macroparticles between the arc cathode and the coated substrate, they are incorporated into the film which leads to
dramatic increase of its roughness. This is particularly evident in the case of low-melting metals. The number of metallic droplets incorporated in a film decreases exponentially with their growing size [13]. Pb generate high number of droplets in the discharge. According to the literature
data their sizes observed by scanning electron microscope
(SEM) vary from 0.1 to 40 μm. Regardless of the arc current, the stream of lead macroparticles towards the substrate, normalized as the number within the size class of
width 1 Å, per unit film thickness (in μm) and area (in
mm2) varies from ≈103 for particles sized at 0.5 μm down
to ca. 0.001 for the spherical droplets 40 μm in diameter
[14, 15].
The net effect of droplets incorporation into a 18 μm
thick lead film, deposited in an arc without any droplets
filtration, is shown in Fig. 1 with a Pb layer image obtained
by using a scanning electron microscope (SEM, model:
Zeiss EVO MA10). Numerous macroparticles of diameter
from 0.5 up to 80 μm and of height up to 10 μm are visible.
Smaller droplets sized up to a few μm assumed forms of
hemispheres, larger – of donut-shaped craters. The latter
resulted from collisions of big, liquid Pb drops with the target. The diameters of the craters are ca. twice as large as
the diameters of drops from which they were created [13].
The photocathode surface roughness, in turn, enhances
generation of dark current due to electron field emission
during the gun operation. The dark current electrons are

Figure 1: SEM image of a 18 μm thick Pb layer deposited
without droplets filtering.
accelerated along with the photocurrent as an unwanted
part of the beam which may result in beam loss, quenching
of SRF structure, generating parasitic radiation doses
which activate accelerator components or even in damaging an undulator structure [16-18]. It can also increase
background for radiation beam users. For superconducting
RF guns these parasitic effects cannot be ignored, particularly at continuous wave operation. On the other hand
MOP004
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photo-emitter surface irregularities deteriorate beam quality by rising thermal beam emittance of photocurrent.
Therefore, efforts have been made towards smoothing the
Nb-Pb fotocathodes’ emissive surface first by modifying
the deposition system as such. To this end dedicated filters
of various types were inserted between the cathode and the
coated Nb substrate. Our initial approach included making
use of passive filters - straight plasma ducts filled with mechanical baffles and chicanes which intercepted
macroparticles while leaving some space for diffusion of
arc plasma and enabling lead ions to reach the substrate
(see [19] for details). Using these filters resulted in drop of
the coating rate to 20 nm/min and to the presence in the
coated layers of lead debris detached from the chicane surfaces. Therefore, the use of passive filters for preparing
Nb-Pb photocathodes has been abandoned.
Alternatively, macroparticle reduction in a plasma
stream can be accomplished in magnetic curved filters inserted between the cathode and substrate. In this case the
arc ions are guided by generating magnetic field along a
bended plasma duct [14]. In all the coating systems discussed below dc magnetic field of ≈10 mT was generated
by external coils along the whole duct length. Unlike the
plasma ions, macroparticles, due to their high mass and low
charge, are not guided by the field but strike the curved
duct wall where they are intercepted or reflected. Initial
works at NCBJ with magnetically filtered arc were performed by coating lead films through a classic 900 duct filter (Aksenov-type [14]), directly on the back wall of a niobium gun resonator as reported in [8]. Using this tight filter
resulted in reduction of Pb deposition rate down to 2
nm/min and in very small, non –uniform final film thickness (on average 0.1 μm) with visible niobium areas deprived of lead. After subjecting this Nb-Pb photocathode
sample to laser cleaning the lead film suffered from melting and fragmentation [8].
To face the above problems with too thin and inhomgeneous Pb layer a less tight filter was used at NCBJ, bent by
only 300. The whole plasma duct length amounted to 50 cm
while the target was placed 10 cm downstream of the
curved filter duct (Fig. 2). Unlike in the 900 duct filter, in
this case the target could be negatively biased at 70 V in
respect to the grounded chamber. It enhanced energetic
deposition which resulted in homogenization of the film.
The deposition rate has been increased by two orders of
magnitude (up to 200 nm/min.) compared to Aksenov filter
device. Therefore, the impurity content in the layer with
oxygen and carbon has been reduced by a factor of 3. It
has been checked with the energy dyspersive x-ray
spectroscopy (EDS option of the used SEM) by using a 10
keV e- beam. The measurements revealed 2 and 1 weight
% for C and O content , respectively, in the 2 μm thick Pb
film deposited with the 300 - bent filter on a 1 x 1x
0.3 cm3 planar Nb plate and on a special, cylindrical,
10 mm in diam. niobium plug (see Fig. 3). The reached
basic layers were complete and smooth to within ±0.2 μm.
On the other hand, due to dissipation on the walls of some
solidified macro particles the 300 -bent filter proved not
tight enough to prevent them from reaching the films. It
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Figure 4: Electron field emission map at 17.5 MV/m on the
surface of Pb film shown in Fig. 3 (courtesy of HZB). The
big circle corresponds to the cathode perimeter.

Figure 2: Coating device at NCBJ with cathodic arc and
30°- bent magnetic filter.

Figure 3: SEM image of a Nb-Pb photocathode with 2 μm
Pb film with spherical extrusions.
resulted tight enough to prevent them from reaching the
films. It resulted in a presence of a few dozen, unevenly
distributed, spherical droplets per mm2, adjacent to the film
surface.
Such protruding surface irregularities of high aspect ratio usually enhance field emission and dark current. It has
been verified in two ways: 1. by field emission mapping in

Fundamental R&D - non Nb
non-Nb films

dc electric field, performed at HZB on the cylindrical cathode insert of Fig. 3 and 2. by a direct measurement of total
dark current at NCBJ in pulsed electric field from a planar
Nb-Pb sample. The field emission mapping has been performed in an electrostatic field of average intensity increased from 10 to 25 MV/m by using a field emission
scanning microscope (FESM; details of the mapping procedure are available eg in [20]). The dark current emission
onset at 14.5 MV/m was accompanied by activation of distinct, local emitters which could be identified with the
abovementioned surface protrusions. It is relevant for the
application in XFEL-type sc guns operating with the field
amplitude of 40-60 MV/m. Fig. 4 shows the emission map
at 17.5 MV/m. Field enhancement factors β for selected individual emission centres were found by fitting the measured emission current vs field relationship by BowlerNordheim equation. β value in the case of the strongest
emitter reached ≈140. Such high β is usually associated
with a parasitic increase in both, dark current and thermal
emittance. The dark current from certain single emission
centres exceeded 10 nA. While new emission centres were
activated with rising field some of the active ones disappeared at a sharp drop of local current. This extrusion removal can be treated as one of the mechanisms of cathode
surface conditioning in electric field.
Dark current measurement on the planar Nb-Pb cathode
sample was performed in a setup with the sample separated
by a 100 μm gap from a flat copper anode. Pulsed electric
field of 60 MV/m amplitude, 40 µs pulse duration and
0.005 duty factor has been applied between them by using
a 12 KV voltage pulser. Voltage drop connected with dark
current flow through a 683 kΩ resistor has been measured
with an oscilloscope. Dark current dropped by a factor of 4
due to 30 min. long conditioning in the pulsed electric field.
surface shown in Fig. 1, proved much lower (≈45 nA) in
spite of much higher density of surface defects. It can be
attributed to lower aspect ratio of those defects (the ratio of
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the extrusions height to diameter is below 0.2 for this surface). Our further efforts were dedicated to ex-situ smoothing of thick, non-filtered Pb layers.

SMOOTHING OF PB FILMS IN PULSED
PLASMA ION BEAM
Re-melting and recrystallization of Pb films with rough
surfaces has been proposed for their flattening. From the
available methods of surface engineering we selected
pulsed plasma ion beam bombardment of a surface in the
rod plasma injector (RPI) IBIS at NCBJ. Its schematic
view is shown in Fig. 5 and its detailed description can be
found in [21]. The device is composed of two sets of electrically isolated, coaxially arranged tungsten rods. After admitting 1 cm3 STP of gaseous argon and applying the voltage of 28 kV between them, 1 μs long pulse of Ar ions is
created and accelerated to energy ranging from a few kV
to 80 kV. The ion pulse reaches the target with

Figure 6: SEM image of the lead film shown in Fig. 1 after
treating with five 1.5 J/cm2 ion pulses in the rod plasma
injector.

QE OF OPTIMIZED PHOTOCATHODE
AND NB-PB CATHODE IMPACT ON SRF
E- GUN PERFORMANCE

Figure 5: Schematic of the rod plasma injector IBIS.
a Nb-Pb sample. The value of the pulse energy fluence is
monitored by using a system of thermocouples installed in
the target support.
The first attempts to smooth 1-3 μm thick Pb films with
1-2 J/cm2 ionic pulses resulted in their perforation. It happened due to direct contact between molten lead and niobium surface. Poor wettability by Pb of different metallic
substrates can be attributed to the increase of the surface
energy connected with the formation of oxide film on the
surface of molten lead [22, 23]. A 2D model for 1 µs heat
pulse flow across Pb layer was proposed as reported in
[19]. It allowed computation of Pb melting depth and the
time of subsequent solidification of lead. It was used to
match the primary film thickness with ion pulse fluence so
as to melt only the outermost part of the lead film and avoid
the direct contact of liquid Pb with niobium substrate. The
computation results combined with melting tests in RPI
IBIS led to an effective smoothing procedure for 18-20 μm
thick Pb films of surface morphology shown in Fig. 1. After treating the film depicted in this figure with five argon
ion pulses with 1.5 J/cm2 in fluence, a smooth lead layer
surface has been reached as shown in Fig. 6.
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The most important functional features of the discussed
photocathodes include their quantum efficiency and the
quality factor Qo of the complete electron gun resonator
with the installed cathode.
Nb-Pb sample cathode with 18 μm lead film, prepared
according to the optimized ex-situ smoothing procedure
described in the previous section, has been tested at BNL
for its quantum efficiency in a device based on deuterium
lamp with a monochromator. Preliminary, in-situ laser
cleaning of the lead emitter surface has been performed in
accordance with the rules elaborated in [24]. They provide
surface treatment with a pulsed UV radiation 248 nm in
wavelength, at a pulse length of 5 ns and repetition rate of
up to 20 Hz. At a pulse fluence below 0.26 mJ/mm2 no
changes of Pb surface are observed. The discussed Nb-Pb
hybrid photocathode underwent treatment with 104 laser
pulses of the above characteristics with a pulse fluence of
0.06 mJ/mm2. The measured quantum efficiency after
cleaning was 2.2 x 10-3 at a wavelength of 200 nm [19]. It
did not differ much from theoretical predictions based on
the Spitzer three step model (3.4 x 10-3).
Installation of a Nb-Pb photocathode plug into a gun resonator requires precise vacuum sealing and connection
with the liquid helium cooling system. After the cathode
installation the resonator undergoes high pressure rinsing
in ultra-pure water at a pressure of 100 bar. Due to a limited
lead layer robustness against water jet the film had to be
protected with a stiff shield for the time of rinsing. Quality
factor of a 1.6 cell SRF gun resonator with the optimized
Nb-Pb cathode plug, measured in a vertical test performed
at DESY, reached Qo = 5 x 109 at a cathode peak electric
field of 32 MV/m. This result is inferior (though still acceptable) to the results of a baseline test performed with the
same resonator equipped with an uncoated Nb plug (Qo =
5 x 109 at a cathode peak field 52 MV/m). This degradation
of the gun structure behavior with Nb-Pb insert may be
Fundamental R&D - non Nb
non-Nb films
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attributed to the casually enhanced field intensity at the
cathode position due to irregularities in the shape of an indium gasket used for vacuum sealing.

SUMMARY AND OUTLOOK
In the recent years various ways of preparation of sc,
hybrid Nb-Pb photocathodes have been proposed at NCBJ.
A series of tests carried out on photocathode samples, including the measurement of quantum efficiency and dark
current along with surface morphology analysis led to the
choice of a two-step procedure for preparing the Pb surface
film which, for the time being, assured the best operation
parameters of the TESLA – type superconducting electron
gun. The procedure is composed of the following steps: 1.
lead film deposition in a non-filtered cathodic arc on a niobium insert and 2. ex-situ lead layer smoothing in a rod
plasma injector by repeated melting with five - six,1 μs
long pulses of argon plasma ions with fluence 1.5 J/cm2
each. This value of energy density ensures effective flattening of the Pb layer without the risk of its perforation. It
has been predicted on the basis of a 2D model of heat flow
through the film, resulting from the absorption of a single
ion beam pulse. QE measurement on the optimized photocathode sample and vertical RF tests on 1.6 cell SRF e- injector with a hybrid Nb-Pb photocathode gave acceptable
results. Due to the widespread desire to minimize the
emittance of photoelectron beams accelerated in FEL-s
linacs, our team at NCBJ is working on further improving
the smoothness of Pb films.
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THE FACILITY FOR RARE ISOTOPE BEAMS SUPERCONDUCTING
CAVITY PRODUCTION STATUS AND FINDINGS CONCERNING
SURFACE DEFECTS*
C. Compton†, H. Ao, J. Asciutto, J. Craft, K. Elliott, W. Hartung, S. Kim, E. Metzgar, S. Miller,
E. Oswald, J. Popielarski, L. Popielarski, K. Saito, T. Xu
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, 48824, U.S.A.
Abstract
The Facility for Rare Isotope Beams (FRIB) will require
324 Superconducting Radio Frequency (SRF) cavities for
the driver linac. Four types of cavities of two classes, quarter-wave (β = 0.041 and 0.085) and half-wave (β = 0.29 and
0.53), will be housed in 46 cryomodules. To date, FRIB
has Dewar tested over 300 cavities as part of the certification procedures. Incoming cavities, fabricated by industry,
are sequenced through acceptance inspection and checked
for non-conformances. If accepted, the cavities are processed, assembled onto an insert, and cold tested. A large
database of cavity surface images has been collected with
the aid of a borescope camera. Borescope inspection is
performed for each cavity at incoming inspection, after
bulk etching, and after failed tests (if necessary), in order
to locate non-conformances. Findings of surface defects
relating to degraded cavity performance will be presented.
Examples of guided repair via mechanical polishing will
be provided.

FRIB manages the procurement, quality assurance, and delivery of niobium to the cavity vendors, including replacement materials. All materials are tracked by the cavity vendors; they manage quantities and map material serial numbers to cavity components as they are fabricated.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) on the campus of Michigan State University (MSU) is an approved
project funded by a cooperative agreement between MSU
and the US Department of Energy to advance the study of
rare isotopes. The main accelerator for FRIB is a 200 MeV
per nucleon superconducting linac for ions with a final
beam power of 400 kW.
The FRIB linac requires 324 superconducting radio frequency (SRF) cavities of 2 classes, operating at 2 different
frequencies (Figure 1): 80.5 MHz quarter-wave resonators
(QWR) and 322 MHz half-wave resonators (HWR).
QWRs with β = 0.041 and 0.085 are used in Linac Segment
1; HWRs with β = 0.29 and 0.53 are used in Linac Segment
2 and Linac Segment 3. The final cavity designs incorporate experience from prototyping, design optimization, and
iterative improvements for both QWRs [1–3] and HWRs
[4–6].

CAVITY PRODUCTION
FRIB contracted the fabrication of the 4 cavity types to
industrial suppliers for mass production [7]. The required
cavity counts for the driver linac are listed in Table 1.
Cavities are fabricated from polycrystalline niobium
sheet. The cavities’ helium vessels are made of titanium.
____________________________________________
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Figure 1: FRIB production SRF cavity designs.
Table 1: Cavity Counts for FRIB Production
β
0.041
0.085
0.29
0.53
Total
Required
12
92
72
148
324
Received
16
123
83
141
363
Accepted
16
123
80
141
360
Tested
16
106
75
141
338
Certified
16
105
72
136
329
Certified
84%
89%
87%
73%
on 1st test
All cavities undergo incoming acceptance inspection at
FRIB upon receipt from the vendor. Cavities are checked
against an Acceptance Criteria List (ACL). The ACL includes a visual inspection of all internal surfaces and welds
using a borescope.

CAVITY STATUS
The first production cavities were delivered by the vendors in January 2014. Delivery of β = 0.041 QWRs was
completed in June 2015; β = 0.085 delivery was completed
in December 2017; β = 0.29 delivery was completed in
May 2017; and β = 0.53 delivery is scheduled for completion by the end of 2019. Table 1 includes the quantities of
MOP005
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cavities received, accepted, and certified for FRIB as of
June 2019.
Accepted cavities undergo FRIB standard cavity surface
preparation, including etching of the inside surface and
high-pressure water rinsing with a robotic system [8, 9].
The cavities are then Dewar tested. Cavities not meeting
the certification requirements in the Dewar test are reworked and retested. If an uncertified cavity had heavy
field emission, a thermal quench, or a “Q-switch,” it is first
re-inspected with the borescope to check for any significant features on the inner surface. Features can be the result of problems during manufacturing or processing, or
can be due to mishandling of the cavities. All findings are
documented in an inspection report which is then reviewed
to decide whether to attempt mechanical polishing.
About 96% of the cavities required for the FRIB driver
linac have been certified. More information on cavity
Dewar tests results can be found elsewhere [10, 11]. Table
1 also includes the percent of cavities that were certified in
the first Dewar test without rework.

CAVITY SURFACE POLISHING
If a cavity is not certified in the Dewar test due to poor
performance at high field, it is re-inspected to search for
internal features that could be contributing to the performance degradation. A borescope is used to inspect the RF
surfaces, including electron-beam welds, with particular
attention to the areas that are most critical for cavity performance. Prior to inspection, the inspector reviews the
cavity test report, as the report may suggest where to place
extra scrutiny during the inspection: in the high electric
field regions (in case of heavy field emission) or the high
magnetic field regions (in case of a quench or Q-switch).
Once the borescope inspection is completed, the inspection report is reviewed and subsequent steps are planned.
In most cases, mechanical polishing is done, followed by
repeat etching, repeat rinsing, and another Dewar test of
the cavity. Surface polishing follows the same methodology for most features and mostly varies based on location
and size.
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(P320-400) which conform to the interior contours to
lightly polish the surface uniformly.
Access to the inside surface is difficult for HWRs, which
have no large openings. HWRs have 4 rinse ports (one of
which is used for the RF pickup coupler), 2 beam ports,
and one RF input port. When polishing an HWR, the borescope camera is inserted through a bushing fixture secured to a nearby port and focused on the target area. The
operator then inserts the polishing tool through a different
port that allows adequate movement to abrade the surface,
as shown in Figure 2. The real-time borescope view of the
polishing region improves the final results by helping to
localizing the polishing to only the desired area; additionally, the condition of the defect can be monitored while polishing it.
Polishing tools are made by bending ¼ inch (6.4 mm)
stainless tubing, which is wrapped in protective tape, into
a shape that avoids inadvertent contact with the soft niobium interior, as shown in Figure 3. If the target feature is
within line-of-sight through a cavity port, a power tool is
used in lieu of manual polishing: a rotary flapper wheel or
abrasive pad is fixed to a composite rod, which is driven
by a cordless drill/driver.

Surface Polishing Methods

Figure 2: HWR polishing using the borescope (right) and a
manual polishing tool (left).

FRIB uses a GE Everest XLG3 VideoProbe System for
internal borescope inspections. In the borescope inspections, we look for interior surface defects, some of which
may be visible only after etching. Defects may be due to
manufacturing errors (dents, weld repair features, and foreign inclusions, etc.) or may be introduced during cavity
surface preparation.
Mechanical polishing is done by hand or with hand-held
rotary power tools. The mechanical polishing can produce
an acceptably smooth surface in preparation for final
chemical etching. We use aluminum oxide abrasive media
in successively finer stages to achieve the desired surface
finish. For large features, we start with coarse abrasive grit
paper (P80-P120) or rotary flapper wheels to quickly plane
the surface topography or remove foreign inclusions. We
then use less aggressive grits (P240-P320) remove residual
scratches and, lastly, flexible ScotchBrite abrasive pads

Figure 3: Examples of cavity polishing tools. The tools are
bent as needed to reach features via the available access
ports.
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Successful Polishing Reworks: Field Emission
Cavities not passing certification due to heavy field
emission are re-inspected with extra attention to high electric field regions. These areas are at or near the mid-plane
of the cavity where the beam travels; the vicinity of the
beam ports and drift tube are the most critical. The inspection focuses on possible fabrication or processing errors
that may have produced scratches, dents, or protrusions.
Most of these surface features are a result of mishandling
during manufacturing. Surface features from cavity processing have also been seen, such as acid vapour, acid
ledges/erosion, or high-pressure rinsing oxide. Figure 4
through Figure 7 show examples of surface features believe to have caused field emission in Dewar tests.

Figure 6: Surface scratches/ledges on the drift tube, possibly due to acid erosion, observed after the first Dewar test
(β = 0.53 HWR, S53-113).

Figure 4: Scratch along the inner conductor observed after
the first Dewar test (β = 0.085 QWR, S85-952).

Figure 7: Acid vapour marks on outer conductor observed
after first Dewar test (β = 0.085 QWR, S85-951).

Figure 5: Electron-beam weld repair of inner conductor to
short plate blow-through with plug not fully melted, observed during incoming inspection (β = 0.53 HWR, S53125).

Cavities - Fabrication
quality assurance

Figure 8 (cyan and magenta) shows an example: two
cavities which had heavy field emission in the first Dewar
test, as seen by X-ray levels increasing rapidly with field
and corresponding decreases in the quality factor. In the
borescope inspections after Dewar testing, features were
observed on the inner conductor (see Figure 4) and drift
tube. These features were mechanically polished, and the
cavities were reprocessed and retested. The post-polishing
tests show a significant improvement in the quality factor
at high field and a corresponding reduction in field emission X-rays (Figure 8, blue and red).
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(a)

(b)

During the initial stages of polishing, the feature
“opened up” revealing additional voids in the weld and
along its edges (Figure 10c). Further material removal
showed the area was a weld overlap with a void underneath, producing a small pocket (Figure 10d). The material
over the pocket was polished away and the remaining
pocket was blended into the adjacent sides (Figure 10e).
Partway through polishing, a piece broke away (Figure
10f).
After polishing, the cavity was reprocessed and Dewar
tested again. In the second test, it met the FRIB certification requirements with good margin for field and quality
factor (Figure 9, blue).
Cavity S53-132 (another β = 0.53 HWR) did not meet
the certification requirements in the first Dewar test, and
also had a Q-switch near 5 MV/m (Figure 9, magenta). The
borescope inspection revealed a feature on the outer conductor to short plate weld, as indicated by oxide coming
from the weld, shown in Figure 11. The vendor’s report
indicated that a weld blow-through occurred in the suspected area, and that a repair was done using a niobium
plug.
Initial polishing caused the feature to “open up” revealing more dark, oxide-like material (most likely foreign material). Polishing was continued until no traces of foreign
material were visible. Salt-water soak and inspection were
repeated after mechanical polishing, with no foreign material observed.
After polishing, the cavity was reprocessed and retested.
The post-polishing test showed considerable improvement
in performance (Figure 9, red), such that the cavity met the
requirements for Q0 and field.

Figure 8: Dewar test results at 2 K for two β = 0.085 QWRs
before and after mechanical polishing: (a) quality factor
and (b) X-rays as a function of accelerating gradient (Ea).
Purple star: FRIB operating goal.

Successful Polishing Reworks: Q-Switches
Cavities not certified in Dewar tests due to thermal
quench or “Q-switch” behaviour are re-inspected with extra attention to areas of high magnetic field. As foreign
inclusions could cause quenching or Q-switching, the cavities are salt-water soaked prior to borescope re-inspection,
in the hope that the salt-water will produce oxidation at the
inclusion site. Two examples of successful mechanical
polishing of Q-switch cavities will be discussed in this section.
Cavity S53-128 (β = 0.53 HWR) showed marginal performance in the first certification test and had a Q-switch
behaviour, as shown in Figure 9 (cyan): Q0 and the field
jumped downward at Ea = 5 MV/m and dropped further at
about 8 MV/m. The incoming borescope inspection had
shown a surface feature on the beam cup to outer conductor
weld (Figure 10a). The initial thought was that the feature
was residual oxide from acid etching or a weld inclusion;
hence a polishing rework was implemented.
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Figure 9: Dewar test results at 2 K for two β = 0.53 HWRs
before and after mechanical polishing.
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degraded performance at high field due to field emission or
Q-switching have been improved with mechanical polishing. Examples have been presented in this paper. A more
detailed analysis of FRIB production cavity reworks is
planned.
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Figure 10: Polishing of S53-128 feature: (a) as received,
before etching; (b) after etching and test; (c) after initial
polishing, “opening up”; (d) shelving with void underneath; (e) top material removed, blending void area to adjacent surface; (f) fragment broken off during polishing.
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Figure 11: Polishing of S53-132 feature: (a) as received,
before etching; (b) after etching and test; (c) during polishing; (d) after polishing.

CONCLUSION
FRIB cavity production is nearly complete, with about
96% of production cavities certified, and only the β = 0.53
cavity delivery unfinished. Though cavity certification
rates remain high, some cavities cannot be certified on the
first test and require rework. In some cases, cavities with
Cavities - Fabrication
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400 MHz SEAMLESS COPPER CAVITY IN THE FRAMEWORK OF
FCC STUDY
O. Azzolini†, G. Keppel, C. Pira
Laboratori Nazionali di Legnaro, viale dell’Università 2, 35020, Legnaro (PD), Italy
Abstract
In the framework of the FCC study the production of 400
MHz copper cavities is one of the key challenges for the
development of more efficient superconducting RF cavities. Any progress on substrate manufacturing and preparation will have an immediate impact on the final RF performance, as it was demonstrated by the seamless cavities produced for the HIE-ISOLDE project. Spinning is a potential
alternative to conventional production methods of copper
single and multi-cells.
In this work is presented the first 400 MHz copper RF
cavity prototype produced via Spinning at Laboratori Nazionali di Legnaro of INFN. The production process is explained starting from a copper sheet of 1150 mm diameter
and 4mm thick to arrive to a seamless 400 MHz cavity.
Moreover, the metrology of the cavity and the analysis
of the influence of intermediate thermal treatments among
each steps of cold work are shown.

INTRODUCTION
Superconducting radiofrequency accelerating cavities
are the heart of modern particle accelerators. One of the
key challenges for FCC is the development of more efficient superconducting RF cavities. Any progress on substrate manufacturing and preparation will have an immediate impact on the final RF performance [1], as it was
demonstrated by the seamless cavities produced for the
HIE-ISOLDE project. The welded ISOLDE Quarter Wave
Resonators show the typical Q-slope of thin films cavities
(decrease of the Cavity Quality Factor at high accelerating
fields) [2]. The issue was substantially reduced substituting
the welding cavities with seamless ones.
In the RF Superconductivity field, the technology of
seamless cavities is, among all other topics, perhaps the
one that mostly requires a creative approach. More than
elsewhere, this is the right place where researchers can give
free rein to their imagination [3]. There are different techniques to produce a seamless cavity as for example spinning, hydroforming, explosive forming, electroforming
etc. Spinning is a well-known forming technique to obtain
seamless cavities and refers to a group of forming processes that allow a production of hollow, axially symmetric
sheet metal components. The basic technique of spinning,
which is common to this group of processes, consists of
clamping a sheet metal blank against a mandrel on a spinning lathe, and gradually forming the blank onto the mandrel surface by a roller, either in a single step or series of
steps [4] (Fig. 1). For its cheapness, today the spinning
___________________________________________
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technique is largely used by the SRF community for the
production of R&D cavities, both in niobium and copper.
However, in the production of cavities for accelerators, the
standard technique is still preferred. The traditional fabrication methods consist in the spinning, or deep drawing, of
the two half-cells and a further electron beam welding on
the equator. This protocol respects the dimensional tolerance in a large-scale production, which is a mandatory during the construction of a particle accelerator. Due to the
non-symmetrical nature of the seamless spinning fabrication method, to guarantee the dimensional tolerance in a
large-scale production thousands of cells required from
FCC is one of the challenges of this research.

Figure 1: 400 MHz spinning process.
During the 2018 the INFN-LNL SRF group has been carrying out the R&D of the seamless 400 MHz cavities, producing two prototypes. The first 400 MHz copper cavity
spun showed deep cracks near the cell iris, but it was fundamental to understand how to improve the process. For
the 400 MHz cavity, at least three intermediate annealing
in ultra-high vacuum furnace, at three different stages of
spinning process, are necessary for the complete closure.
In November 2018, the first seamless 400 MHz copper
cavity in the world was produced and in this paper is described the workflow starting from a copper sheet to arrive
at the complete cavity.

EXPERIMENTAL PROCEDURE
In order to verify any kind of failure in the spinning process and adopt the right countermeasure, it was decided to
proceed in parallel with the spinning of two cavities. The
first part of the production of the cavity was the spinning
of the first half cell (Fig. 2). The raw material was a sheet
of OFE copper 1150 mm diameter and 4 mm thick provided by CERN from MKM GmbH. A first step of production corresponded with the deep drawing of the copper
sheet to form and fix the copper on the tale. Immediately
after the deep drawing the first half cell was spun.
After the production of the first half cell obtained with
deep drawing and spinning as indicated in Fig. 2 and without any annealing, it was necessary to set up a thermal
treatment to relax the internal stresses due to the cold work.
The thermal annealing was provided in the LNL UHV furnace following the thermal cycle reported in Fig. 3. Starting from a degassing of the material at 200 °C for 24h,
Cavities - Fabrication
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passing through a temperature pre-treatment at 300 °C for
2h and then the real thermal annealing at 500 °C for 2h.
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RESULTS
A visual inspection of the surface status and defects was
performed at LNL. The first prototype closed with 2 intermediate annealing had some failure during the final steps
of spinning process, as evidenced in Fig.5 immediately before the iris.

Figure 2: The first half 400 MHz cell spun.

Figure 3: Thermal annealing cycle.
To produce the complete prototype of the 400 MHz cavity more than two annealing were necessary, due to the
large amount of cold work required in the spinning process
of such a big resonator.
In Fig. 4 the comparison between the two prototypes production steps is reported.

Figure 5: Visual inspection of the defects of the first 400
MHz cavity spun.
The second prototype of Cavity had two small cracks in
the cut-off region again close to the iris (1cm from it)
Fig. 6.
In Fig. 7 is reported the internal surface of the second
cavity. It was very good, except for the cut-off, where the
surface had an orange peel appearance. This is a typical
feature of the spinning process when the material is not
completely pressed against the mandrel.

Figure 6: visual inspection of the defects of the second 400
MHz cavity spun.

Figure 4: Comparison between the first and the second cavity production steps.
The first prototype production was used as a test, in order
to understand the minimum number of intermediate annealing necessary to realize the 400 MHz resonator by
spinning process. The material, after the annealing, was
machinable, but during the spinning process the copper became harder and it was necessary to stop the process in order to avoid the complete cracking of the cavity.
The second prototype was produced using the know-how
acquired during the first prototype production. In fact, a
third intermediate annealing was introduced in order to reduce the amount of stress introduced in the second half cell
production. Adding a third annealing step, the copper was
more machinable than the first prototype and it was possible to close the cavity completely.
Cavities - Fabrication
seamless technology

Figure 7: Visual inspection of the surface status of the second 400MHz (on the left the second half cell with an orange peel surface, on the right the first half cell).
The two cavities were sent to CERN to verify their dimensions, only the second cavity was measured. The circularities of cavity were evaluated in 4 different points: two
in the first cut off (first half cell), one on the equator and
one on the second cut off (second half cell). The measurement showed that the circularities did not respect the standard required (Fig. 8). One hypothesis was that the thermal
annealing among each steps of spinning modified the circularities, relaxing the internal anisotropic stresses of the
material. To confirm this hypothesis there was the circularity of the second cut-off, that respected the tolerance reMOP007
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quired. In fact, the second cut off is the last part of the cavity spun and it does not undergo one additional thermal annealing. We are planning to design and install a specific
cavity holder, during the annealings, clamping the cavity in
its resting position, in order to prevent this behaviour.
Moreover, the cavity once completed should be uniformly
pressed against the mandrel moving the roll from the first
to the second cut-off, this part was avoided for these two
cavities in order to prevent a fatal cracking of the thin
walls.

Figure 8: Circularities of the second 400 MHz.
The thickness profile of the second cavity, as expected
from the asymmetric forming of the spinning starting from
a Sheet of metal, changed along the cavity axis. This effect
was well clarified observing the Fig. 9, where it was evidenced that the second half cell was under dimensions.

Figure 10: Internal surface profile of the second 400 MHz.

CONCLUSIONS AND COMMENTS
The two seamless 400 MHz copper cavities were produced by spinning, the first prototype presents several
cracks on the iris region, the second prototype has two
small cracks on the cut-off region. Three thermal annealing
were the minimum to complete the cavity with a good material spinnability. The feasibility to produce a 400 MHz
seamless cavity was demonstrated, further developments
are necessary to avoid cracks, increase the geometry accuracy and the internal surface quality as for example optimizing the annealing procedure (acting on temperature
and time) and inserting different intermediate mandrels to
reduce the distance between the cavity wall and the mandrel surface during each step of spinning.
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Figure 9: Thickness profile of the second 400 MHz.
The internal profile of the second cavity were evaluated
(Fig. 10) and the results were that in correspondence of the
first iris the cavity had a larger diameter respect to the
standard requested, while at the other points measured in
the first half cell and in the second half cell the cavity presented a smaller diameter. This effect could be explained
as for the circularities with the anisotropic stress relief after
each thermal annealing. Moreover, the second half cell was
spun applying a lower force to avoid cracking of the thin
walls, and the effect can result in a negative displacement
from the ideal profile.
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Abstract
In this work, we employ theoretical ab initio techniques to
solve mysteries and gain new insights in Nb3 Sn SRF physics.
We determine the temperature dependence of Nb3 Sn antisite
defect formation energies, and discuss the implications of
these results for defect segregation. We calculate the phonon
spectral function for Nb3 Sn cells with different combinations
of antisite defects and use these results to determine Tc as a
function of stoichiometry. These results allow for the firstever determination of Tc in the tin-rich regime, where experimental measurements are unavailable and which is critical
to understanding the impact of tin-rich grain boundaries on
superconducting cavity performance. Finally, we propose
a theory for the growth mechanism of Nb3 Sn growth on a
thick oxide, explaining the puzzling disappearing droplet
behavior of Sn on Nb oxide and suggesting how in general
an oxide layer reacts with Sn to produce a uniform Nb3 Sn
layer.

Figure 1: Calculated antisite defect concentrations in 25%
Sn Nb3 Sn as a function of temperature, assuming defect
formation energies that have been corrected (Black) and
have not been corrected (Red) for electronic entropy effects.

INTRODUCTION
Density Functional Theory (DFT) is a versatile tool that
can be used to calculate, without any needed experimental
input and to within a few percent accuracy, an incredibly
wide of array of fundamental material properties from electronic structure to activation energies to superconducting
properties. This makes DFT a very useful complement to
experimental research of advanced materials such as those
used in SRF cavities. This paper presents pertinent results
the on point defects, the growth mechanisms and the superconductivity of Nb3 Sn and the implications of these results
to the future of Nb3 Sn SRF cavities [1–4].

CALCULATIONS ON POINT DEFECTS
As part of an in-depth effort to calculate the A15 region
of the Nb-Sn phase diagram (which includes Nb3 Sn at 25%
Sn), we have gained a rich understanding of the behavior
of antisite defects in the material, which are the primary
cause of off-stoichiometry. In particular, both kinds of antisite defects dramatically change the Fermi level density
of states, which has major implications for their behavior
at high temperature during the Nb3 Sn growth process, and
at low temperature during cavity operation (discussed in a
later section). At the root of this phenomenon is the fact
∗
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that perfect, stoichiometric Nb3 Sn has a very high Fermi
level density of states, a property directly related to its excellent superconducting properties. This means that at high
temperatures Nb3 Sn has a very high electronic entropy, and
thus very low electronic free energy. Therefore, defects that
reduce the Fermi level density of states are significantly less
energetically favorable than they would otherwise be.
In general, electronic entropy increases linearly with temperature, and the corresponding contribution T · S to the
free energy increases quadratically with temperature. Because the configurational entropy contribution to the free energy increases only linearly with temperature, the quadratic
electronic free energy term dominates at high temperature,
preventing defect concentration from growing indefinitely.
Using DFT, we calculate antisite defect formation energies
at zero temperature, and at the coating temperature of approximately 1200 Celsius. We find that, over this range of
temperatures, the free energy for a niobium atom to occupy
a tin site increases by 0.24 eV, while the free energy for a tin
atom to occupy a niobium site increases by 0.22 eV. Figure
1 shows the impact of these effects on defect concentrations:
although zero-temperature defect formation energies would
suggest that at the coating temperature nearly 10% of all
sites in stoichiometric Nb3 Sn should be occupied by antisite
defects, proper accounting of electronic entropy indicates
that, actually, only about 1% of all sites are occupied by
antisite defects at this temperature.
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Figure 2: Real-space change in Fermi level density of states
due to a niobium-on-tin antisite defect (center). The effect
is strongly negative around nearest-neighbor atoms, and still
significant for next-nearest-neighbor atoms.

The effect of antisite defects on the Fermi level density of
states not only determines their equilibrium concentrations,
but also determines how they interact with other defects and
with each other. In particular, defects that suppress the Fermi
level density of states in some volume of radius r (visualized
in Fig. 2) can reduce their effect on electronic entropy and
lower their free energy by moving within r of other defects
or disorder that also reduce the Fermi level density of states.
This means that interactions between antisite defects which
are strongly repulsive at low temperatures are only mildly
repulsive at high temperatures. This effect plays a key role
in determining the tin-poor limit of the A15 phase at high
temperatures.
Another interesting implication is that antisite defects
will tend to be attracted to grain boundaries and dislocations, where Fermi level density of states is lower due to
disorder and strain. This is one possible explanation for the
observed 3 nm sheath of tin-rich stoichiometry observed
around grain boundaries in some Nb3 Sn layers [5]. Such
Fermi level effects also apply for common impurities such
as oxygen, nitrogen, and carbon. Preliminary calculations
suggest that these impurities prefer Nb intersitial sites to
Nb3 Sn interstitial sites at zero temperature and that this preference gets stronger at high temperature because they tend
to suppress the Fermi level density of states in Nb3 Sn. We
would therefore expect such impurities to gather near grain
boundaries in in Nb3 Sn to the extent that they are present in
Nb3 Sn at all.

GRAIN BOUNDARIES AND T c
CALCULATIONS
The most important effect of antisite disorder in Nb3 Sn is
to reduce Tc , and thus reduce cavity quality factor and quench
field. Measurements have shown that Tc drops from its maximum value of about 18K to 6K at the tin-poor stoichiometry
limit of 17-18% Sn [6]. This makes it possible to understand
the effect of tin-poor regions on the superconducting properties of the Nb3 Sn layer. Tin-rich stoichiometry has also
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Figure 3: Example Phonon spectral function calculation
for stoichiometric (red) tin-poor (green) and tin-rich (black)
A15 cells.
been observed, but only in nanometer-scale regions around
grain boundaries [5]. The properties of tin-rich Nb3 Sn are
difficult to measure directly as it only exists in such small
regions, but they can be calculated using DFT.
To do this, we calculate electron-phonon scattering amplitudes in A15 cells across the observed stoichiometry range.
In order to make these calculations as precise as possible,
we employ Wannier function methods to integrate smoothly
over all scattering processes in momentum space [7]. These
scattering amplitudes are used to calculate the phonon spectral function (Fig. 3), which can be used to estimate Tc using
the McMillan formula [8]. We accurately reproduced Tc for
bcc niobium as well as the experimentally measured stoichiometry range of the A15 phase, as described in Table
1. For experimentally inaccessible tin-rich stoichiometry,
we find that Tc falls to a minimum of about 5K at 31.25%
Sn stoichiometry (Fig. 4). This information, taken together
with experimental measurements of the stoichiometry profile around grain boundaries from the Seidman group at
Northwestern, has enabled simulations of magnetic flux entry at grain boundaries performed by the Transtrum group
at Brigham Young (Fig. 5). These simulations show that
tin-rich grain boundaries can admit flux vortices even at
modest fields, resulting in undesirable Q-slope behavior.
Table 1: Calculated vs. Measured Tc
Composition Experimental Tc (K) Calculated Tc (K)
Pure Nb

9.3

10.5

18.75% Sn

6

5.7

20.83% Sn

7.1

5.7

Nb3 Sn

18

17.8

It is important to consider other contributing factors to Tc
suppression in grain boundaries, both to accurately predict
the overall effect of a tin-rich grain boundary on Tc , and
to accurately compare tin-rich grain boundaries to "clean"
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Figure 7: Correlation between Tc and Fermi level density of
states in A15 cells of different stoichiometries.
Figure 4: Calculated Tc as a function of stoichiometry, showing a minimum of about 5 Kelvin in the tin-rich regime.

Figure 5: Example simulation of the superconducting order
parameter in a tin-rich grain boundary.

25% Sn stoichiometry grain boundaries. While it is difficult to directly calculate Tc for grain boundaries due to
their extremely complicated phonon spectra, it is possible
to estimate their effect on Tc by calculating their effect on
Fermi level density of states (Fig. 6), which we find to be
correlated with Tc (Fig. 7). Given this relationship between
the Fermi level density of states and Tc , we estimate that
a clean grain boundary would suppress Tc by 25% over a
core region of 2.2 nm, a mild effect compared to the 70%
reduction inflicted by severe off-stoichiometry. We can also
estimate the effect of strain on Tc , and we find that it would

Figure 6: Calculated density of states in bulk Nb3 Sn as contrasted to that in the immediate vicinity of a grain boundary.

Fundamental R&D - non Nb
non-Nb films

Figure 8: Schematic of the proposed Nb3 Sn growth mechanism, showing the development of a Nb3 Sn layer underneath
the oxide along with the relevant diffusion processes.

take a very large 4% strain to reduce Tc by a factor of 2.
Given these results, we conclude that clean grain boundaries
are likely to result in significantly better cavity performance
than dirty grain boundaries. Future experiments and calculations will further elucidate the relationship between grain
boundary composition and cavity performance.

NUCLEATION
It has long been known that effective nucleation of Nb3 Sn
is an essential step in the growth of a high-quality Nb3 Sn
layer. A recent layer growth study by the Liepe group at
Cornell showed that some features of finished Nb3 Sn layers,
in particular undesirable thin regions, can be traced back
to features at the nucleation stage [9, 10]. Specifically, they
found that the presence of a thick niobium oxide changed
the nucleation process in a beneficial way, leading for more
uniform Nb3 Sn. Based on these results, we have developed
a new theory for the mechanism of Nb3 Sn growth on an
oxidized surface. In this mechanism, illustrated in Fig. 8,
tin diffuses through the oxide layer to the bulk niobium
interface. There, it interacts with the oxide to produce Nb3 Sn
and oxygen intersitials, which diffuse down into the bulk
niobium. At the standard nucleation temperature of 500 C,
this process is energetically favorable.
In contrast with the growth process of Nb3 Sn on pure
Nb, the above process does not involve the diffusion of Sn
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Figure 11: Calculated bound charge density surrounding tin
ad-atoms (purple) on a realistic niobium oxide (green and
red) surface in aqueous solution.
Figure 9: Image of tin droplets on an oxide surface, showing
some droplets at various stages of adsorption.

of the fundamental physics at work, these results will help
develop new recipes to maximize cavity Q and quench field.
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Figure 10: Cross section of nucleated Nb3 Sn layer, showing
a relatively uniform layer forming underneath the oxide.

through the growing Nb3 Sn layer. This is important because
Sn diffusion through Nb3 Sn is known to be extremely inhomogeneous, occurring almost exclusively along grain boundaries and therefore inevitably leading to inhomogeneities
within grains. Depending on the nature of Sn diffusion
through niobium oxide and oxygen diffusion through Nb3 Sn,
growth on an oxide may in general be more uniform than
growth on pure Nb. This appears to be the case for nucleation on niobium oxide. Figure 9 shows that tin droplets on a
niobium oxide surface tend to "disappear" from the surface,
and Fig. 10 shows that this tin is in fact reacting underneath
the oxide. The Liepe group plans to explore the possibility
of growing complete Nb3 Sn layers from oxide in the future.
The Liepe group is also exploring the possibility of nucleating Nb3 Sn layers electrochemically [11]. Early results
have been promising, showing that under the right conditions
of voltage, pH, and surface oxidation, a chemical reaction
occurs that strongly binds electroplated tin to the niobium
substrate. In theory, it is possible for Sn ions to react with
niobium oxide to grow Nb3 Sn from solution, a process that
may be sufficiently catalyzed by the solution to grow a substantial Nb3 Sn layer in spite of the low temperature. We have
begun calculations using Joint Density Functional Theory
to investigate this system in detail (Fig. 11) [12].

CONCLUSIONS
We have demonstrated the fruitful application of DFT to
open problems in Nb3 Sn SRF related to point defect behavior, the superconducting properties of grain boundaries, and
Nb3 Sn layer nucleation. By improving our understanding
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HIGH FREQUENCY Nb3 Sn CAVITIES∗
R. D. Porter† , M. Liepe, J. T. Maniscalco
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),
Ithaca, NY 14853, USA
Abstract
Niobium-3 Tin (Nb3 Sn) is currently the most promising
alternative material for next-generation superconducting RF
accelerator cavities. The material can achieve higher quality
factors, higher temperature operation and potentially twice
the accelerating gradients compared to conventional niobium. Cornell University has a leading program to coat
2-3 µm of Nb3 Sn on Nb cavities. These cavities achieve
high Q of 2 · 1010 at 1.3 GHz and 4.2 K with accelerating
gradients in the typical CW operation range (17 MV/m).
Most research into Nb3 Sn cavities has been done at 1.3 GHz.
This material may have favorable frequency scaling, allowing for smaller cavities with the same efficiency. Here we
present results from a 2.6 GHz Nb3 Sn cavity, including quality factor, magnetic flux trapping sensitivity and quench field
measurements. Preliminary results from a 3.9 GHz cavity
are also shown. We show 2.6 GHz Nb3 Sn cavities are viable
and nearly as efficient as 1.3 GHz cavities.

INTRODUCTION
Niobium-3 Tin (Nb3 Sn) is a promising alternative superconductor to niobium for superconducting RF cavities. The
material posses a critical temperature of 18 K [1] and a theoretical superheating field of 425 mT [2]. This allows the
material to achieve high quality factors (> 1010 at 4.2 K operation) and the potential to reach ≈ 96 MV/m in a TESLA
elliptical style cavity (though the performance is currently
limited to 17 MV/m, which is a topic of study [3]).
Cornell has a program to develop Nb3 Sn accelerator cavities [4–8]. Due to Nb3 Sn being a brittle material, a niobium
substrate is formed into a cavity shape then Nb3 Sn is applied
to the surface. This is accomplished using Sn vapor diffusion, wherein the Nb cavity is placed in a high temperature
vacuum furnace where Sn is vaporized and allowed to settle
on the Nb surface and form Nb3 Sn.
Most development of Nb3 Sn cavities has been done at
1.3 GHz. The frequency scaling of Nb3 Sn cavities residual
resistance is unknown, so this may not be the ideal operating
frequency (lowest loss/m of accelerator) for Nb3 Sn cavities.
One main component of residual resistance in Nb3 Sn cavities
is caused by magnetic flux trapped during cooldown [5], so
the frequency scaling of this loss mechanism is of particular
interest. This is referred to as the trapped flux loss sensitivity
of the cavity and is expressed in terms of nΩ of residual
surface resistance gained per mG of trapped magnetic flux.
This paper examines the performance of a 2.6 GHz Nb3 Sn
∗
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cavity, including cavity quality factor and trapped flux loss
sensitivity. Preliminary results from a 3.9 GHz Nb3 Sn cavity
are presented as well.
Similar research is simultaneously being conducted by
Fermi National Accelerator Laboratory (FNAL) [9]. These
studies both replicate and complement each other as both
labs have not tested the same frequencies. In addition, the
Nb3 Sn cavities produced at FNAL and Cornell differ in performance, where some of the initial FNAL Nb3 Sn cavities
exhibit a Q slope before quench, while Cornell cavities do
not. This creates a scenario where frequency studies by both
labs help investigate the difference and similarities of the
Nb3 Sn coatings and replication provides additional insight.
However, as these studies are being completed and published
near simultaneously, comparison of results between FNAL
and Cornell will be minimal in this work, but may be addressed in future work.

2.6 GHz Nb3 Sn CAVITY PREPARATION
A new high-RRR Nb 2.6 GHz TESLA elliptical cavity
recieved 100 µm of electropolishing. This was followed
by the standard Nb3 Sn coating Cornell uses for 1.3 GHz
Nb3 Sn cavities [10] that applies 2-3 µm of Nb3 Sn to the
surface of the cavity. This process involves ≈ 2 days degas
at 180 C, followed by nucleation using 0.220 g of Sn2 Cl at
500 C for 5 hours, a coating stage at 1120 C for 1.5 hours,
and an annealing stage at 1120 C for 1 hour. During the
coating stage a crucible of Sn is heated to 1400 C to increase
Sn flux. A picture of the final coated cavity in Fig. 1 and
a profile of the temperatures (excluding degas stage) are
shown in Fig. 2. The cavity was prepared for test and tested
in a vertical test cryostat with ≈ 2 mG of ambient magnetic
field.

Figure 1: Left to right: A 1.3 GHz, 2.6 GHz, and 3.9 GHz
Nb3 Sn cavities. The 3.9 GHz cavity has a top plate and
clamps attached for testing.
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(a)

Figure 2: Temperature profile from the coating of the
2.6 GHz cavity. Both the temperature of the cavity and the
Sn source are shown.

2.6 GHz CAVITY PERFORMANCE
Figure 3 shows the cavity performance at 4.2 K and 1.7 K.
The cavity achieved a low field quality factor of 8 · 109
at 4.2 K and 3.5 · 1010 at 1.7 K with only 5 nΩ of residual
resistance.

Figure 3: Q vs E curve at 4.2 K and 1.7 K of the 2.6 GHz
Nb3 Sn cavity.
The quality factor at 4.2 K is 50 times larger than that of
Nb at 4.2 K and 2.6 GHz, and comparable to Nb at 2 K and
2.6 GHz. Note that quality factors of different frequency
resonators cannot be directly compared and a 2.6 GHz cavity
with a Q of 8 · 109 is roughly equivalent to a 1.3 GHz cavity
with a Q of 1.6 · 1010 .
Figure 4 shows the quality factor vs temperature, resistance vs temperature, and RBCS vs temperature of the cavity. The R vs 1/T plot exhibits an unexpected behavior:
the low temperature resistance should be residual dominated (RBCS (T = 2 K) ≈ 10 pΩ) and be flat, but instead
has a mild slope. This appears to be caused by a multigap behavior recently observed in Cornell Nb3 Sn cavities
(1.3 GHz and 2.6 GHz) and discussed further in R. D. Porter
et al. [11]. This multi-gap behavior may be caused by nonstoichiometric regions of Nb3 Sn with different Tc ’s creating
a spread of Tc ’s on the cavity surface. The residual resis-
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Figure 4: (a) Q vs T curve of the 2.6 GHz cavity. (b) R vs
1/T curve of the 2.6 GHz cavity. (c) RBCS vs 1/T curve of
the 2.6 GHz cavity with fit 2-gap curve.
tance has been found by fitting two BCS curves to the data,
one that is typical Nb3 Sn and one that is a low Tc material that covers a small fraction of the cavity surface (the fit
finds ≈ 10−5 of cavity surface). The fit parameters of the
second material may not be physically relevant, but the fit
is good and allows for the separation of temperature and
non-temperature dependent (residual) components of the
surface resistance. This finds a residual resistance of 5 nΩ
with the second gap contributing an additional ≈ 5 nΩ of
surface resistance at 4.2 K.

TRAPPED FLUX LOSS SENSITIVITY
The magnetic trapped flux loss sensitivity of the 2.6 GHz
cavity was measured by trapping 60 mG and 100 mG ap-
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plied by a Helmholtz coil during separate cool-downs. The
trapped flux was measured using fluxgate magnetometers
on the top iris, equator, and bottom iris. The trapped flux
was determined in 3 ways: 1. by measuring the change in
magnetic field through the superconducting transition (no
change for 100% trapping). 2. By measuring the magnetic
field after transition with the Helmholtz coil off and comparing to magnetic simulations of expelling and trapping
flux. 3. By measuring the magnetic field after transition
with the Helmholtz coil off and comparing to a cooldown
with (near) zero field trapped, after transition, and measuring the magnetic field with the Helmholtz coil turned on
to the same current as the trapping scenario (measures full
expulsion magnetic field). These three methods replicate
the Cornell, FNAL, and JLab (Thomas Jefferson National
Accelerator Facility) methods of measuring trapped magnetic flux. All find 100% flux trapping, which is expected
for the slow cooldown rates used for Cornell Nb3 Sn cavities
(0.1 K/min).
The trapped flux loss sensitivity results are shown in
Fig. 5 along with 1.3 GHz Nb3 Sn cavity results1 [12, 13].
The trapped flux loss sensitivity curve is different in shape:
while the trapped flux loss sensitivity for a 1.3 GHz is linear
with the accelerating gradient/surface magnetic field, for the
2.6 GHz cavity the sensitivity is flat at low fields. This has
also been observed in 3.9 GHz Nb3 Sn cavities at FNAL [9].
In the ‘high’ fields region (above
√ 25 mT), the slope is
17.5 pΩ/mG/mT, which is roughly 2 times higher than the
1.3
p GHz cavity result of 12.2 pΩ/mG/mT. This suggests a
f scaling of flux trapping sensitivity in Nb3 Sn cavities in
this frequency region. It was not theoretically obvious that
this would be the case. Theoretical models developed by
D. Liarte et al. predicts various frequency scaling depending
on the material parameters and frequency [14].
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FREQUENCY DEPENDENCE OF
QUENCH FIELD
Nb3 Sn can potentially reach 96 MV/m for a TESLA elliptical cavity, but current Cornell cavities are limited to
≈ 17 MV/m in CW by a local surface defect [15]. Identifying and removing this defect is the subject of important
research. The 2.6 GHz cavity quenched at (17 ± 1) MV/m,
consistent with 1.3 GHz cavities. This suggests the quench
defect has little or no frequency dependence.

PRELIMINARY 3.9 GHz CAVITY
RESULTS
A 3.9 GHz Nb3 Sn cavity has also been made and a preliminary Q vs E curve at 4.2 K is shown in Fig. 6. This initial
test was plagued by fundamental power coupler problems
that prevented complete measurement of the cavity and may
have compromised the data that is shown. For this reason
the displayed 3.9 GHz cavity data that is shown should be
considered preliminary and may change after additional testing. The preliminary data finds a low field Q of ≈ 2 · 109
and quench field consistent with lower frequency Nb3 Sn
cavities.

Figure 6: Q vs E curve at 4.2 K of 1.3 GHz, 2.6 GHz, and
3.9 GHz Nb3 Sn cavities.

CONCLUSION

Figure 5: Trapped flux loss sensitivity of 2.6 GHz and
1.3 GHz [13] Nb3 Sn cavities.

1

The flux trapping data from the cited paper is off by a factor 0.58 and has
been corrected for this paper. The correction was discussed at a Tesla
Technology Collaboration (TTC) meeting and has not been published in
a paper at the time of writing [12].
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Niobium-3 Tin cavities have comparable efficiency at
2.6 GHz to 1.3 GHz
p Nb3 Sn cavities and trapped flux losses
appear to scale f , a favorable result for high frequency
Nb3 Sn cavities. This allows for the use of smaller accelerator cavities without loss of performance. In addition, these
higher frequency cavities provide insight into current performance limitations because the lack of (or small) dependence
of the quench field on frequency limits the types of defects
that could be responsible for quench. Finally, trapped flux
loss sensitivity measurements are not only important to characterize for construction of accelerators; it provides feedback
for theoretical models that multiple researchers have been
trying to create.
Figure 7 shows the cooling wall power per meter of active
accelerator for Nb at 1.3 GHz and 2 K, Nb3 Sn at 1.3 GHz
and 4.2 K, and Nb3 Sn at 2.6 GHz and 4.2 K. The 2.6 GHz
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Nb3 Sn cavity is almost as efficient as the 1.3 GHz Nb3 Sn
cavity. This shows the favorable scaling of Nb3 Sn with
frequency. The 2.6 GHz and 3.9 GHz cavities can operate
at 4.2 K while achieving higher efficiencies than standard
Nb cavities at 3.9 GHz.
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REDUCING SURFACE ROUGHNESS OF Nb3Sn THROUGH CHEMICAL
POLISHING TREATMENTS∗
H. Hu† , M. Liepe, R. D. Porter
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),
Ithaca, NY 14853, USA
Abstract
Niobium-3 tin (Nb3 Sn) is a promising alternative material
for SRF cavities, with theoretical limits for critical temperatures and superheating fields reaching twice that of conventional Nb cavities. However, currently achievable accelerating gradients in Nb3 Sn cavities are much lower than their
theoretical limit. One limitation to the maximum accelerating gradient is surface magnetic field enhancement caused
by the surface roughness of Nb3 Sn. However, there are currently no standard techniques used to reduce Nb3 Sn surface
roughness. Since Nb3 Sn is only 2-3 microns thick, it is difficult to selectively polish Nb3 Sn without removing the entire
layer. Here, we investigate reducing the surface roughness
of Nb3 Sn through applying chemical polishing treatments,
including modified versions of standard techniques such as
Buffered Chemical Polishing (BCP) and Electropolishing
(EP). Through data acquired from Atomic Force Microscope
(AFM) scans, SEM scans, and SEM-EDS analysis, we show
the effects of these chemical treatments in reducing surface
roughness and consider the changes in the chemical composition of Nb3 Sn that may occur through the etching process.
We find that BCP with a 1:1:8 solution is ineffective while
EP halves the surface roughness of Nb3 Sn.

INTRODUCTION
Niobium-3 tin cavities have been shown to reach high
quality factors on the order of 1010 , enabling cavities to
achieve accelerating gradients of over 16 MV/m at 4.2 K
[1–3]. Abrupt bumps in the surface result in significant magnetic field enhancements. Thus, surface roughness of Nb3 Sn
limits the current maximum achievable accelerating gradients. While there are standard techniques to treat Niobium
cavities, there are currently no standard techniques to reduce
the surface roughness of Nb3 Sn. This is due to the fact that
Nb3 Sn cavities only contain a thin layer of Nb3 Sn coated on
the surface through tin diffusion that is 2-3 microns thick.
Polishing techniques that require removal of large quantities
of material would strip away the Nb3 Sn that has been coated
on. We consider the effects of using modified versions of
standard techniques of Buffered Chemical Polishing (BCP)
and Electropolishing (EP) to polish Nb3 Sn.
Standard BCP treatments involve a 1:1:1 or 1:1:2 solution
consisting of HF (49%), HNO3 (65%), and H3 PO4 (85%).
∗
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Prior testing at Cornell has demonstrated that BCP using a
1:1:2 solution strips away material from the surface faster
than can be controlled [4]. The initial minute of BCP rapidly
attacks the surface and destroys the Nb3 Sn layer [5]. In this
paper, we test a modified treatment of BCP polishing using
a 1:1:8 solution that is more controllable.
EP treatments use a 1:9 volume ratio of HF (48%) to
H2 SO4 (96%) solution. For Niobium cavities, EP is used to
create a smoother finish on the surface [6]. Initial testing
has not yielded significant evidence of surface roughness
reduction through EP treatments for Nb3 Sn [4]. This paper
focuses on the effects of BCP and EP treatments on the surface roughness of Nb3 Sn. Through height data obtained with
an Atomic Force Microscope (AFM), we conduct Amplitude
Spectral Density calculations to characterize the changes in
surface roughness as a result of these treatments.

METHOD
Sample Preparation
1 cm x 1 cm samples of bulk niobium are first cleaned
using BCP and anodized at 30 V to create an oxide of approximately 100 µm on the surface. Following the Standard
Coating procedure used at Cornell, the sample is then coated
with tin in an ultra-high vacuum furnace, forming a 2-3 µm
thick layer of Nb3 Sn on the surface of the sample [7]. The
samples were then polished using either BCP with a 1:1:8
solution of HF, HNO3 and H3 PO4 or EP. The 1:1:8 BCP samples etched for 75 s and 150 s and removed approximately
1 µm and 2 µm respectively.
For the sample treated with EP, we first mapped out an I-V
curve to determine the region that corresponds to polishing.
Figure 1 shows the I-V curve of the EP treatment, including
the etching, polishing and oscillating regions. The polishing
region of the I-V curve occurs between 1.3 V and 2.2 V. The
etching rate of EP was determined through dimensional analysis of the oxidation and reduction reactions occurring at the
cathodes and anodes for both niobium and tin [8]. Taking
into account the density of Nb3 Sn, we were able to estimate
that Nb3 Sn etches at a rate of 13.5 nm/min per mA/cm3 . Approximately 1.43 µm of Nb3 Sn was removed from the surface
during this process.

Sample Analysis
After each of the treatments, the samples were scanned
using an AFM at both 20 µm x 20 µm and 90 µm x 90 µm
scan sizes at 3 random locations for each size. The height
maps obtained were used to characterize the roughness of
each sample through an Amplitude Spectral Density (ASD)
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Figure 1: I-V Curve for electropolishing.
approach, a process which takes a Fast Fourier Transformation of the height data at each spatial frequency [4]. The
ASD data from scans from the same sample were then averaged and plotted along with the sample standard deviation
for each of the samples.
Finally, the samples were SEM scanned and EDS-SEM
analysis was performed on the surface to determine Sn content. The EDS-SEM analysis was conducted using 15 keV
accelerating voltage in order to determine Sn concentration.

RESULTS AND DISCUSSION
AFM Analysis and Surface Roughness

Figure 2: ASD plots for BCP treated samples.
Buffered Chemical Polishing has very minimal effects
on reducing the surface roughness of Nb3 Sn. As shown in
Fig. 2 the sample that etched for 150 s showed slight improvements in roughness. However, the effects are not statistically
significant enough to indicate that a 1:1:8 solution of BCP
etched for 150 s is an effective treatment for reducing the
surface roughness of Nb3 Sn.
Electropolishing shows a not statistically insignificant effect on reducing the surface roughness of Nb3 Sn . The roughness appears to be halved at particular frequency ranges (see
Fig. 3). The apparent reduction in roughness, however, may
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Figure 3: ASD plots for EP treated samples.
be due to noise from the scans. Nonetheless, the effect of EP
on Nb3 Sn is promising and could potentially be improved
on to reduce the surface roughness of Nb3 Sn from a factor
of two to a factor of four [9].

SEM and SEM-EDS Analysis
SEM scans of the electropolished samples are shown in
Fig. 4. Nb3 Sn grain structure is still visible suggesting
that the Nb3 Sn layer was not completely removed. The
grain boundaries are less sharp compared to the unetched
Nb3 Sn as would be expected for polishing. In the zoomedout SEM scan we can see surface inhomogeneity. “White”
regions are visible in the 100 µm SEM scan. These may be
thicker regions of Nb3 Sn that did not etch and have increased
roughness (discussed below).
EDS acquires a Sn to Nb ratio of 4 at % Sn in the dark
regions and 23.5 at % Sn in the light regions. The low Sn
regions could in part be explained by the penetration of the
e-beam and changes in layer thickness. In thin regions the
beam is penetrating through Nb3 Sn layer and detecting the
bulk Nb, decreasing the relative Sn to Nb signal ratio. For
a 15 keV electron beam the penetration is ≈ 1 µm in Nb3 Sn,
so layers thinner than this will begin to show lower Sn to Nb
ratios. Nb3 Sn layers grown at Cornell are typically 2 − 3 µm
thick, so with 1.2 µm of removal it is possible that this could
occur. However, 4 at % Sn requires a thinner Nb3 Sn layer
(≈ 200 nm) than we expect. It is possible that more than
1.2 µm were removed, Sn is being preferentially removed,
or the film is unusually thin. EDS of cross-sections is the
easiest way of determining this, but they have not been done
at this time. The Sn concentration is the light region is
consistent with regular Cornell Nb3 Sn coatings.
SEM scans of the BCP samples are shown in Fig. 5. Almost all of the Nb3 Sn layer had been removed. The 1 min 15
s BCP 1:1:8 etch appears to still show Nb3Sn grain boundaries, suggesting the Nb3 Sn layer has not been completely
removed. Curiously, there appears to be a small structure in
the middle of many of the grains. In the 2 min 30 s etch the
structures in the grain are more visible.
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CONCLUSION
Buffered Chemical Polishing with a 1:1:8 volume ratio
solution is not a useful polishing technique for reducing the
surface roughness of Nb3 Sn. The BCP recipe did not reduce
surface roughness even when removing most of the Nb3 Sn
layer. Our tests with Electropolishing indicates a reduction
in surface roughness by almost a factor of two in the relevant length scale for surface magnetic field enhancement.
This makes EP promising for continued development. Further testing with EP is needed to affirm the effectiveness of
this treatment, improve polishing uniformity, and improve
surface roughness reduction. Further work may take into
consideration other polishing treatments such as Bipolar EP,
Buffered EP, and Laserpolishing.
Figure 4: SEM scans of Nb3 Sn samples showing changes
from EP treatment for (a) untreated surface, (b) ≈ 1.2 µm of
EP, and (c) ≈ 1.2 µm of EP, zoomed out.
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EDS analysis of the BCP sample found the 75 s etch to
have stoichiometric Nb3 Sn, but the 150 s etch to have decreased Sn concentration. Similar to the EP results, we
suspect this means the 150 s etch has removed most of the
Nb3 Sn layer. Since most of the layer has been removed without reducing surface roughness it is likely that increasing
the etching time will only remove the Nb3 Sn layer. This
implies the BCP solution needs further modification in order
to polish Nb3 Sn.
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Abstract
Controlling film quality of Nb3Sn is critical to its SRF
cavity performance. The state-of-the-art vapor diffusion
approach for Nb3Sn deposition observed surface roughness, thin grain regions, and misfit dislocations which negatively affect the RF performance. The Sn deficiency and
non-uniformity at the nucleation stage of vapor deposition
is believed to be the fundamental reason to cause these
roughness and defects issues. Thus, we propose to pre-deposit a uniform Sn film on the Nb substrate, which is able
to provide sufficient Sn source during the following heat
treatment for Nb3Sn nucleation and growth. Here, we
demonstrated successful electrodeposition of a low-roughness, dendrite-free, excellent-adhesion Sn film on the Nb
substrate. More importantly, we further achieved a uniform, low-roughness (Ra = 66 nm), pure-stoichiometric
Nb3Sn film through thermal treatment of this electroplated
Sn film in the furnace. Additionally, we provide preliminary results of laser annealing as a post treatment for epitaxial grain growth and roughness reduction.

INTRODUCTION
Nb3Sn thin film is an important candidate for next-generation superconducting radio frequency (SRF) cavities
due to its high superheating field together with high critical
temperature [1,2]. However, the RF performance of current
Nb3Sn cavities obtained from a Sn vapor diffusion process
[1,3] is greatly affected by surface roughness, grain boundaries, and crystal defects. Some of these issues are believed
to arise from the low Sn flux (in vapour deposition) and the
resulting Sn-deficiency at the early nucleation stage [4-6].
Recent results from Prof. Richard Hennig’s group [7]
demonstrate that sufficient Sn source can guarantee the
stoichiometry of Nb3Sn and overcome the Sn deficiency
issue. Thus, we intend to pre-deposit a uniform Sn thin film
on the Nb substrate which can be converted to Nb3Sn films
through heat treatment. A high-quality Sn film ensures (1)
___________________________________________
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sufficient Sn source for Nb3Sn nucleation and (2) no grain
island growth.
Electroplating is a low-cost, fast, manufacturable, scalable, and possibly selective deposition approach. Electrodeposition of Sn film for generating Nb3Sn thin films has
been explored by using a Cu seed layer on Nb substrate [8].
However, possible Cu contamination would greatly reduce
the critical current density of Nb3Sn [9]. Without the Cu
seed, direct Sn electrodeposition on a Nb substrate is challenging due to the frequently observed dendrite formation
and peel-off issues. Hence, our motivation is to develop a
direct electroplating process to deposit high-quality Sn
films on the Nb substrate. Successful electrodeposition requires optimizing a variety of criteria: obtaining uniform
films; reducing surface roughness; avoiding dendrite formation; and achieving good adhesion, which are demonstrated in this work.
Following the Sn electrodeposition, heat treatment is essential to facilitate the alloying of Sn film and Nb substrate.
It requires a uniform conversion and generates a smooth
Nb3Sn film surface which can thereby demonstrate the theory of using a pre-deposited Sn film to encourage evenly
distributed Nb3Sn nucleation. In this work, we demonstrate
the generation of smooth, perfect-stoichiometry Nb3Sn
films via furnace heating; and also propose a laser annealing technique to enable epitaxial growth of Nb3Sn grains.

EXPERIMENTAL PROCEDURES
As illustrated in Fig. 1a, Sn electroplating was carried
out using a standard 3-electrode setup with Pt counter electrode and saturated calomel reference (SCE) electrode. The
starting Nb substrate was mechanically polished with a final surface roughness of Ra = ~70 nm as measured by Zygo
optical profilometer (Fig. 1b). These electroplated Sn samples were then placed in a vacuum furnace at >1000 °C for
3 hours to generate Nb3Sn films [2]. Laser annealing was
studied using a 120 W CO2 laser (λ = 10.6 μm) and another
980 nm wavelength diode laser.
After electroplating and heat-treatments, surface morphology, film uniformity, and dendrite formation were
evaluated by scanning electron microscope (SEM, Zeiss
Gemini 500). Surface roughness was measured and quantified using atomic force microscopy (AFM). Moreover,
electron dispersive x-ray spectroscopy (EDS) and x-ray
photoelectron spectroscopy (XPS, PHI Versaprobe III)
were carried out to determine the elemental information
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and stoichiometry. X-ray diffraction was measured using a
Rigaku SmartLab X-ray diffractometer (XRD) to determine the phase information and grain orientation. Lastly,
tape tests were performed to confirm the strength of adhesion for the electroplated Sn film on the Nb substrate.
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Figure 1: (a) Image of the electroplating setup. (b) Surface
roughness of the starting Nb substrate.

RESULTS AND DISCUSSION

Figure 2: (a) Surface SEM image showing the uniform Sn
film from electrodeposition. Insert is a picture of this electroplated Sn film on a 1 cm × 1 cm Nb substrate.
(b) Cross-section SEM image indicating a film thickness of
~ 4 µm for 10 min electrodeposition.

Electroplated Sn Film on Nb Substrate
The SEM image in Fig. 2a shows a high-quality Sn film
on the Nb substrate from our optimized electroplating process. The film is uniform and its roughness is low
(Ra = 41 nm and Rq = 10 nm). Also, we did not observe
any dendrites on the film although some embedded “island” crystal appeared. Ensuring uniformity and surface
smoothness of pre-deposited Sn films before heat treatment is critical to achieving evenly distributed nucleation
events and thus a small roughness on the resulting Nb3Sn
film. Cross-section SEM images (Fig. 2b) indicate that the
Sn thickness is around 4 µm after 10 min deposition. This
thickness can be well controlled through monitoring the
deposition time. The cross-section also suggests a layergrowth mode of the Sn film during electroplating.
Another important factor is the quality of adhesion for
Sn films on the Nb surface. Peel-off issues were frequently
observed, which made the electroplated Sn film to fail any
cleaning or handling procedures. A tape test was performed
on our electroplated Sn film, and results
(Fig. 3) demonstrate excellent adhesion between the electroplated Sn film and Nb substrate.
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Figure 3: Snapshots presenting the electroplated Sn film before, during, and after tape test are shown from top to bottom.

Elemental determination and impurity analysis were carried out using EDS and XPS. As shown in Fig. 4a and 4b,
both spectra confirm the predominant content of Sn element in the electroplated film. EDS spectrum exhibits the
presence of C, O, and N impurities; however, the quantified values of these light elements using EDS are not accurate. XPS spectrum suggests low amount of C and N while
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some oxide is expected on the film surface where XPS primarily measured. Further accurate quantification of impurities will be performed in the future work.
Moreover, XRD results show that our electroplated Sn
films have a body-centered tetragonal β-Sn structure and
the growth is preferred in the [100] orientation.

(a)

(a)

(b)

(b)
Sn 3d

5/2

Sn 3d 3/2
O1s

C1s

N1s

Figure 5: (a) SEM image showing a uniform converted
Nb3Sn film. Insert is a picture of this Nb3Sn film converted
from the electroplated Sn film. (b) EDS spectrum confirming perfect stoichiometry of Nb3Sn.

Figure 4: (a) EDS spectrum from a random point on the
electroplated Sn film. (b) XPS spectrum confirming a low
amount of impurities.

Nb3Sn Generation from Electroplated Sn Films
After furnace heating electroplated Sn films at >1000 °C
with the Nb substrate, we observed the generation of a uniform Nb3Sn film as shown in Fig. 5a. The grain size is
around 500 nm. The stoichiometry as determined by EDS
is perfectly 3:1 (Fig. 5b).
Indeed, the surface roughness of the obtained Nb3Sn film
is comparably low (Ra = 66 nm, Rq = 9 nm) as the electroplated Sn film or the starting Nb substrate. This observation demonstrates the theory that sufficient and uniform Sn
source during Nb3Sn alloying can significantly reduce the
surface roughness of the resulting film.

Preliminary Results on Laser Annealing
Laser annealing technique has been reported to epitaxially grow surface layer or thin films [10,11]. We intend to
enable epitaxial growth of Nb3Sn grains or achieve Nb3Sn
conversion from Sn films. Preliminary results showed that
Nb3Sn surface failed to absorb sufficient laser energy using
a 120 W, 1064 nm wavelength CO2 laser and a
250 W, 980 nm wavelength diode laser. The reflection
spectra (Fig. 6) exhibited a below 5% absorption at these
wavelengths. Continued efforts will be made in the future
work.
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Figure 6: Reflection spectra of Nb and Nb3Sn.

CONCLUSIONS
In conclusion, an electroplating process was successfully developed to deposit high-quality Sn films on Nb substrate. The electroplated Sn film shows excellent uniformity, very low surface roughness (Ra = 41 nm), no dendrite formation, and great adhesion to the Nb substrate.
This high-quality electroplated Sn film is demonstrated to
provide sufficient Sn source during Nb3Sn nucleation and
growth; as a result, we effectively converted the electroplated Sn film with the Nb substrate to a uniform, lowroughness (Ra = 66 nm), pure-stoichiometric Nb3Sn film.
Laser annealing can be a promising approach for epitaxial
growth of Nb3Sn film, and further investigation will be carried out in the future work.
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Abstract
Nb3 Sn has the potential to surpass niobium as the material of choice for SRF applications. The potential of this
material stems from a larger superconducting energy gap,
which leads to expectations of a higher RF critical field and
a lower RF surface resistance. The appeal of better superconducting properties is offset by the relative complexity of
producing practical Nb3 Sn structures, and Nb3 Sn sensitivity to lattice disorder challenges the use of the material for
practical applications. Such sensitivity is indirectly probed
during SRF cavity development, when the cavity is tuned
to match the desired accelerator frequency. In the course of
recent experiments we have coated and tuned several multicell cavities. Cold RF measurements before and after tuning
showed degradation in cavity performance after tuning. The
results of RF measurement were compared against strain
evolution on Nb3 Sn surface during tuning based on CST and
ANSYS models.

to test the tuning sensitivity hypothesis and are described in
the subsequent sections.

CAVITY PAIR TESTING
Details of the setup, the coating process, and coating appearance can be found elsewhere [6–8]. In the first attempt
to built a two-cavity string, a so-called cavity pair, out of
Nb3 Sn coated cavities, a degradation was observed between
qualifications tests of individual cavities and the pair test [7].
The cavities used in the experiment were IA110 and IA114
from the original CEBAF production. The qualification test
results of these cavities are shown in Fig. 1. The low-field

INTRODUCTION
Nb3 Sn films deposited into niobium cavities using vapor
diffusion technique achieved accelerating gradients Eacc
close to 20 MV/m and quality factors above 1·1010 at 4.3 K
in recent years [1–5]. Given its superheating critical field
and superconducting transition temperature, Nb3 Sn superconducting material has the potential to sustain accelerating
gradients close to 100 MV/m and quality factors close to
5·1010 at 4.3 K, and R&D efforts are ongoing to understand
and improve vapor diffusion deposition technique towards
its potential.
In parallel, efforts are ongoing to achieve single-cell cavity performance in practical multicell structures [6]. Over
the past couple years a number of CEBAF 5-cell cavities
were coated in the JLab coating system towards development
of multicell cavity coatings. High quality factors have been
measured in Nb3 Sn-coated 5-cell cavities, but the cavities
were limited to below Eacc = 10 MV/m [6]. Two of the
coated cavities were progressed towards assembly into a
cavity pair, which could be integrated into a smaller quarter
cryomodule. Following the assembly, the cavities were measured as a pair in a vertical dewar and their performance was
found to degrade significantly from the qualification tests
before the pair assembly [7]. Tuning of the cavities before
pair assembly was suspected as one of the potential causes
for cavity degradation. Further experiments were conducted
∗

grigory@jlab.org
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Figure 1: IA114 and IA110 qualification test results at 4 K
and 2 K. Discontinuities in Q-curves are due to Q-switches.
Q0 of IA114 was about 8·109 at 4K and 1.5·1010 at 2 K.
The quality factor was approximately constant up to about
Eacc = 4 MV/m. Above Eacc = 4 MV/m, several Q-switches
were observed at both 4 K and 2 K. The cavity was limited
to Eacc = 6 MV/m with the quality factor of 4·109 at both
temperatures. The low-field Q0 of IA110 was about 1·1010
at 4 K and 1.8·1010 at 2 K. Above Eacc = 3 MV/m, several
Q-switches were observed at both 4 K and 2 K. The cavity
was limited to Eacc = 4.5 MV/m with a quality factor of
1.4·109 at both temperatures.
After qualification RF tests, both cavities were assembled
into a pair and tested. Tested in a pair both cavities exhibited
similar quality factors and quality factor field dependence,
see Fig. 2. The low-field Q0 was about 5·109 and had a
strong field dependence at both 4 K and 2 K. To verify per-
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IMPACT OF CAVITY TUNING
To investigate the tuning sensitivity, IA016 and 5C75-J002 cavities were coated with Nb3 Sn using our standard
process and tested before and after warm tuning of the resonant frequency. IA016 was first tested at 4.3 K after Nb3 Sn
coating, Fig. 4. The cavity exhibited a Q0 of about 6·109
at Eacc ≈ 1 MV/m. The quality factor degraded to about
5·109 at Eacc = 6 MV/m. Q-switch was observed at Eacc ≈
6.5 MV/m, where the quality factor dropped to about 2·109 .
The cavity was limited by a quench at Eacc ≈ 8 MV/m. No
further degradation in the quality factor was observed after
quenching at the highest field. Following the test the cav-

Figure 2: IA110 and IA114 test results after the cavities
were assembled into the cavity pair. Note the significant
change from qualification tests, Fig. 1.

formance degradation the pair was taken apart, and IA114
was re-HPRed and dried in the cleanroom. IA114 was then
assembled to be tested individually with hardware used in
the qualification tests after Nb3 Sn coating. The cavity performance was unchanged from the pair test. Lower quality
factors and strong Q-slope were observed again, Fig. 3. Tuning before pair assembly was suggested as one of the possible
reason for the cavity performance degradation: after qualification tests the π-mode warm resonant frequency of IA110
was tuned from 1493.468 MHz to 1494.650 MHz, and the
resonant frequency of IA114 was tuned from 1494.314 MHz
to 1494.652 MHz.

Figure 3: IA114 test results after Nb3 Sn coating (full
squares), after pair assembly (open squares), and after reassembly with R&D hardware(open circles).
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Figure 4: IA016 test result at 4.3 K before and after cavity
tuning at room temperature. Note Q-degradation after cavity
tuning.
ity was removed from the dewar, moved to the RF tuning
bench, and tuned. The π-mode warm resonant frequency
was tuned from 1494.010 MHz to 1493.828 MHz. After
tuning the cavity was processed with standard preparation
techniques towards RF testing. Cavity test result at 4.3 K is
shown in Fig. 4. The cavity exhibited a Q0 of about 5·109
at Eacc ≈ 1 MV/m. The quality factor degraded with field
to 2·109 at Eacc ≈ 3.5 MV/m, where the cavity was limited
by a quench. No degradation in the quality factor was observed after quenching at the highest field. It is noteworthy
that the field dependence of the quality factor after tuning is
very similar to the field dependence observed in IA110 and
IA114 cavity tests after the cavities were assembled into a
pair, Fig. 3.
5C75-J-002 was tested at 4.3 K after Nb3 Sn coating before
and after cavity tuning at room temperature, Fig. 5. In the
first test the cavity had a quality factor of about 8·109 at Eacc
≈ 1 MV/m. The quality factor stayed flat up to Eacc ≈ 3
MV/m, where the quality factor degraded with a Q-slope
to 2·109 at Eacc ≈ 6 MV/m. After the test the cavity was
removed from the dewar. Beamline covers were removed and
the cavity was placed on the tuning bench. First, the cell #3
was squeezed, which caused a -142 kHz shift in the π-mode
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Figure 5: 5C75-J-002 test result at 4.3 K before and after
cavity tuning at room temperature. Note Q-degradation after
cavity tuning.

frequency from 1494.519 MHz to 1494.377 MHz. Cell #5
was squeezed, which caused a 19 kHz shift in the π-mode
frequency from 1494.377 MHz to 1494.396 MHz. Then cell
#4 was squeezed, which caused a -64 kHz shift in the π-mode
frequency from 1494.396 MHz to 1494.332 MHz. Finally,
cell #2 was squeezed, which caused a -86 kHz shift in the
π-mode frequency from 1494.332 MHz to 1494.246 MHz.
After the last tuning step the cavity was prepared for another
RF test following the standard preparation procedures. After
tuning the quality factor of the cavity was 4·109 at Eacc ≈
1 MV/m at 4.3 K. The cavity exhibited a strong Q-slope
degrading the quality factor to about 2·109 at Eacc ≈ 2.6
MV/m. Again, the field dependence of the tuned cavity is
very similar to the field dependence of IA016, IA110, and
IA114 after tuning.

Figure 6: 5C75-J-002 test results for different passband
modes at 4.3 K after cavity tuning at room temperature.
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To measure how individual cavity cells affect the cavity
performance, the quality factor as a function of field was
measured after tuning for all the passband modes, Fig. 6.
The energy distribution for each passband mode was calculated from the cavity model. The calculation was compared
to the passband energy distribution evaluated from beadpull
measurements, which were performed after the last tuning
step before cold RF test, Fig. 7. For illustration purposes,
beadpull data were scaled to overlay the simulated profile.
As it can be seen in Fig. 7, the calculated energy distributions have a good agreement with the measurements done
on the cavity before the RF test. Each cell was then assumed
to have an individual surface resistance and an individual
linear field dependence of the surface resistance. Due to the
field symmetry of the simulated passband energy distribution, there are only three unique cells. The surface resistance
of cell #1 was assumed to be identical to cell #5, and the
surface resistance of cell #2 was assumed to be identical to
cell #4. The surface resistance and its field dependence was
then calculated for each passband mode. The measured passband data and the best fit is shown in Fig. 6. The measured
passband data are best fitted assuming 13 nΩ of the surface
resistance in end cells, 62 nΩ in the cells #2 and #4, and 31
in the cell #3. The linear field dependence coefficients are
1.6·10−8 , 2.6·10−8 , and 4.6·10−8 , respectively. Simulation
of the RF data shows that the best cells were the end cells,
which were not tuned. Compared to the end cells, the average of the second and fourth cells showed an increase of
49 nΩ, and the increase in the surface resistance slope by
60 percent. The center cell showed an increase of 18 nΩ
and almost a factor of three increase in the slope. The worst
performing cells according to the passband measurements
were also the cells that were tuned the most during warm
tuning.

Figure 7: 5C75-J-002 test results for different passband
modes at 4.3 K after cavity tuning at room temperature.
Passband modes, measured using bead pull technique, were
scaled for illustration purposes.

MOP015
57

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP015

TUNING SIMULATIONS
Superconducting properties of Nb3 Sn are known to degrade with strain [9]. One of the possible mechanisms behind the observed degradation in the performance of tuned
cavities is the degradation in the superconducting properties
due to the induced strain. ANSYS simulation were done
to estimate the strain induced during cavity tuning. Due to
the spring-back effect the cavity has to be deformed beyond
desired tuning point. This effect, which was accounted in
simulation, depends strongly on the material parameters.
For ANSYS simulations SNS prototype niobium WCL as received was used [10]. RF simulations using CST Microwave
Figure 9: ANSYS tuning simulation of 5C75-J-002 for -0.5
mm wall displacement. Residual cavity shape corresponds
to about -600 kHz frequency shift.

Figure 8: ANSYS tuning simulation of 5C75-J-002 for -0.12
mm wall displacement. Residual cavity shape corresponds
to about -150 kHz frequency shift.
Studio showed the frequency shift of -142 kHz corresponds
to the wall displacement of about -.12 mm caused by the
tuning plates. In Fig. 8, ANSYS simulation corresponding
to such wall displacement is shown, which indicates the
maximum total strain of about 0.2%. To achieve such frequency shift, the cavity wall was displaced by about -0.589
mm, corresponding to the peak detuning for the simulated
material of about -700 kHz. Since this value will depend on
material parameters of the specific material, ANSYS simulations were done for -0.5 mm displacement to estimate the
peak strain during tuning, Fig. 9. The peak equivalent total
strain induced by the tuning in the simulations was located
in the equator region and reached 0.45 %.
The expected increase in RF surface resistance can estimated from this calculated induced strain. Under assumption
that the strain affects RF surface resistance through degradation in the superconducting transition temperature, the
increase in the surface resistance can be estimated using
BCS surface resistance approximation:
RRF =

A −∆
e T
T

(1)

, where A = 3.89 ± 0.17 Ω/K and ∆ = 40.83 ± 0.37 K gave
the best fit to the data measured on a Nb3 Sn-coated single
cell, ALD3 [2]. Strain of 0.45 % was measured to reduced
the superconducting transition temperature by 0.3 K [9]. Assuming that the reduction in the superconducting transition
temperature causes the reduction in the gap ∆ from 40.83 K
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to 40.15 K, the RF surface resistance at 4.3 K will increase
from 6.7 nΩ to 7.8 nΩ. Hence, the upper bound of the increase in the surface resistance due to induced simulated
strain can be estimated at about 1.1 nΩ, which is significantly
smaller than more than 18 nΩ increase estimated from RF
measurements.
The observed degradation in RF properties of coated
Nb3 Sn cavities is not explained by a simple strain-induced
gap reduction. One of the possible reasons behind significantly stronger response to tuning could be defects on the
surface of coated cavities. ANSYS simulations assumed
smooth surface, whereas geometric defects are often observed on the surface of SRF cavities. To simulate the effect

Figure 10: ANSYS tuning simulation of a smooth 50 µm
groove located at the equator during -0.5 mm wall displacement. Note the higher strain levels in the pit.
of defects a smooth 50 µm groove in the equator regions was
simulated in ANSYS, Fig. 10. The maximum total strain,
when such groove was present, was three times higher than
what was calculated without a groove, which shows that
strain at defects could significantly exceed the strain expected for a defect-free surface, which will lead to stronger
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degradation and potentially film cracking. The response to
tuning for a specific cavity can be expected to depend on the
number of defects, their location, and their geometry.

SUMMARY
The appeal of better superconducting properties is offset
by the relative complexity of producing practical Nb3 Sn
structures, and Nb3 Sn sensitivity to lattice disorder challenges the use of the material for practical applications. Such
sensitivity is indirectly probed during SRF cavity development, when the cavity is tuned to match the desired accelerator frequency. In the course of recent experiments we
have coated and tuned several multi-cell cavities. Cold RF
measurements before and after tuning showed degradation
in cavity performance after tuning. Degradation in the transition temperature alone due to the strain induced by tuning
cavities to the desired frequencies, which was simulated using CST microwave studio and ANSYS, cannot explain the
observed increase in the surface resistance. Strain enhancement and film cracking is suggested as a potential reason
behind RF surface resistance increase higher than expected
from the simulation.

ACKNOWLEDGMENTS
We thank JLab technical staff for help with some of the
cavity preparation and Brian Carpenter, Kirk Davis, John
Fischer, Bob Legg, Kurt Macha, Tony Reilly, Bob Rimmer,
Scott Williams for useful suggestions.
Co-Authored by Jefferson Science Associates, LLC under
U.S. DOE Contract No. DE-AC05-06OR23177. This material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics.

REFERENCES
[1] S. Posen and M. Liepe, “RF Test Results of the first Nb3Sn
Cavities Coated at Cornell”, in Proc. 16th Int. Conf. RF Su-

Fundamental R&D - non Nb
non-Nb films

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP015

perconductivity (SRF’13), Paris, France, Sep. 2013, paper
TUP087, pp. 666–669.
[2] G. V. Eremeev, M. J. Kelley, C. E. Reece, U. Pudasaini, and
J. Tuggle, “Progress With Multi-Cell Nb3Sn Cavity Development Linked With Sample Materials Characterization”,
in Proc. 17th Int. Conf. RF Superconductivity (SRF’15),
Whistler, Canada, Sep. 2015, paper TUBA05, pp. 505–511.
[3] S. Posen, M. Liepe, and D. L. Hall, “Proof-of-principle
demonstration of Nb3 Sn superconducting radiofrequency cavities for high Q0 applications”, Appl. Phys. Lett., vol. 106,
p. 082601, 2015. doi:10.1063/1.4913247
[4] S. Posen and D.L. Hall, “Nb3 Sn superconducting radiofrequency cavities: fabrication, results, properties, and
prospects”, Supercond. Sci. Technol., vol. 30, p. 033004, 2017.
doi:10.1088/1361-6668/30/3/033004
[5] S. Posen, TTC meeting, Vancouver, BC, Canada, 2019.
https://indico.desy.de/indico/event/21337/
timetable/#20190207.detailed
[6] U. Pudasaini et al., “Nb3 3Sn Multicell Cavity
Coating at JLab”, in Proc. IPAC’18, Vancouver, Canada, Apr.-May 2018, pp. 1798–1803.
doi:10.18429/JACoW-IPAC2018-WEYGBF3
[7] G. V. Eremeev and U. Pudasaini, “Development of Nb3 Sn
Multicell Cavity Coatings”, in Proc. IPAC’19, Melbourne,
Australia, May 2019, pp. 3070-3073. doi:10.18429/
JACoW-IPAC2019-WEPRB111
[8] G. V. Eremeev, W. A. Clemens, K. Macha, H. Park, and R. S.
Williams, “Commissioning Results of Nb3 Sn Cavity Vapor
Diffusion Deposition System at JLab”, in Proc. IPAC’15,
Richmond, VA, USA, May 2015, pp. 3512–3514. doi:10.
18429/JACoW-IPAC2015-WEPWI011
[9] M. G. T. Mentink, “An experimental and computational study
of strain sensitivity in superconducting Nb3 Sn”, Faculty of
Science and Technology, University of Twente, Netherlands,
Ph.D. dissertation, 2014.
[10] G. Myneni and P. Kneisel, “High RRR Niobium Material
Studies”, JLab technical note, JLAB-TN-02-01, 2001.

MOP015
59

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP016

INSIGHTS INTO Nb3 Sn COATING OF CEBAF CAVITIES FROM
WITNESS SAMPLE ANALYSIS
U. Pudasaini, M. Kelley, College of William and Mary
Williamsburg, VA 23185, U.S.A.
G. Eremeev∗ , C.E. Reece
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.
Abstract
With the progress made in the Nb3 Sn coatings on singlecell SRF cavities, development is ongoing to reproduce
single-cell cavity results on practical structures such as
CEBAF 5-cell cavities. During CEBAF cavity coating development, several changes from the single-cell cavity coating
procedure to the coating setup and the heating profile were
introduced to improve the quality of Nb3 Sn films. To witness the properties of grown Nb3 Sn films in different cavity
locations, 10 mm ×10 mm samples were positioned in strategic places within the coating chamber. Composition and
structure of the samples were analyzed with surface analytic
techniques and correlated with sample location during coatings. Implications from sample analysis to Nb3 Sn coatings
on different geometries are discussed in this contribution.

the bottom of the cavity. Post coating cavity inspections
revealed the asymmetry in the cavity coatings. Cells at the
bottom of the cavity, which were close to the tin and tin
chloride source during coating, had the typical appearance
of a well-coated Nb3 Sn. The cells close to the top of the
cavity showed irregular coating to a varying degree. In
Fig. 1, optical images of coated IA110 are shown. Clear
difference between the top and the bottom of the cavity is
observed. Similar irregular coating was observed on some

INTRODUCTION
Due to the promising results with the vapor-diffused
Nb3 Sn coating, Nb3 Sn deposition system at JLab has been
upgraded to coat CEBAF 5-cell cavities with Nb3 Sn using
vapor diffusion technique [1]. Early coatings of CEBAF
5-cell cavity coatings were observed to have up-down asymmetry. Despite non-uniformity, the quality factors above
3·1010 at 4.3 K and above 1011 at 2 K were measured in
one of the cavities [1]. In the course of the cavity coatings,
witness samples were used to investigate the structure of
coated films. Analysis of these samples revealed interesting
features of Nb3 Sn process, which is presented and discussed
in this contribution.

5-CELL CAVITY COATINGS
In order to investigate coating uniformity, samples were
placed inside 5-cell cavities during cavity assembly in the
cleanroom for Nb3 Sn coating. The typical setup consisted of
two 10 mm ×10 mm samples coated together with the cavity.
One sample was placed on top of the tin crucible, which
is attached to the cavity beamline port on FPC side. Another sample was hung at the top cover next to the secondary
crucible. In one of the coating setups, 0.25” Nb rod was
inserted along cavity vertical axis during cavity assembly
for the coating. The rod extended from the top to the bottom
crucible. During the coating, the rod witnessed tin supply
variation along cavity axis and was coated accordingly. After
the coating, the rod was cut into small samples for analysis.
Initially, coatings were done using a single tin source at
∗

grigory@jlab.org
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Figure 1: A picture of the inside of IA110 coated with Nb3 Sn.
The left top picture is taken through the beam tube on the
fundamental power coupler side, which is at the bottom
during coating. The right top picture is taken through the
beam tube on the high order mode couplers side, which is
at the top during coating. The left bottom picture is taken
with KEK inspection system [2] looking at the equator of the
cell 1, which is the cell closest to the tin source. The right
bottom picture is taken with KEK inspection system looking
at the equator of the cell 5, which is the cell furthest from
the tin source. Note the difference in coating appearance at
both sides.
of the niobium covers used to cover cavity ports. One of
the covers was inspected in SEM, Fig. 2. SEM inspection
revealed that irregular coating is a mixture of well-coated
regions and so-called patchy regions. Patchy regions have
been observed to be single crystal Nb3 Sn grain thinner than
the surrounding coating [3]. EDS analysis of these regions
in the coated cover indicates lower Sn content and is consistent with a thinner layer in these areas. Similar features
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Figure 2: SEM image of the coated surface of IA110 pick-up
port cover coated with Nb3 Sn. The surface appearance is
the mixture of well-coated Nb3 Sn regions and patch regions.
were observed on one of the coated samples in our coating chamber in the past. A sample was supported at the
edges inside the coating chamber during coating. The areas
where the samples were supported have lower exposure to
Sn flux due to lower conductance. These areas were clearly
visually different from the rest of the sample, which was
exposed to Sn vapors, Fig. 3. The visual non-uniformity
was again linked to the higher density of patchy regions
with a lower tin content. It is important to note that these
visually non-uniform regions contain both regular Nb3 Sn
coating and patchy regions. The inspections of irregular

Figure 3: Optical and SEM images of a coated sample, which
was supported at the edge. Note that the areas where the
sample was supported have a different appearance.
coatings on 5-cell cavity covers and small samples indicated
that such irregular coatings are caused by lower Sn and/or
SnCl2 amount available to the coated surface. This finding
was further corroborated by the inspection of the sample
rod used in 5-cell cavity coating, where a niobium rod, positioned along the axis of a 5-cell cavity, was removed, cut
into pieces, and inspected in SEM/EDS, Fig. 4. The bottom beam pipe and the two samples, corresponding to the
first two bottom cells during 5-cell cavity coating, had a
regular Nb3 Sn coating without any patchy regions. Starting
from the sample, corresponding to the center cell, cell #3,
patchy regions were observed along with the regular coating.
The number of patchy regions increased progressively from
cell #3 to cell #4 to cell #5. The sample, which was inside
the top cell during the coating, had the highest density of
patchy regions. While there was a clear trend observed in the
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Figure 4: SEM images of a coated sample from niobium
rod, placed before the coating inside 5-cell cavity along the
cavity axis. Note absence of the patchy regions in the upper
row and the presence of the patchy regions in the lower row.
abundance of patchy regions on samples collected from the
sample rod, the grains were very similar in the areas, which
had the regular Nb3 Sn coating, Fig. 5. It is worth noting that
the distance from Sn and SnCl2 source did not significantly
affect the grain size, and the samples at the source and away
from the source exhibited a similar Nb3 Sn grain size.

Figure 5: Higher resolution SEM images of coated samples
from niobium rod, placed before the coating inside 5-cell
cavity along the cavity axis. Note the similar grain size
among all samples.
To increase the amount of Sn reaching the surface in the
cavity areas away from the tin source, another tin source was
suspended from the top cover close to the center cell. The addition of the secondary source improved coating uniformity,
which was reported in [4].

Figure 6: SEM images of witness samples coated with 5-cell
cavity 5C75-J-002. Note the absence of patchy regions in
the sample from the bottom and a few patchy regions in the
sample from the top of the cavity
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Witness samples, which were coated with the 5-cell cavities using two tin sources, were inspected with SEM, Fig. 6.
The witness samples at the bottom close to the primary tin
source showed a regular Nb3 Sn coating, expected for the
temperature and duration used in the process. The witness
sample at the top close to the secondary tin source showed a
regular Nb3 Sn coating, sometimes with a few patchy regions.
EDS analysis of the top witness sample showed very simi-

Figure 8: SEM image and EDS analysis of molybdenum
diffuser. Note the absence of tin or chlorine on the surface.
to coat cavities without them. In an attempt to further increase tin flux, bottom tin crucible was left open to the cavity
interior without a mesh or a diffuser in several coatings. Inspections of the coated surfaces revealed uniformly coated
Nb3 Sn, but also small spots on the surfaces close to the tin
source. These spots were speculated to be tin splatter. The
mechanism responsible for formation of these spots is not
clear, and in a few cases such spots were observed inside the
cells away from the tin source.

Figure 7: SEM image and EDS analysis of the coated surface
of the top witness sample. Note the similar composition
between areas with regular coating and patchy regions.
lar composition between the regular Nb3 Sn coating and the
patchy regions, Fig. 7. Typically, patchy regions are found
to contain less tin, which is explained by thinner thickness
of the coating in these areas. Similar tin content suggests
that patchy regions are about 1 µ m thick, which is the information depth for 15 keV voltage used in EDS measurements.
Longer coating process time of 24 hours, which was applied
in these 5-cell cavity coatings, is likely the cause for the
thicker coating in the patchy regions.
Typically, a mesh or a molybdenum diffuser is used to
cover bottom tin crucible. Molybdenum diffuser was made
out of 99.95% molybdenum(tungsten ≤ 300 ppm; other impurities ≤ 50 ppm). It was speculated that such cover will
improve homogeneity of tin flux leaving molten tin pool.
Molybdenum diffuser was inspected in SEM after coating,
Fig. 8. No coating or irregular structures were seen on the
surface. EDS analysis did not show any tin or chlorine.
Molybdenum diffuser has routinely been used in our coatings, including some of the best coatings [5]. Microscopic
analysis and cavity results suggest that molybdenum is benign to the coating process and can be used as a part of
reaction chamber. Another benefit of a mesh or a molybdenum diffuser was observed, when attempts were made
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Figure 9: SEM image of the coated Nb3 Sn surface close to
the edge of a spot. Note the three distinct regions and the
sharp boundaries between them.
Similar spots were sometimes observed on the witness
samples and niobium foils, used to contain tin shots. In
Fig. 9, an SEM image of the area close to the edge of one
of the spots is shown. Three distinct regions with a sharp
boundary between them can be identified in SEM image.
Area #1 is the area where molten tin was located. Area #2
is the transition region, and Area #3 has the appearance of
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the regular vapor diffused Nb3 Sn. In Fig. 10, SEM images
of two different resolution are shown from each of these
regions. The region, where molten tin was available, has
large spherical Nb3 Sn grains with gaps between the grains.
The transition regions has the appearance somewhat similar
to vapor diffused Nb3 Sn, but with brighter grains and grain
edges, which could indicate them to be sharp and elevated
near the grain boundaries. The third area has the regular appearance of vapor diffused Nb3 Sn. An SEM image of area #4
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but the experiments are ongoing to check the efficacy of such
treatment in coated SRF cavities [5].

Figure 12: High resolution SEM image of coated witness
samples. Note that tin nanoresidue is present in both samples.

SUMMARY

Figure 10: SEM images from the different areas in Fig. 9.
Note the drastic difference between Nb3 Sn coating, where
molten tin was present, and the regular vapor diffused Nb3 Sn
coating.
is shown in Fig. 11. The substrate in this case was niobium
foil, which was used to contain tin shots before the coating.
This area is believed to have contained molten tin during the
coating process. Areas #1 and #2 were observed close to the
area #4, which appears distinct from the other areas. The
coating is irregular with several islands containing small
Nb3 Sn grain and the rest of the film have a continuous coating appearance. Sharp boundaries were observed between
all these areas, which is likely pointing to different growth
mechanisms behind formation of each area. Even when a

Analysis of the samples coated together with 5-cell cavities shows that development of patchy regions is linked to
the low tin supply. Under such conditions Nb3 Sn layer grows
as a mixture of the regular Nb3 Sn areas and patchy regions.
The density and amount of patchy regions increases with the
reduction of tin supply.
Excess of tin on the other hand could result in “tin” spots,
sometimes, significant distance away from the tin source.
Such spots, which grow in the presence of molten tin, have
loosely-connected spherical grains significantly larger than
vapor diffused Nb3 Sn grown under the same temperature
profile. Several distinct coated regions are observed next
to the spots, where molten tin believed to be present, with
sharp boundaries between them suggesting different growth
mechanisms behind different areas.
99.95% molybdenum hardware has been used inside the
reaction chamber. Molybdenum does not appear to affect
the coating quality.

ACKNOWLEDGMENTS
We thank JLab technical staff for help with some of the
sample preparation.
Co-Authored by Jefferson Science Associates, LLC under
U.S. DOE Contract No. DE-AC05-06OR23177. This material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics.
Figure 11: SEM image of the regions, where molten tin was
likely available during the process.
mesh or a molybdenum diffuser were used, tin nanoresidue
was found after coating in several samples, when two tin
sources were used, Fig. 12. Similar tin nanoresidue was
found in some of the single cell cavity coatings [5]. These
particles are believed to form during cooldown phase of
Nb3 Sn coating process from the residual tin vapor inside
the reaction chamber. Several post treatments on the coated
samples were found to reduce or eliminate tin nanoresidue,
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Abstract
Because of superior superconducting properties (Tc ~
18.3K, Hs h ~ 425 mT and ∆ ~ 3.1 meV) compared to niobium, Nb3Sn promise better RF performance (Q0 and Eacc)
and/or higher operating temperature (2 K Vs 4.2 K) for
SRF cavities. Nb3Sn-coated SRF cavities are produced
routinely by depositing a few micron-thick Nb3Sn films on
the interior surface of Nb cavities via tin vapor diffusion
technique. Early results from Nb3Sn cavities coated with
this technique exhibited precipitous low field Q-slope, also
known as Wuppertal slope. Several Nb3Sn single cell cavities coated at JLab appeared to exhibit similar Q-slope. RF
testing of cavities and materials study of witness samples
were continuously used to modify the coating protocol. At
best condition, we were able to produce Nb3Sn cavity with
Q0 in excess of ≥ 5×1010 at 2 K and ≥ 2×1010 at 4 K up the
accelerating gradient of ~15 MV/m, without any significant Q-slope. In this presentation, we will discuss recent
results from several Nb3Sn coated single-cell cavities
linked with material studies of witness samples, coating
process modifications and the possible causative factors to
Wuppertal slope.

INTRODUCTION
Superconducting radio-frequency cavities (SRF) are the
essential technology for modern particle accelerators. Niobium (Tc ~ 9.2 K, Hsh ~ 210 mT and ∆ ~1.45 meV) is almost
the only material of choice so far to build them. Several
decades of research and development is bringing the performance of niobium cavities close to intrinsic material
limit [1]. They often require to operate at ~ 2 K for optimal
performance, which demands complicated cryogenic facilities, and it is one of the major cost drivers for SRF based
accelerators. SRF cavities made of superior superconducting materials (higher Tc, Hsh and ∆) promise simplified
small cryogenic facility and potentially enhance the performance. The intermetallic compound Nb3Sn (Tc ~ 18.3 K,
Hsh ~ 425 mT and ∆ ~3.1 meV) is a potential alternate material [2] that could allow SRF cavities operation at 4.2 K
for similar performance of Nb at 2 K. Several labs working
on Nb3Sn are aiming at high performance Nb3Sn cavities
applicable for economic and powerful accelerators [3-5].
___________________________________________

*Partially authored by Jefferson Science Associates under contract no. DEAC0506OR23177. This material is based upon work supported by the U.S.
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Due to restrictive material properties of Nb3Sn, its application for SRF application is limited into a thin film/coating form, which should be deposited inside of built-in metallic cavity structures. Vapor diffusion process, a leading
technique so far to fabricate promising Nb3Sn coated Nb
cavities has been adopted at JLab since 2012. The Nb3Sn
deposition system here allows to coat coupon samples, single-cell cavities, two-cell cavities, and recently multi-cell
cavities. The coated cavities initially had quality factors
(Q0) as high as > 1×1010 at 4 K, but suffered strong Q-slope
limiting the attainable maximum gradient. The Q-slope,
very similar to the one seen in early cavities coated at Wuppertal University was consistently seen in several cavities
[6]. Following the upgrade of the coating system in 2017,
we were able to produce almost Q-slope free Nb3Sn cavity
for the first time, but Q was below 1×1010 at 2 K [7]. Since
then we have prepared and tested several cavity coatings to
understand and improve quality and performance limitations. Witness samples coated with cavities were studied as
well for continual improvements in the coating process. In
this paper, we will present recent results from several
Nb3Sn cavity coatings. We will mainly focus on two cavities, RDT10 and RDT7, which were coated several times
with witness samples.

Nb3Sn COATING
Cavities under discussion here were single-cell cavities
made from high purity (RRR~300) fine grain Nb. Each
cavity had low field Q0 ~ 1.6×1010 and normally was limited to ~ 30 MV/m by a high field Q slope during the baseline test at 2 K. Each cavity normally received BCP or EP
for 15-25 µm removal followed by HPR before the coating.
Cavities were coated in single-cavity and two-cavity setup,
discussed below.
In the single-cavity setup, each cavity was coated individually according to a typical Nb3Sn coating process at
JLab [6]. 3 g of Sn (99.999% purity from Sigma Aldrich)
loaded in a crucible and 3 g of SnCl2 (99.99% purity from
Sigma Aldrich) packaged inside two pieces of Nb foils
were placed inside the cavity at the bottom flange. Both
sides of the cavity were closed with Nb covers before installation into the furnace. A witness sample was also hung
inside the cavity by attaching it to the top cover using a Nb
wire. The temperature profile included nucleation step at
~500°C for an hour and coating step of three hours at
~1200°C. The temperature was monitored with sheathed
type C thermocouples attached to the cavity at different locations. There was a temperature gradient of ~20 °C between the top and bottom of the cavity.
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In the two-cavity setup, cavities to be coated (RDT7 or
RDT10) were coupled to another single-cell cavity, RDT2
as shown in Fig. 1. RDT2 had many macroscopic pits inside the cavity, and was used as a dummy cavity on top of
another cavity to be coated. About ~ 3.4 g of tin and 3 g of
SnCl2 were placed at the bottom similar to the first set of
experiments. Since larger coating volume increased the
chance of non-uniform coating in the past [7], the coating
setup also comprised of a secondary tin crucible, which
was loaded with 1.4 g of Sn. It was attached to the top cover
with a Nb rod, and hung inside the bottom beam pipe of
RDT2. A witness sample was always suspended to secondary Sn crucible with Nb wire. The heat profile was similar
to the first set of experiments except there was a temperature gradient of ~ 85 °C between the top and bottom of the
whole setup, as shown in Fig. 2. The bottom tin container
was mostly covered with a diffuser, consisting of a molybdenum disk with holes.

pictures from RDT7 and RDT10. Post-coating inspection
of both cavities indicated uniform coatings inside both of
these cavities.
Witness samples obtained from each cavity coating were
examined with secondary electron microscope (SEM) and
energy dispersive X-ray spectroscopy [EDS]. SEM images
captured from witness samples, Figure 3 [left] showed uniform coating in both samples. EDS analysis of both samples revealed (24.5±0.5) at. % Sn, close to the nominal
composition of Nb3Sn. However, high resolution SEM images from each sample revealed residues on the surface.
These residues were few tens of nanometer in diameter as
shown in Fig. 3 [left]. Precise probing of those feature was
not always possible with EDS resolution, but some of the
larger residues showed ~ 30 at. % Sn compared to neighbouring area. It indicated them to be Sn-rich particles.

Figure 1: Two-cavity setup for RDT7 coating.

Figure 3: Top left and bottom left images are SEM images
captured from witness samples coated with RDT7 and
RDT10 respectively. Images to the right show the interior
appearance of the cavities after coating.

Figure 2: Temperature profile used to coat cavities in twocavity setup.

RESULTS
RDT7 and RDT10 were initially coated in single-cavity
setup, described above. Coating parameters used for the
coating were identical. Figure 3 [right] show post-coating
MOP018
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RF test both at 4 K and 2 K showed precipitous Q-slope
in each cavity as shown in Fig. 4. Low field Q0 at 4 K was
≥1×1010, but dropped sharply before quenching at ~ 11
MV/m. The coating experiments were repeated a couple
more times on RDT10 with some variation in coating temperature, which consistently produced similar performance. Since Sn-residues appeared in the witness sample
from each coating, they were considered as a potential
causative of observed Q-slope.
Several potential solutions were proposed to obtain a residue free cavity. The first approach was to remove Sn residues from each cavity. We attempted different acid-treatments in an attempt to remove them. These features were
mostly removed after one-hour soak in 5 % HCl at room
temperature or 10 minute soak in 22% HNO3 at 110 °C
with a magnetic stirrer, see SEM images in Fig. 5. RDT10
was given 30 minutes of HNO3 soak at room temperature
to remove possible indium contamination after disassembly from the first test. It was then soaked in 5 % HCl for an
hour, similar to witness sample, HPRed and tested again at
4 K and 2 K. Comparison of RDT10 performance before
Fundamental R&D - non Nb
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and after acid soak is plotted in Fig. 3, and does not show
any improvement. It is also not clear yet how such acid
soak affects Nb3Sn surface.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP018

analysis showed no tin residues on previously coated witness sample indicating disappearance of Sn residues, and
the Sn content appeared ~ 1 at. % less following annealing,
which is within the instrumental error limit. However, another niobium sample, not coated before appeared coated
in SEM image, see Fig. 6. EDS analysis showed ~ 10 at. %
Sn, which indicates Sn transfer during the annealing. We
have observed Sn loss from vapor-diffused Nb3Sn following longer annealing of 12 hours at 1200 °C before, and
also after annealing of sequentially sputtered Nb3Sn sample at ≥1000 °C [8].

Figure 4: RF test results from RDT7 and RDT10 after first
Nb3Sn coating. Note that RF results following 5 % HCl
soak are also shown.
Figure 6: SEM image from Nb sample after annealing at
1100 °C for 2 hours.

Figure 5: SEM images from RDT7 witness sample before
[left] and after [right] 5 % HCl soak for one hour is shown
on top. Images at the bottom compare RDT10 witness sample before [left] and after [right] 22% HNO3 soak at 110
°C. Bright features are Sn-rich residues.
Next, we annealed one of the coated cavities that has Qslope for 2 hours at 1100 °C in the attempt to evaporate Sn
residues away from the surface. Both sides of the cavity
were closed with Nb covers which were not coated with
Nb3Sn. Witness samples, one previously coated and another a new Nb sample were also placed inside the cavity
before annealing. Post-annealing inspection showed some
discoloration in Nb covers exposed inside the cavity, which
is linked to tin deposition on these covers. RF test showed
significant degradation of Q0 following the annealing. Almost constant Q0 was measured up to ~ 5 MV/m unlike ascoated cavity, but followed by sharp Q-slope. SEM/EDS
Fundamental R&D - non Nb
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Another approach was to avoid residue formation on
cavity surface during the coating. We speculated that the
Sn-rich residues were the result of Sn condensation from
residual Sn vapor, which is present inside the cavity at the
end of the coating. In an attempt to reduce Sn condensation
in the cavity of interest, RDT2, was added on top as a
dummy cavity, and maintained at a temperature lower than
RDT7/RDT10 at the bottom to act as tin vapor getter. Coating temperature was set in such a way that there existed a
~ 85 °C gradient between the top and bottom of the paired
structure as described as two-cavity setup in previous section.
RDT7 and RDT2 were paired first, and coated as described in the previous section. Coating appeared uniform
during visual inspection. SEM examination of witness
sample exhibited Sn-residues again. Note that the witness
sample here was inside RDT2. Since it was suspended to
secondary Sn-crucible, which was attached with Nb rod to
the top cover, it could have lower temperature than the cavity, and more likely to have Sn-residues. Since there was
no witness sample inside the cavity at the bottom, it is not
clear if tin residue was present on RDT7 coating or not. RF
test results obtained from RDT7 are shown in Fig. 7. The
measured value of low field Q0 was 3×1010 at 4 K and
1×1011 at 2 K without any significant Q-slope. The cavity
maintained a Q0 of ~ 2×1010 at 4 K and > 3×1010 at 2 K
before quench at >15 MV/m. The cavity performance of
RDT7 showed noteworthy improvement in the recurrent
Q-slope, compared to data previously reported from Wuppertal and Jefferson Lab.
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Figure 7: Comparison of RF results from RDT7 with previous data with Q-slopes.
Next, RDT10 was coated together with RDT2 with similar setup and parameters used for RDT7. Another witness
sample was installed next to RDT10, which more likely
represents the cavity coating. Some non-uniformity was
visible first time in the bottom half-cell of the cavity, see
Fig. 8 [right]. SEM images from witness sample, next to
RDT10, revealed some patchy regions, known to have
thinner coating as shown in Fig. 8 [left] and to be harmful
to RF performance. The RF test result of this cavity (not
shown here) was very similar to the previous test result of
RDT10, shown in Fig. 4. Despite having a similar temperature profile compared to previous coating of RDT7, it is
found that the consumed amount of tin was almost half (1.7
g vs 3.3 g) during RDT10 coating compared to the tin consumed during the previous RDT7 coating. It is known that
low flux of tin produces patchy Nb3Sn coating with nonuniformity [4, 8]. Reasons behind the lower tin evaporation
are not understood completely. We speculate that the reduction in the effective surface area of tin molten pool reduced
the evaporation rate. Note that the Mo diffuser used in
RDT7 coating broke and was replaced with a new one,
which had smaller holes. It was also suspected that the new
diffuser has shifted from its original position during the installation into the furnace. Another attempt was made to
coat RDT10 again without diffuser to allow maximum tin
evaporation. The cavity was coated uniformly this time, but
it was found that Sn was splattered and carried over to the
cavity. SEM/EDS analysis of witness sample confirmed
the splattering of tin. The diffuser made from Nb foil,
which almost replicated molybdenum diffuser used in
RDT7 coating was used in the third attempt to coat RDT10.
Supplied tin was reduced based on RDT7 coating experiment, to limit tin vapor at the end.
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Figure 8: RDT10-RDT2 coating. SEM image [left] shows
patchy regions observed in witness sample. Non uniformity in the coating can be seen in the right picture. Note
that the top half cell had less non uniformity than the bottom.
Post-coating inspection showed uniform coating inside
the cavity. The Sn consumption was very similar to RDT7
coating. Examination of witness samples, one from the bottom and another next to the bottom beam pipe of RDT2
showed uniform coating without any tin residue or patches,
shown in Fig. 9. EDS examination showed usual Nb3Sn
composition. RF test results from RDT10 now appeared
similar to RDT7 except for the quench field, which was
lower in RDT10. The latest test results from RDT10 and
RDT7 are compared to the ones after their first coating in
Fig. 10.

Figure 9: SEM images from RDT10-RDT2 coating. Note
that there is Sn residue in the surface [right].

Figure 10: Comparison of latest RF test results from
RDT10 and RDT7 with those after their first coating.
RDT10 is expected to have higher Q0 at 4 K than presented
here as we expect losses on the flanges because of shorter
beam pipes.
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DISCUSSION
Despite promising quality factor and accelerating gradient, Nb3Sn cavities are vulnerable to precipitous Q-slope.
Reported first by Wuppertal University in 1980’s [9], the
origin of such slope, also known as “Wuppertal slope”, has
not yet been established. JLab coating followed Siemens
configuration with single heater and active pumping during
the coating, which is different from Wuppertal or Cornell
setup, also resulted in similar Q-slopes as shown in Figure
11. Early studies of control samples as well as cutouts from
coated cavity with Q-slope indicated mostly uniform coatings with composition close to nominal Nb3Sn. There were
no Sn residues on the surface. However, SIMS analysis of
coated sample showed significantly higher presence of Ti
in Nb3Sn layer [10-11], when compared to Nb3Sn coated
sample obtained from Cornell University, where Q-slope
free cavities were measured [12]. In case of JLAB samples,
Ti contamination likely originated from TIG welds, which
were present in the sample chamber. It hinted at the possibility of Ti migration from NbTi flanges of cavities during
cavity coatings. EDS examination of alumina hardware,
used during coatings also showed significant amount of Ti
confirming Ti loss from the NbTi flanges. Ti was measured
to affect the field dependence of Q0 in Nb cavities [13-14].
At Wuppertal the potential source of Ti could be Ti foils,
which were used as getter material on the outside of coated
cavities to maintain the purity of niobium during the Nb3Sn
coating. During coating system upgrade in 2017, Ti-free
hygiene was adopted for Nb3Sn coating, which we believe
produced first Q-slope free cavity. Several cavities coated
later resulted in Q-slope, but as discussed above, they were
linked with presence of Sn-residue, non-uniformity and
also with macroscopic defects in the starting Nb substrate.
Figure 11 shows a comparison of Q-slope from several cavities with that with Wuppertal result. The best results from
RDT7 is also shown for comparison.
Despite steepness, Q-slope onset, quality factor and attainable gradient appears to vary in different coatings. It
indicates several factors could contribute to Q-slope, and
requires much more statistics to determine how each factor
could contribute. Absence of Q-slope in RD7 and RDT10
indicates that the Q-slope-free cavities can be coated in
Siemens coating configuration. As it seems defect-free
substrate, defect-free coating and contamination free process are essential for Q-slope free cavity.

SUMMARY AND OUTLOOK
Several single cell cavities coated during the first years
of R&D at Jefferson Lab exhibited a strong Q-slope. We
were able to produce both Q-slope free cavities and cavities
with Q-slope following the cavity system upgrade. Analysis of witness samples coated with single-cell cavities revealed a distribution of Sn-rich residues on the surface.
These features mostly disappeared following HCl/HNO3
acid soak or annealing in SEM images, but similar treatment did not improve the cavity performance. In an attempt
to reduce Sn residues formation during the coating process,
changes were made in the coating process, which resulted
Fundamental R&D - non Nb
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in nearly Q-slope free cavities. The best coated cavity had
a Q0 of ~ ≥ 2×1010 at 4 K and > 3×1010 at 2 K before quench
at ≥15 MV/m. Q-slope free results were reproduced in both
experimental cavities, which had Q-slope before. Nb3Sn
cavities are vulnerable to precipitous Q-slope, which appeared to be caused by several factors in the coating process. Evaporation, consumption and distribution of Sn during the coating is shown to affect the cavity performance
remarkably. More experiments with recently added several
new cavities are in place to refine the coating process.

Figure 11: Results from several cavity coatings, which exhibited Q-slope. Note that Wuppertal data [black square]
and the best cavity result from JLab [blue circle] are also
shown for comparison.
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Abstract
The Institute of Applied Physics (IAP) introduced the
superconducting multi-gap CH-structure, which is mainly
designed for low beta hadron acceleration. In 2017, a 217
MHz sc CH-structure was successfully tested with beam at
GSI and multiple CH-structures are currently under development for the GSI cw linac. RF performance of all sc cavities
are limited by the surface properties of the used material.
Therefore, sufficient surface preparation and optimization
is necessary to achieve optimal performance. Presently as
standard procedure BCP and HPR is used for CH-cavities.
Several surface treatments will be applied to the very first
CH-prototype, a 360 MHz, 19-cell cavity. Prior to the first
treatment, the status of the cavity was examined, including
leak tests and performance tests at 4 and 2 K. This paper
presents the performance development of a sc CH cavity
depending on different preparation methods.

INTRODUCTION
Many application and experiments demand ion beams of
high repetition rate or cw operation. The gradient of normal
conducting cavities are limited by their cooling system in
such cases, making conservative choices necessary when
avoidance of beam down times are of vital importance [1].
Superconducting RF cavities do not have such cooling problems at CW operation, making them more desirable for experiments with high repetition rates. Difficulties with SC
RF cavities stem from different mechanism, which can limit
performance and are topic of this paper. The increase of
performance and efficiency is obviously of high interest,
leading to higher achievable gradients and fewer cryogenic
losses, effectively reducing the operational cost of the accelerator. Several procedures are currently under investigation
and developed to further optimize surface properties of niobium cavities and samples. The institute for applied physics
(IAP) currently finalizes CH1 and CH2 of the CW-LINAC
for GSI. The RF design phase of the remaining CW Linac
CH structures is currently ongoing, with first designs for
CH3-11 beeing presented at SRF 2019 [2]. Optimization of
CH structure performance is a direct performance improvement of the CW-LINAC, which saves operational costs and
could possibly expand the variety of applications. For this
reason a 360 MHz 19 gap CH prototype will be used to (test)
preparation methods beyond BCP, HPR and RF conditioning,
which are currently the standard for CH structures. Further
preparation methods such as EP, nitrogen doping/infusion,
HPP, helium processing and more have been and are mainly
∗
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performed on elliptical cavities and samples. Some preparation methods are currently not well understood yet and have
to be carefully selected. Different mechanism take place in
the Q-E slope, depending on field levels in the cavity which
can be distinguished into three areas: low, medium and high
field Q-slope.

PERFORMANCE INCREASE OF SC
CAVITIES
Low Field Q-slope
For very low field levels, the Q-E curve shows an initial rise to the maximum of the curve at 15 mT to 20 mT,
which presumably represents the traditional BCS value. Experiments have shown, that the low field Q-slope is more
pronounced when residual resistance is low and baking increases the Q-slope [3]. HF rinsing of cavities after baking
restores the Q-slope to the state before baking. Rebaking
then restored the stronger low field Q-slope. This suggests
that the metal-oxide layer is responsible for this effect, which
worsens the superconductivity. According to one model, suboxide clusters introduce localized quasiparticle states in the
gap region, effectively reducing the gap [4].

Medium Field Q-slope
The medium field Q-slope, up to 100 mT, decreases the
Q value by a factor of roughly 2-5. This increases cryogenic
losses for medium and high field cw applications and therefore increase the operational costs. The easiest model is the
thermal feedback model. It states that higher field levels
lead to higher RF losses and heating, increasing the BCS
resistance. This triggers a loop effect, since higher BCS
resistance will result in higher RF losses at equal field levels.
This model works well for high frequency models, for low
frequencies below 1 GHz cavities show less of such global
instabilities, due to the quadratic frequency dependency of
the BCS resistance. Important parameters for the medium
field Q-slope are given by bath temperature, frequency and
phonon mean free path length. Nitrogen doping and infusion are treatment options with potential, which currently
produce mixed results and overall is not well understood yet.
Nitrogen doping and infusion are baking processes that are
performed with a constant nitrogen flow through the cavity
at a given pressure. Recipes vary from laboratory to laboratory, in general the baking temperature lies between 100 °C
and 800 °C with baking times of minutes to hours [5, 6].
MOP019
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High Field Q-slope
Beyond 100 mT a rapid decrease of the intrinsic quality
factor occurs, even in absence of field emission. The mechanism behind this is magnetic heating. Micron sized defects
at the niobium surface become highly resistent above an onset field strength. This additional heating further increases
temperature and BCS resistance, amplifying the thermal
feedback loop. Mild bakes at 120 °C for 48 h are the standard
procedure to reduce the high field Q-slope. These benefits
are preserved even after water and air exposure, showing
that the metal oxide layer does not contribute to the high
field case.

Field Emission
Field emission represents a ”hard” limit for cavity performance. Bulk impurities at the surface emmit a tunnel current.
The current depends on peak field level at the impurity, which
is amplified by it’s geometry [3]. The current grows exponentionally with field level and demands increasing share
of forward power. This directly translates into localized
heating, where the beam collides with the resonator, leading to quench of the cavity at an onset field level. It is also
not well understood when an impurity becomes an emitter.
Experiments have shown that processing of active emitters
can lead to the activation of previously inactive impurities.
High Power Processing (HPP) has shown the decrease of
field emission. Very short high power pulses produce high
peak fields at the emitter and produces a plasma, which then
collides with the emitter and destroys it. Succesful processing of emitter shows in form of a crater called ”starburst” at
previous emitter location. The crater has no negative effect
on cavity performance [3]. Helium processing performs
analog to HPP but under added helium in the cavity. This
reduces the required power of the pulse.

CH PROTOTYPE
Treatments will be performed on a 360 MHz 19 gap CH
prototype. The cavity was stored under a slight nitrogen
overpressure for over 10 years, model shown in Figure 1.
First power tests will have to show if store times of such

Figure 2: Experimental setup for vacuum and low RF measurements.
pump and the finally a getter pump. A vacuum of E-10 was
upheld for a couple of weeks without any incident. RF measurements with a network analyzer and amplifier have shown
a resonance frequency of 360.251 MHz. CW operation with
a frequency generator, amplifier and regulation system have
shown resonance at 360.2498 MHz. Pulsed operation with
9 ms pulse length has shown strong coupling. The coupling
strength in pulsed operation results from the two peaks of
the reflection pulse. The first peak shows the forward power
and the second peak shows the coupler power.
𝛽𝐿 =

1
𝑃
2√ 𝑃 𝑜𝑛
𝑜𝑓 𝑓

=
−1

1
𝑈
2 𝑈 𝑜𝑛
𝑜𝑓 𝑓

(1)

−1

The pulsed reflection signals showed a rough ratio of 1:2
which results in an infinite coupling strength. The error of
𝛽𝐿 increases with increasing 𝛽𝐿 . An estimate for the error
of 𝛽𝐿 is given by equation 2.
Δ𝛽𝐿 = −

Δ𝑈𝑜𝑛
𝑈

2

𝑈𝑜𝑓 𝑓 (2 𝑈 𝑜𝑛 − 1)
𝑜𝑓 𝑓

Figure 1: CST model of the CH prototype.
lengths compromise the performance of the cavity, experimental setup is shown in Figure 2. As first measurements
low field measurements were performed to check the current
state of the cavity. Vacuum was produced by the combined
use of a three stage membran prepump followed by a turbo
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+

𝑈𝑜𝑛 Δ𝑈𝑜𝑓 𝑓
𝑈

2 (2 𝑜𝑛 − 1)
𝑈𝑜𝑓
𝑓
𝑈

2

(2)

𝑜𝑓 𝑓

One peak could only be measured with an error of Δ𝑃 =
0.2 mV. The bandwidth of forward and reflected signal were
measured, resulting in an error of Δ𝑃 = 0.4 mV. All pulsed
peak measurements resulted in ratios slightly above 1:2 and
delivered negative 𝛽𝐿 values, listed in table 1 The pulsed
signal measurements did not deliver useful results in term
of coupling strength, but it constantly delivered consistent
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Table 1: Pulsed 𝛽𝐿 Measurements
Pon
49.031 mV
78.092 mV
93.294 mV
38.301 mV
115.052 mV

Poff

𝛽𝐿

98.36 mV
157.974 mV
189.27 mV
76.9 mV
231.892 mV

-330
-88
-70
-86
-130

values for 𝜏𝐿 of 9.4 ms. The quality factor 𝑄𝐿 was calculated
with equation 3.
𝑄𝐿 = 2𝜋𝑓 𝜏𝐿
(3)
A value of 2.13⋅107 for 𝑄𝐿 is obtained. As the final measurement 𝛽𝐿 was calculate of cw operation at different power
levels.
𝑃
1 + √ 𝑃𝑟
𝑓
𝛽𝐿 =
(4)
𝑃𝑟
1 − √𝑃
𝑓

Equation 4 holds true in case of strong coupling. The results
are listed in table 2. Last previous measurements were perTable 2: CW 𝛽𝐿 Measurements
Pr
0.1081 W
0.916 W
1.453 W

Pf

𝛽𝐿

0.1188 W
0.988 W
1.614 W

42
48
38

formed in 2007 and had shown 𝑄𝐿 = 1.23 ⋅ 108 , 𝛽𝐿 = 4.54
and 𝑄0 = 6.8⋅108 . The comparison with those values shows,
that the cw 𝛽𝐿 values of 38-50 are slightly higher than the
estimation predicts. The best case scenario is a 𝑄0 that has
not decreased and the coupler quality remained equal. This
would suggest a coupling strength of 32 and is close to observed values with respect to the margin of error. The higher
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𝛽𝐿 values could stem from an unlikely deterioration of the
coupler or due the small count of measurements.

CONCLUSION
The coupler will be examined in the clean room at IAP
Frankfurt after SRF’19. It is expected that coupler position
has changed, because the coupler quality factor depends
on it’s geometry and field level of the induced cavity mode
and deterioration is not expected. A RF test will follow
afterwards, taking the Q-E curve at 4 K and check for the
remaining performance of the cavity.
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F. Hug, Johannes Gutenberg-Universität Mainz, Mainz, Germany
Abstract
Current state-of-the-art superconducting rf (srf) accelerators are mostly using cavities made of high RRR bulk
niobium. The maximum field gradients and quality factors
(Q0 ) of these cavities are basically reached now. To further
increase the srf cavity properties for future accelerator facilities, research of new materials for srf cavity applications is
necessary. The current research at the S-DALINAC [1] is
focused on the development of bake-out procedures of Nb
samples and cavities in nitrogen atmosphere of 100 mbar
and up to 1750◦ C to nucleate the δ-phase of the Nb-N binary
system. The δ-phase has superconducting properties which
exceed the properties of bulk Nb. This makes the δ-phase
attractive for srf applications. The vertical test cryostat (VT)
at the S-DALINAC has been upgraded and recommissioned
to allow investigations of the quality factor and accelerating
field gradients of cavities before and after bake-out. The
VT upgrade includes a newly developed variable input coupling to allow matching of the external q-factor (Q ex ) to Q0 .
The results of the ongoing research of the nitrogen atmosphere bake-out procedures and the upgrade of the VT will
be presented.

Table 1: Comparison of Bulk Niobium to Niobium-tin Compound and δ-phase Niobium Nitride [4]. Even though the
expected performance of cavities made of Nb3 Sn, the much
easier process with nitrogen atmosphere made NbN the chosen research topic.
Element

TC in K

Nb
Nb3 Sn
NbN (δ)

9.25
18
16.2

µ0 Hc1 in T
0.18
0.05
0.02

µ0 Hc2 in T
0.28
30
15

furnace has since then been used to to bake out niobium
samples of 5 × 5 mm2 and 10 × 10 mm2 at temperatures of
up to 1550◦ C in nitrogen atmospheres of up to 100 mbar for
10 minutes (Fig. 2). The materials science analysis results
are shown in the contribution MOP028 [7].

INCREASING SRF CAVITY
PERFORMANCE
Today’s superconducting accelerators are relying on radiofrequency (rf) cavities made of bulk niobium. The performance of these cavities, defined by the quality factor Q0
and maximum accelerating field gradient Eacc is used to full
capacity at modern accelerators like the European XFEL [2].
The wish to further increase the performance has lead to
research of alternative, niobium based materials like Nb3 Sn
and NbN. The solid solution of nitrogen in niobium (Nb-N,
α-phase) is already used for the srf cavities of the LCLS-II
project [3]. The current research at the S-DALINAC is focused on the δ-NbN, which has a higher critical temperature
Tc = 16.5 K and higher critical field Hc2 = 15 T than bulk
niobium. In Table 1 the figures of merit of niobium compared to NbN and Nb3 Sn are given. The formation of the
δ-phase NbN begins at temperatures higher than 1300◦ C
as shown by the phase diagram in Fig. 1. The “Wuppertal”
UHV furnace [5] at the Institute for Nuclear Phyics at Technische Universität Darmstadt achieves temperatures of up to
1750◦ C. During a recommissioning of the furnace, it was upgraded to allow controlled nitrogen injection [6]. The UHV
∗
†
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Figure 1: Nb-N binary phase diagram. The cubic δ-NbN,
on which the research at the S-DALINAC is concentrated is
highlighted. It forms at temperatures above 1300◦ C [8].

Figure 2: Temperature of the furnace and vacuum pressure
of the hot-pot during bake-out of samples in a 100 mbar
nitrogen atmosphere.
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UPGRADE OF THE VERTICAL TEST
CRYOSTAT
The optimized parameters for δ-phase NbN growth found
with Nb samples will be applied to single cell cavities. To
allow sophisticated measurements of the performance of
3 GHz cavities in terms of Q0 and Eacc , the VT insert has
undergone a complete redesign. The new insert allows the
measurement of the relevant parameters for the 20-cell cavities of the S-DALINAC, the new 6-cell injector trapping
cavity currently in production (MOP065[9]) and for the single cell cavities used for the research on NbN. The new input
coupler, shown in Fig. 3, allows variation of the external
quality factor Q ex , matching it to the intrinsic quality factor
Q0 of the cavity. With Q0 ≈ Q ex the measurement uncertainties are minimized. The variation of Q ex is controlled
externally by means of the manually operated custom nut
shown in Fig. 4.

Figure 4: Highlighted is the nut assembly in the center of
the VT closure which allows changing of Q ex during measurement runs.
Port 3

Port 2

Port 1

Figure 5: Cross section view of the CST MWS simulation
of the variable input coupler for the vertical bath cryostat.
The scattering matrix components have been calculated for
different port combinations. The port locations are indicated
by the red lines.

FIRST TEST OF THE NEW VT INSERT

Figure 3: Newly designed variable input coupler for VTC
Q0 and E measuerments with minimal uncertainties. The
coupler is mounted on top of the cavity, allowing variation
of Q ex during measurement. The input antenna is shown
right of the coupler. The coupler is build from steel 1.4429
and aluminium.
Electromagnetic field simulations with CST Microwave
Studio [10] have been carried to optimize the transition from
the HN-Type vacuum feedthrough to the cavity cut-off pipe.
The simulation is evaluated by means of the S-parameters of
the coupler. A field map of the cross section of the coupler
is shown in Fig. 5, indicating simulation ports. Between
the HN-Type vaccum feedthrough at Port 1 and Port 2 a
geometric size matching between the vacuum feedthrough
and the cut-off pipe of the cavitiy was optimized by maximizing the transmission coefficient to S21 = −0.038 dB
(99.1 %). This leads to an overall transmission coefficient
of S31 = −0.242 dB (94.6 %).
Fundamental R&D - Nb
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For the initial tests of the new insert a single cell cavity was
mounted in the clean room, as shown in Fig. 6. The insert
assembly was put into the VT, and the VT was cooled down
with liquid helium. During cooldown, the bandwidth of the
resonance of the cavity has been tracked with a computer
controlled vector network analyzer (VNA). The graph of
bandwidth vs. temperature in Fig. 7 has a large change of
the slope as soon as Tc of Nb is undercut. This can be useful
to indicate a successfull δ-phase NbN (Tc = 16.2 K) growth
at the cavity surface.

Figure 6: Photograph showing a 3 GHz single cell cavity
in the VT assembly. The input coupler is mounted on the
left side (top in VT) of the cavity. The as well new designed
output coupler is mounted on the right side (bottom in VT)
of the cavity.
MOP022
75

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP022

(100 mbar) for a thicker growth of the NbN layer. For measurement of the cavity performance parameters Q0 and Eacc
before and after a bake-out in nitrogen atmosphere in the furnace, the VT at the S-DALINAC has undergone an ambitious
redesign, including a new, variable input coupling. The first
test of the new VT insert was successfull, including first Q0
vs. Eacc measurement of a untreated cavity. The final commisioning of the new VT insert is still ongoing, including
a improved rf layout and measurement of Q ex range of the
variable input coupling to further minimize measurement
uncertainties.
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SUMMARY AND OUTLOOK
The sample bake-out under nitrogen atmosphere at the
UHV furnace of the S-DALINAC is ongoing, showing
promising results. Bake-out of samples will continue with
increasement of time (> 10 min) at the same pressure
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Abstract
The European XFEL continuous wave upgrade requires
cavities with reduced surface resistance (high Q-values) for
high duty cycle while maintaining high accelerating gradient
for short-pulse operation. A possible way to meet the requirements is the so-called nitrogen infusion procedure. However,
a fundamental understanding and a theoretical model of this
method are still missing. The approach shown here is based
on sample R&D, with the goal to identify key parameters of
the process and establish a stable, reproducible recipe. To
understand the underlying processes of the surface evolution, which gives improved cavity performance, advanced
surface analysis techniques (e.g. SEM/EDX, TEM, XPS,
TOF-SIMS) are utilized. Additionally, a small furnace just
for samples was set up to change and explore the parameter space of the infusion recipe. Results of these analyses,
their implications for the cavity R&D and next steps are
presented.

LINE OF SIGHT PROTECTION DURING
HEAT TREATMENTS
In this paper we focus on one parameter: The "line-ofsight"(LOS) protection that is used in the current nitrogen
infusion recipe [1]. The recipe consists of a niobium surface
heat treatment at 800°C for 3 h and ramping down to 120°C
for 48 h while applying a partial pressure (25 mTorr) of
nitrogen at 120°C. It has been discovered in [2] that niobium
foils wrapped around the cavity ﬂanges during annealing at
and above 800°C act as a LOS protection and can help to
avoid further post chemical treatment of a cavity without
losing the performance beneﬁts that come along. Contamination with hydrocarbons and titanium particles from the
NbTi-ﬂanges of the cavities inside the furnace was suspected
to be the cause of cavity performance deterioration after heat
treatments without any LOS protection.
In order to do a successful nitrogen infusion of a cavity, the
avoidance of subsequent chemical treatment is a crucial factor. Cavity performance before and after the ﬁrst N-infusion
process w/o applying nitrogen, i.e heating at 800°C for 3 h
under vacuum conditions followed by a ramping down to
120°C, and without subsequent chemical surface removal at
DESY is shown in Fig. 1. The cavity preparation and testing
is explained with further detail in [3]. Although niobium
foils were used as a LOS protection for the treatments at
∗
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Figure 1: Cavity performance from the ﬁrst attempts of
nitrogen infusion and heat treatment without post chemical
surface removal at DESY. For 1DE18 no nitrogen supply
was given due controller failure. For 1DE16 and 1DE17 no
Nitrogen was used on purpose to test our furnace vacuum
environment for heat treatment and if Q degradation happens
afterwards.

DESY, the cavity performance degraded as shown in Fig.
1 and look similar to ones observed in [2] when no LOS
protection was used. During the heat treatment runs of

Figure 2: Coverage of cavity witness samples beneath a
HOM coupler to mimic LOS protection of the caps.
the cavities labeled as 1DE16, 1DE17 and 1DE18, witness
samples were placed under a niobium HOM coupler housing
to mimic the LOS particle protection of the caps as shown in
Fig. 2. Samples of all of these runs showed carbide formation on the surface. Although SEM images of star-shaped
structures as in Fig. 3 look very similar to nitrides that occur
under nitrogen doping [4], TEM analysis of ﬁbbed lamellas
and EDX mapping proved those to be carbides as shown
in Fig. 4. A carbon-rich atmosphere beneath the HOM
MOP023
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Figure 3: SEM of witness sample from heat treatment with
one of the degraded cavity shown in Fig. 1. Precipitates
were found on samples of each run and identiﬁed as carbides
via TEM EDS. The optical appearance is very similar to
those of nitrides.
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Figure 6: Picture of the inside of the vacuum furnace with
the cavity 1DE27. Niobium foils are wrapped around the
ﬂanges as protection from LOS particles inside the furnace.
A niobium box is placed in front of the cavity to mimic the
LOS protection for the samples. One sample is placed on top
of the box to have a comparison between with and without
LOS protection.

Figure 4: TEM EDS of cross section from niobium sample
growing precipitates during heat treatment with a cavity
from Fig. 1. Star shaped precipitates have been identiﬁed as
carbon enriched and as possible hexagonal β−Nb2 C phase.
Figure 7: Cavity performance of 1DE27 before and after
nitrogen infusion treatment at two diﬀerent temperatures
without post chemical surface removal at DESY. There
was no chemical surface removal between the two nitrogen
infu-sion’s.

Figure 5: SEM image of a cutout sample from cavity 1DE16.
Star shaped precipitates are observed on the surface. A more
detailed analysis of their size distribution compared from
hot to cold spots is discussed in [5].

coupler might have caused the precipitation of star-shaped
hexagonal β−Nb2 C during annealing. The contamination
could have come from the furnace walls or anything that was
in the furnace, such as one of the cavities, the caps or the
HOM coupler itself. The ﬁnal source of the contamination
is unclear. Cut-out samples were taken from cavity 1DE16
after the second treatment. SEM images as in Fig. 5 shows
star-shaped precipitation on the surface. A correlation between hot and cold spot is observed and is discussed with
further details in [5]. For some of the next nitrogen infusion
MOP023
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runs, a niobium box as shown in Fig. 6 was used as LOS
protection for samples. The niobium box underwent a BCP,
ultrasonic cleaning and de-ionized water rinsing in our
clean room [6] before each run. Figure 6 shows cavity
1DE27 with the usual niobium foils wrapped around the
ﬂanges. It underwent a nitrogen infusion at 120°C and
second one at 160°C without any chemical treatment in
between. In those particular runs, a additional witness
sample was also placed on top of the niobium box, thus
directly exposed to the furnace vacuum. The performance
test result of 1DE27 after each treatment are shown in Fig.
7. SEM images of those samples are shown in Fig. 8. In
both runs, carbide precipitation occurred on samples
inside the box only. Dif-ferent from before the contrast of
precipitates here is darker then the background. This eﬀect
is reversed if focused with the SEM as illustrated in Fig. 9
and therefore appears as a small window that appears less
dark in Fig. 8 (b). This could be a charging eﬀect from
the SEM although usually a darker contrast appearance is
given after focusing what is
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(a) Witness sample from ﬁrst nitrogen (b) Witness sample from ﬁrst nitrogen (c) Witness sample from second ni- (d) Witness sample from second niinfusion at 120°C outside the niobium infusion at 120°C inside the niobium trogen infusion at 160°C outside the trogen infusion at 160°C inside the
box.
box.
niobium box.
niobium box.

Figure 8: SEM images of samples inside and outside a niobium box during the nitrogen infusion treatments of 1DE27. In
both cases carbide precipitation occurred on samples inside the box, only.

Figure 9: SEM image of a sample with diﬀerent magniﬁcations.
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Figure 10: SIMS measurement of samples inside (dashed
line) and outside the (solid line) niobium box from the 1.st
infusion of 1DE27 at 120°C. A clear diﬀerence in the carbon
signal is observed.
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Figure 11: SIMS data of samples inside (dashed line) and
outside the box (solid line) from the second infusion of
1DE27 at 160°C. The relative diﬀerence in the carbon signal
between the two samples here is less pronounced compared
to the ﬁrst infusion run. Furthermore the amount of oxygen
is lower for the sample inside the niobium box compared to
the sample outside.
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Figure 12: XPS measurement on sample 68 (green curve)
from the 120°C nitrogen infusion and sample 10 (red curve)
from the 160°C nitrogen infusion. Both samples were
treated inside of the niobium box. A higher amount of
oxygen and carbon is present for sample 10 which has
been infused at 160°C. No nitrogen signal is present for
either sample. The curves of C, N and O are oﬀset in the
vertical direction.
exactly the other way around then we observe here. This
might also suggest a very thin carbon layer on the surface
is present. Samples outside the niobium box showed no
carbide precipitation. SIMS data of the samples from the
120°C infusion run are shown in Fig. 10 and from the 160°
C infusion run in Fig. 11. The carbon signal is higher for
the sample inside the niobium box compared to the sample
out-side the box in both cases. The sample outside the box
from the 160°C infusion run shows a higher oxygen level
then the sample inside the box. The weaker relative
diﬀerence in the carbon signal between samples inside
and outside the box from the 160°C infusion compared to
the 120°C infusion is a hint that more interstitial carbon
contamination happened for the 160°C infusion run. This
assumption is conﬁrmed by the XPS data from the samples
of both infusion runs that were inside the box shown in
Fig. 12. The data shows a higher oxygen and carbon
amount for the sample from the 160°C infusion compared
to the 120°C infusion. Another 160°C nitrogen infusion
was done with cavity 1DE7. The performance before and
after the treatment is given in Fig. 13.
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Table 1: Summary of so-far observed carbides on witness
samples during heat treatment with and without a LOS protection. A "" means carbides were observed and "" no
carbides were observed.

Figure 13: Cavity performance before and after nitrogen
infusion at 160°C without post chemical surface removal at
DESY.

Cavity
1DE18
1DE17
1. 1DE16
2. 1DE16
1DE9
1DE10
1DE11
1. 1DE27
2. 1DE27
1DE7
1. 1DE3
2. 1DE3

perf.
degr.
degr.
same
degr.
degr.
degr.
degr.
same
degr.
degr.
degr.
same

w. LOS













w/o LOS
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.


()
n.a.
n.a.

Table 2: Summary of so-far observed carbides on witness
samples treated without cavities in the sample furnace (see
Fig. 16) and the big DESY cavity furnace. More details
Figure 14: Illustrated cavity installation for the nitrogen about the cavity furnace can be found in [3].
infusion of 1DE7. To mimic the line of sight protection a
Heat treatment
w LOS w/o LOS
dummy cavity (instead of the niobium box) is used shown
on the left picture. The sample “outside” is placed on a
180°C N-Inf sample furnace
n.a.

ceramic plate to make sure to have a clean underground for
800°C cavity furnace


the sample.
800°C sample furnace
n.a.

800°C
sample
furnace
n.a.

It has a similarity with the curve of 1DE27 after the
800°C
sample
furnace
n.a.

second infusion at 160°C. In this run a dummy cavity in800°C
sample
furnace
n.a.

stead of a niobium box is used as a LOS protection for the
witness samples. The cavity and sample installation inside
the furnace is illustrated in Fig. 14. SEM images of the
witness samples are summarized in Fig. 15. Precipitation
occurred on both samples inside and outside the dummy
cavity. However the sample without LOS protection also
has grains completely free of precipitates as for example
shown in Fig. 15 (c). Such free spots could not be found on
the sample with LOS protection. Already for samples from
the ﬁrst heat treatments in Fig. 1 as for example Fig. 3 a
dependence of the growth on crystal grains was observed.
Hexagonal β−Nb2C carbides might only grow on certain
niobium crystal-lattice orientation. Surprisingly that also
accounts for the shadow like structures that we stated as thin
carbon enriched layer as can be seen e.g. in Fig. 8 (b) and
in the upper left corner of Fig. 15 (a).

SUMMARY
Several samples have been investigated for
surface changes after heat treatments without any
subsequent chemi-cal cleaning. Star-shaped precipitates
were found on samples as well as cavity cut-outs as shown
in Fig. 5 and are sus-pected to be a source for cavity
performance deterioration. Contrary to prior expectations
this study shows a strong cor-relation between carbide
precipitation and the use of LOS
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protection (e.g. niobium foils or boxes as shown in Fig. 6)
during heat treatment. However, cases are observed were
carbides grew without LOS protection and can be attributed
to other sources too. A summary of when precipitation with
and without LOS protection occurred is given in Table 1
and 2. For the cavities 1DE18, 1DE17, 1DE16 and 1DE9,
no nitrogen has been used but the same heat ramping to
800°C for 3 h and then 120°C for 48 h in p<10−5 mbar.
The assumption is that, in order to have carbide
precipitation on a niobium surface, a suﬃciently high
partial pressure of carbon-enriched atmosphere must be
present [7, 8]. The LOS protection can serve as a trap for
the carbon-rich at-mosphere, thus not being pumped
away. SIMS and XPS measurements of the 1DE27
witness samples show more carbon contamination during
the second infusion treatment where the cavity started to
deteriorate. The SIMS data in Fig. 10 and 11 show this by
the relative comparison of each run between samples
outside and inside the box. The higher in-fusion
temperature of 160°C could lead to a slightly higher
carbon contamination. The fact that 1DE16 and 1DE27
did not deteriorate after the ﬁrst infusion treatment while
carbides were still found on a sample with LOS protection
seems to contradict the assumption that niobium carbides
are supposed to deteriorate the cavity performance. This
Fundamental R&D - Nb
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(a) Witness sample inside the dummy (b) Witness sample inside the dummy (c) Witness sample on a ceramic (d) Witness sample on a ceramic
cavity.
cavity.
plate.
plate.

Figure 15: SEM images of witness samples from 160°C nitrogen infusion of the cavity 1DE7. (a) and (b) are images from
the sample infused inside the dummy cavity and show star shaped precipitation. (c) and (d) show the sample on the ceramic
plate which also shows precipitation on some grains but none on others.

Figure 16: Image of the small sample furnace. The furnace
has a ceramic tube with a diameter of 80 mm. A Residual
Gas Analyzer and a mass-ﬂow controller for nitrogen inlet
is installed. The maximum achievable, stable temperature is
1350°C. The pump system is completely oil free and achieves
p<2 ∗ 10−7 mbar. The furnace has been setup for dedicated
nitrogen-infusion studies on samples.
could be explained by the fact that the formation does depend on the purity of the caps, the inside furnace and the
conductance depending on the tightness between caps and
cavity ﬂange. One of these factors might have aﬀected only
the second try for the cavity but already on the ﬁrst try for
the samples. So far cut-out samples were only taken of one
cavity after the second. The witness samples of a cavity
infused with nitrogen at 160°C show carbides inside and outside the protection but the sample outside the dummy cavity
also has precipitate-free grain spots as shown in the SEM
images from Fig. 15. This leaves the assumption that less
precipitation happened on the sample outside the cavity. In
this case two cavities were baked simultaneously which also
provides more sources of carbon out-gassing. The cavity
performance after the nitrogen infusion has a similar characteristic deterioration for 1DE7 and 1DE27 but diﬀer from
the ﬁrst attempts without nitrogen of 1DE16, 1DE17 and
1DE18. In contrast to the ﬁrst attempts, precipitates also
appear in a darker contrast due either charging eﬀects or
perhaps a thin carbon layer on the sample surface.

CONCLUSION
Heat-treated samples w/o LOS protection mostly do not
give rise to carbide formation. Our ﬁndings strongly suggest that carbides are the cause for the degradation shown in
Fig. 1 provided they are available in suﬃcient number and
concentration. Since carbides seem to be avoided without
Fundamental R&D - Nb
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LOS protection, it might be interesting to infuse a cavity
without caps. However it was also found that more dust
contamination occurred on samples without LOS protection
although the furnace was charged and uncharged under
local clean-room conditions. A further advantage would
be that witness samples in such a run would oﬀer a better
compari-son between sample and cavity inner surfaces.
Another way would be to modify the caps to prevent LOS
contamination while still having a deﬁned conductance
between furnace and cavity vacuum as a pathway for
desorbed gases. This would be superior to the current
system of ﬂanges and cap ﬁngers which diﬀer every time
they are installed.

NEXT STEPS
Another test is scheduled where two niobium boxes will
be used. Each will undergo a BCP beforehand while only
one of them will be annealed above 800°C. This should give
an insight about the importance of the pre-treatment of LOS
protection itself. If the focusing eﬀect in Fig. 9 really is due
charging eﬀect or due a thin carbon layer that accumulated
on the surface will be further investigated. New fabricated
caps with interleaved holes, giving a deﬁned vacuum
conductance between the interior of the cavity and the
furnace will be used as LOS protection. This will allow a
comprehensive investigation of the recipe parameter
space.
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Abstract
The recent discovery of a modified low temperature baking process established an increased accelerating gradient of
TESLA shaped cavities through reduction of surface losses.
A possible explanation for the performance gain is the suppression of lossy nanohydrides via defect trapping, with
vacancy-hydrogen (v+nH) complexes forming at the lower
temperatures. Utilizing Doppler broadening Positron Annihilation Spectroscopy, Positron Annihilation Lifetime Spectroscopy and Nuclear Reaction Analysis, samples made from
European XFEL niobium sheets and cavity cut-outs were
investigated. The evolution of vacancies, hydrogen and their
interaction at different temperature levels have been studied
during in-situ and ex-situ annealing and in-situ cooldowns.
Measurements of niobium samples and a correlation between RF, material properties, and v+nH distribution in
cavity cut-outs have been carried out.

BAKING AND SRF PERFORMANCE
The influence of hydrogen on rf losses (’hydrogen Qdisease’) of cavities and the need of outgassing cavities is
known for quite some time. The operating temperature of superconducting accelerating cavities is 2-4 K, and while crossing the temperature range of 200-50 K during cool down,
different phases of niobium hydride on the rf surface are
forming, causing the increased losses. To prevent this, cavities are baked at 700 − 900o C at pressures below 10−6 mbar
to purify the material. After the final electropolishing, an
additional 120o C bake for 48 h has shown to reduce losses
and cure the ’high field Q-slope’ [1].
Lattice deformations, interstitials and vacancies are known
to have high trapping potential for interstitials, especially
hydrogen. Formation of so-called “nanohydrides” which
are only weakly superconducting by proximity effect up to a
certain threshold of applied field is assumed to be responsible for losses above the threshold causing the high field
Q-slope [2]. The assumption is that the modified low T
baking procedure [3] might influence the vacancy-density
and their interaction with hydrogen in the relevant rf penetrated layer in a beneficial way to prevent formation of lossy
nanohydrides. This new bake includes a 75o C step before
the 120o C. At this temperature a β → α ′ NbH phase formation takes place [4, 5] which potentially influences Nb-H
dynamics during cooldown. So called vacancy-hydrogen
∗
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(v+nH) complexes have been studied and found to play a
role already in the standard 120o C bake [2, 6].

POSITRON ANNIHILATION (LIFETIME)
SPECTROSCOPY
Positrons are easily trapped in vacancies and are very
sensitive to their chemical environment. The positron annihilation spectrum (PAS) can be characterized in terms of
the line shape parameter S and the wing parameter W which
contain information of the low and high momentum part
of the distribution, see Fig. 1. Those positrons annihilated
with free electrons, which on average have a low momentum,
will contribute to the S parameter. The higher the amount
of vacancies, the more positrons will annihilate in vacancies with free electrons increasing the S parameter. The
W parameter is the fractional area in the wing region and
contains information of the annihilation of positrons with
core electrons of the surrounding elements which on average
have a higher momentum. Hence carrying information on
the chemical loading of vacancies. At pulsed sources, the

Figure 1: Annihilation spectrum of positrons in metallic
material. The central area A1 is used to quantify the Sparameter, while the areas A2 and A3 are used for the Wparameter.
lifetime of positrons depend as well on the density and types
of vacancies (PALS). Deconvolution of the observed lifetime
distribution will allow to identify the different contributions.
In addition, when the energy of the annihilation photons
is obtained, an energy shift ∆E can be observed (Coincidence Doppler Broadening (CDB) shift). This energy shift
depends on the chemical surroundings of the annihilation
site and also on the density and types of defects.
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The samples used for this study were cut out of niobium
sheets from the European XFEL cavity production. The
sheets were produced by Tokyo Denkai Co. Ltd. (’Tokyo
Denkai’ - samples with numbers above #50) or Ningxia Orient Tantalum Industry Co. Ltd. (’Ningxia’ - samples with
numbers below #50), and material certificates with the mechanical and chemical properties are available. The samples
are of flat-conical design, with a base diameter of 12 mm,
a top diameter of 10 mm and a thickness of 2.8 mm. They
were cut with a water jet cutter and turned to the final design.
The sample preparation followed closely the standard cavity
preparation and the cleaning and rinsing was carried out in
a ISO 4 cleanroom environment.
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The change in the offset at 250o C is a consequence of the
combination of the reduction of the vacancy density and a
change of the surface states which is further confirmed by
the 3γ2γ ratio (not shown here).

VACANCY EVOLUTION AS A FUNCTION
OF TEMPERATURE
The DB-PAS measurements of sample 17 is shown in
Fig. 2. The figure shows the S-parameters as a function of
the positron energy which translates into penetration depth.
For all samples, the observable changes happen in a layer of

Figure 3: S-W plane at a fixed energy of 1.5 keV of sample
64. All data points up to 200o C are on the same line, hence
the defect type does not change, only the density increases.
At 250o C the defect type starts to change and the defect
density decreases.
This change of defect type and surface states starting at
200o C can be explained by the gradual dissolving of natural oxide layers on the niobium surface which starts around
120o −130o C for Nb2 O5 and NbO2 and is finished at 300o C.
The results of the PALS measurements from MePS for sample 78 are shown in Fig. 4. The lifetime τ1 of the decay

Figure 2: S-parameter vs. positron energy measured on
sample 17 for different temperatures. The vacancy density
which is proportional to the S-parameter increases with temperature while baking for 4h up to 200o C
about ≈ 170 nm. This is sufficient to influence the rf performance, since the London penetration depth λ L is 40-50 nm
for clean niobium at 2 K. All samples showed an increase
of the S-parameter during the baking for 4 h up to 200o C.
Above that temperature the overall defect concentration decreases shown in Fig. 3. There, the S-W-plot for an energy
of incident positrons of 1.5 keV or mean positron penetration
depth of ≈ 18 nm is shown. Assuming that that only two
states (defect and nondefect) contribute to the annihilation,
the measured S and W represent a superposition of these
states and have a linear dependency
(S − Sbulk ) = R · (W − Wbulk )
with a defect specific slope R [7]. All S-W values are on the
same line up to 200o C where a strong clustering occurs. The
25o C and 70o C measurement show no significant change.
Only annealing at 80o C or higher has a significant influence
This is in agreement with the literature as mentioned above,
that 74o C is an important temperature for the Nb-H system.

MOP024
84

Figure 4: τ1 lifetime component vs. positron energy measured in-situ for sample 78 before and after annealing at
70o C.
curve for the sample 78 in Fig. 4 is shorter than the bulk
positron lifetime for niobium of 125 ps. Hence another contribution with a lower lifetime on the order of 110-130 ps is
expected. This result has been found in the cavity cut-outs
as well. From these results and the results in [8], it can be
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concluded that within the first 200 nm of the niobium, v+nH
complexes with 4-6 hydrogen atoms attributed to a vacancy
or vacancy clusters exist in this surface layer since these
lifetimes matches the observed additional contribution.

VACANCY CONCENTRATION AND V+NH
FORMATION DURING BAKING
Figure 5 shows an increase of the vacancy concentration
for short baking durations but a decrease for the longer baking. Although there is a clear difference between samples
6 and 73 the overall behavior is similar. To better analyze

Figure 6: CDB ratio related to pure Nb (annealed at 1000o C)
vs. momentum of the annihilating pair for sample 73. Two
reference curves for Nb with v+H and v+4H complexes
are shown for comparison. While for as-received, some
hydrogen is associated to vacancies. v+nH complexes form
at 70o C and are stable up to 120o C with short annealing
time. After full annealing at 120o C no v+nH complexes are
observed.

Figure 5: Vacancy Concentration calculated from PALS
data using two state positron trapping model vs. annealing
temperature at a fixed energy for samples 6 and 73.
the interaction of the vacancies with the hydrogen in the
samples, the CDB measurements in the bulk were done. The
measurements on sample 73 are shown in Fig. 6. The measurements show the CDB signal normalized to a pure Nb
annealed reference sample at a 1000o C and hence exhibiting
a defect- and interstitial-free lattice. Two CDB curves of
reference samples containing vacancy-hydrogen (v+H) pairs
and vacancies associated with 4 hydrogen atoms (v+4H) are
shown in the figure as well.
Forming of v+nH complexes is visible after the first baking steps for both samples 6 and 73 but they are close to
the detection limit after the longer baking time. The initial
measurement at room temperature for both samples prior
any baking shows a difference in the shape of CDB ratio
curves reflecting different chemical environment of positron
annihilation sites due to different amount of impurities and
loading of vacancies for the two different material suppliers.

sults in gradual disappearance of v+nH complexes over time
in the bulk. Near-surface lifetime measurements, shown in
Fig. 4 and from cavity cut-outs, show strong contributions
with large vacancy clusters paired with hydrogen even after
annealing reducing the positron lifetime [8]. These near
surface v+nH cluster have been further confirmed by cavity
cut-outs measurements. At 250o C the oxide layers Nb2 O5
and NbO2 are dissolved into the bulk [9] and start to change
the vacancy types. The vacancy-hydrogen interaction with
the niobium lattice at baking temperature and cryogenic temperatures has been the scope of research for quite some time.
The results presented here shows that the dynamics of the
formation of v+nH complexes is of importance, and that an
influence of the baking temperature and duration plays a
crucial role in the dynamics.
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Abstract
R&D on the nitrogen infusion process at DESY produced
at the beginning a series of 1.3 GHz single-cell cavities
which have shown severe deterioration in the vertical cold
test which was completely unexpected and could not be
explained at the time. To investigate the origin of the deterioration, one of the cavities was optically inspected and
a Temperature- and Magnetic Field-Mapping was done in
collaboration with HZB. Together with 2nd Sound data, regions of interests were identified and cut from the cavity.
Subsequent surface analysis techniques (SEM/EDX, SIMS,
PIXE, EBSD) were applied in order to identify the reason for
the deterioration. Especially the differences between hot and
cold spots as well as quench spots identified by T-Mapping
were investigated.

NITROGEN INFUSION R&D AT DESY
The discovery of the nitrogen infusion process [1] led to
a global R&D effort to understand the procedure itself, its
influence on the cavity surface and how the surface evolution
relates to the cavity performance. The first three cavities
treated at DESY showed a severe deterioration after baking
procedures with and without nitrogen injection [2, 3], see
Figure 1.

Figure 1: Quality factor vs. accelerating field of the first
three single cell cavities used for infusion R&D. Reference
measurements (blue) and measurements after treatment (red)
are shown. The same kind of deterioration for all cavities
was observed.
∗

Two interesting observations emerged from these three runs
1. Samples which were baked in the furnace inside a Nb
box to mimic the caps on the cavities together with the
cavities formed β − Nb2 C on their surface
2. The quality factor at 4 MV/m at 2 K for the cavities
increased,as the pressure during the baking at 800o C
decreased
These observation let us conclude that, that the formation
of carbides during the 800o C phase of the infusion was the
origin of the deterioration. Following infusion runs on cavities showed a more complex situation, in which samples
outside the Nb box during the same run did not form niobium carbides and cavities which showed a less severe or
no deterioration still resulted in samples covered with niobium carbides. Hence, the decision was taken to check the
assumption that niobium carbides are forming inside the
cavity and that they are the cause of the cavity performance
degradation by cutting a cavity was done.

IDENTIFYING REGIONS OF INTEREST
The single-cell cavity 1DE16 was then transported to
Helmholtz-Zentrum Berlin (HZB) to test the cavity with
their T-Map and H-Map system [4]. This information, together with previous DESY T-Map data [5] and 2nd Sound
measurements was used, to define regions of interests, see
Fig. 2.

Figure 2: Temperature map of 1DE16 taken at HZB – white
areas are the position of the H-Map cards. A rather homogenous heating with only three dominant heating spots is
observed. Markers for the samples cut from quench spots
(black), hot spots (red) and cold spots (green) are shown.
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In total, 8 square-shaped samples, with a side length of ≈
1.5 cm, were cut:
• 2 Quench spot samples: sample 1 is the quench spot
prior to the failed infusion run and sample 2 the
quenchspot after the first failed infusion
• 3 Hot spot samples: samples 3-5 are cut from regions
with a rather local heating of ≈ 3 mK
• 3 Cold spot samples: samples 6-8 are cut from regions
with no heating
Quench spot 1 was not the limiting region after the infusion
procedure but still showed significant flux trapping of 1.5 µT
during cooldown in the H-Map data. No H-Map of quench
spot 2 was obtained due to a malfunctioning card.

ORIGIN OF DETERIORATION
All samples were investigated with a scanning electron
microscope (SEM) to check whether niobium carbides were
forming on the surface. On all samples, the same star-shaped
precipitates were found, which were identical to the precipitates found on samples, see Fig. 3. To further identify
the observed structures as carbides, energy dispersive Xray spectroscopy (EDX) was applied and a carbon-enriched
signal was observed in those precipitates compared to its
surroundings. From all samples, a set of images was taken

Figure 4: Normalized C−2 - signal of each sample in the first
10 nm obtained with a ToF-SIMS. Quench spots and hot
spots showed a higher carbon content in this first layer.

INFLUENCE ON CARBON SOLUBILITY
The question arose, what is the origin of a higher or lower
carbon aggregation. The crystal structure was mapped utilizing electron backscatter diffraction (EBSD) were two examples are shown in Fig. 5. Analyzing the local misorientation

Figure 5: Inverse pole figures of hot spot sample 3 and cold
spot sample 7.

Figure 3: SEM Images of sample 2 (top - quench) and 8
(bottom - cold spot). The right plots shows the exponential
decay constant λ of the size distribution of the niobium
carbides.
with the same parameters w.r.t. applied voltage and magnification, to have a comparable set between the samples.
Counting the precipitates and sorting them by size created
an exponential decaying distribution and the decay constant
λ for the different samples is shown in Fig. 3. A smaller
decay constant for quench spots and hot spots than for cold
spots is observed, hence more and larger precipitates are
observed on quench spots and hot spots. In addition, all
samples underwent time-of-flight secondary-ion mass spectrometry (ToF-SIMS) measurements and the normalized
carbon signals are shown in Fig. 4. In agreement with the
SEM image analysis, a higher carbon signal was observed in
the quench spot and hot spot samples compared to the cold
spot samples.
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obtained during this measurement lead to the distribution of
the low angle grain boundaries below 2.5o , which is shown in
Fig. 6. The curves shown are the average over the two classes
of samples. On each sample two different spots were scanned
with an 200 × 150 grid with a 10 µm step size. An excess of

Figure 6: Local misorientation distribution for hot spots
(red) and cold spots (blue).
low angle grain boundaries for hot spots compared to cold
spots was found. In addition, to check the samples for heavier
elements such as titanium as a potential cause for degrada-
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tion, four samples were analyzed by proton-induced X-ray
emission (PIXE). No titanium contamination was found and
from all other elements only zirconium showed a relevant
signal, shown in Figure 7.
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Abstract
Within a cross-laboratory effort to understand and standardize the nitrogen-infusion and the low T bake procedure,
one large grain and two fine grain single-cell cavities were
treated and tested at FNAL. Subsequently they were sent to
JLab and/or DESY for a cross-laboratory comparison of the
RF performance and its dependence on test conditions like
cooldown and the magnetic environment of the cryostat.

MOTIVATION
Nitrogen infusion [1] and the most recent low temperature
(low T) bake [2] brought up the necessity to re-investigate
the fundamental processes assuming to happen at the inner
surface of cavities during their fabrication and treatments.
The treatments are still not fully reproducible surface treatment processes in the different labs. In order to separate the
influence of the different parameters of treatment and testing on the cavity performance, cavities were sent to test the
same cavities under the same conditions (fully assembled,
no further treatments prior to testing).

CAVITY HISTORY
Currently, three single-cell cavities were used for this
study. Two fine-grain(FG) cavities and one large-grain(LG)
cavity, where two were infused and one was low T baked.
The details for each cavity are given below.
1DE3 Cavity 1DE3 is a DESY fine-grain cavity made out
of Heraeus RRR300 material. It was last tested after electropolishing and baking in 2008 and was stored on shelf at
DESY since then. Before sending it to FNAL, it received
a HPR and was tested at DESY (Test 1). FNAL did a first
nitrogen infusion run but identified an unfortunate air-leak
in the nitrogen injection valve after the treatment. Therefore
a 60 µm electropolishing (EP) was performed in order to
"reset" the cavity performance. During the standard 120o C
bake, a faulty thermal-sensor caused a halt at 75o C for 4
hours before achieving the 120o C for 48 h [2]. This process
is now called low T bake. The decision was to move on with
nitrogen infusion at 120o C and then test it at FNAL (Test
2). Afterward, the cavity was sent vented and with transport
flanges to DESY. After arrival, it received a HPR and was
then tested several times (Tests 3 and 4).
∗
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1DE20 The DESY cavity 1DE20 was sent to FNAL in
2011 for tumbling and coating studies [3]. It is a large-grain
cavity made out of Heraeus RRR505 material. The cavity
surface was electropolished with a total removal of 60 µm
and a subsequent low T bake was applied. Again, the next
step was to infuse the cavity at 120o C and test it at FNAL
(Test 1). Afterward, the cavity was sent vented and with
transport flanges to DESY, received a HPR after arrival and
was tested several times (Tests 2-4).
AES022 This FNAL cavity made from Tokyo Denkai material was used to study the low T bake procedure. It was one
of the cavities at which FNAL observed a ’bifurcation’ of the
measured Q0 vs. Eacc curve. Depending on the temperature
of the cryostat prior to the cooldown, either a lower or upper
quality factor curve was observed. Once the upper branch
was measured, meaning the cavity was cooled down after a
higher starting temperature of the cryostat, the lower branch
couldn’t be reproduced (Test 1) [4, 5]. To check this observation, the cavity was sent to JLab and tested (Test 2). The two
branches were observed testing the cavity in two different
cryostats and an alternative explanation of the origin of the
bifurcation was discussed [6]. The cavity was then sent back
to FNAL, retested (Test 3) and then finally sent to DESY
(Test 4). At DESY, several cooldown scenarios were tested
(starting temperature, cooldown gradient and spatial temperature gradient). After the tests, the cavity is now sent to
KEK for further measurement. During all these tests across
the labs the cavity was always fully assembled and was never
vented to prevent any falsification from possible pollutions
or assembly or treatments.

RESULTS
1DE3
In test 1 at DESY before sending the cavity, the quench
field was 39 MV/m - all tests depicted in Fig. 1.
The cavity was tested at FNAL after the infusion and
achieved 46 MV/m, and was quench limited as well (test 2).
After arrival at DESY, in test 3, the cavity showed a strong
FE event during first power rise above 10 MV/m which can
be explained from the fact that the cavity underwent another
assembly at DESY. The quality factor at gradients below the
FE event were comparable to FNAL. After processing in test
3, the quality factor was significantly lower and the cavity
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Table 1: Cooldown Parameters For The Normal And Fast
Cooldown Of 1DE3
Cooldown
Tstart
dT/dt@Tc
dT/dt288K
100K
Eq
dT/dxBottom@Tc

Normal

Fast

288 K
6.4 K/min
0.5 K/min
8.7 K

288 K
1.8 K/min
13.4 K/min
7.5 K

Figure 1: Q0 vs. Eacc at 2 K of 1DE3 for different steps.
At low fields below ≈ 15 MV/m, the cavity performance is
identical (within errors) between the labs. After infusion
an increased Q0 at gradients above 30 MV/m is observed.
After the HPR subsequent to the FE event the Q0 -value at
fields is significantly lower.
quenched at 41 MV/m. The cavity underwent an additional
HPR and was retested (test 4) with no FE observable. The
values of the quality factor below 10 MV/m were still comparable to the FNAL test results but decreased significantly
above compared to FNAL and the quench field remained at
41 MV/m. In test 4, two different cooldowns were applied
and the cavity measured. The temperature data taken with
CERNOX sensors attached to the cavity equator is shown in
Fig. 2 and values of key parameters are given in Table 1.

Figure 2: Temperature profile measured at the equator of
1DE3 for the normal and fast cooldown. Details given in
Table 1.
The normal cooldown procedure is PLC controlled and
shows highly reproducible values for the key parameters of
the cooldown. The fast cooldown is operated manually and
can be steered individually if needed.
Figure 3 shows the 1.8 K measurements of 1DE3 for different tests and cooldowns. The Q0 vs. Eacc curves obtained
after normal cooldown of test 1 and 4 are identical within
errors. The fast cooldown applied after the normal cooldown
of test 4 showed a significant increase in the quality factor.
The relative increase is depicted in Fig. 4.

1DE20
The cavity was sent 2011 to FNAL which used this large
grain cavity for different research projects. After resetting
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Figure 3: Q0 vs. Eacc at 1.8 K of 1DE3. The performance
before infusion (Test 1 - blue) and after additional HPR after
the FE event (Test 4 - black) are identical. Field emissions
in the test after the infusion (Test 3 - red) are the cause for
the lower Q0 . The subsequent fast cooldown (Test 4 - green)
shows a significantly higher quality factor to the normal
cooldown (Test 4 - black) of the retest - see Fig. 4.

Figure 4: Relative increase of ∆Q0 vs. Eacc at 1.8K comparing fast and normal cooldown of Test 4. A significant
difference of more than 10% is seen.

the surface, the cavity was tested (not shown here) and then
infused at 120o C. Test 1 at FNAL was after the infusion
process and showed a high quality factor and a quench field
of 38 MV/m, see Fig. 5. The cavity was sent to DESY vented
with transportation caps and the first test showed a significant
lower quality factor and quench field of 33 MV/m (test 2).
For this test, RRR coils were attached to the cavity. The
cavity was then installed immediately into another insert
without any surface treatment or assembly and tested in the
same cryostat (test 3) after a normal cooldown and a fast
cooldown.
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Figure 5: Q0 vs. Eacc at 2 K for 1DE20. After infusion
(red) test was with RRR coils equipped. Difference between
retest (black/blue) and after infusion (red) and FNAL (black
squares) not understood.

Figure 6: Q0 vs. Eacc tests at 1.8 K of 1DE20 for various combinations on cooldown and magnetic shielding installed and
are all performed at DESY. No influence from the cooldown
procedure or the shielding was observed.

No influence of the cooldown process was observed but a
drastic increase of the quality factor between test 2 and 3 at
DESY, see Table 2.
Table 2: Comparison Of RF Results Between Test 2 And
Test 3 At DESY
Q0,max (2 K)

Test
2
3
∆

1010

2.7 ·
(10 nΩ)
3.4 · 1010 (8 nΩ)
+26%

Q0,max (1.8 K)
1010

4.5 ·
(6 nΩ)
5.9 · 1010 (4.6 nΩ)
+31%

Rres [nΩ]
3 nΩ
2.1 nΩ
−0.9 nΩ

The Rres was obtained by measuring the Q0 (T) curves. An
important point is, that decrease of the residual resistance
Rres is not sufficient to explain all of the increase of the quality factor between the tests. The difference of the residual
resistance Rres could be traced back to the attached RRR
coils, which were operated during cooldown. The current in
the coils while crossing Tc created trapped flux contributing
to Rres . This has been confirmed by analyzing the Rres data
of cavities measured with and without RRR coils attached
to them, where on average a 1 nΩ difference was observed.
To further study the possibility of other flux trapping contributions, the cavity was retested with an active shielding.
The magnetic field sensors showed a reduction of a factor
2-5 when the shielding was attached to the cavity and the
results are shown in Fig. 6.
To deconvolve the surface resistance into its contributions
Rres and RBCS , the cavity was tested at 1.6 K. Although there
is still a contribution to the surface resistance from RBCS at
1.6 K, the low field value for the Rres is in agreement with
the value obtained from the Q0 (T) measurement. In Figures
7 and 8, the results for 1DE20 are overlayed with measurements from FNAL on other nitrogen infused cavities. While
the RBCS shows the same dependence on the field/gradient,
the comparison of Rres is of limited significance as the measurements are taken at different temperatures.
Until now, no influence from the cryostat, insert or
cooldown has been found which further explains the difference in the observed quality factors at FNAL and DESY
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Figure 7: Deconvolution of the surface resistance RS into
RBCS of typical nitrogen infused cavities at FNAL. Plot taken
from [1]. The DESY measurement (red stars) was taken at
1.6 K. RBCS ‘behaves’ infused.

besides the contribution from the RRR coils. The difference
arises from the Rres of the cavity, as shown in the deconvolution.

AES022
The cavity underwent extensive studies regarding the low
T bake procedure at FNAL (test 1) [2], [4] and was sent to
JLab for the confirmation of the measurements (test 2) [6].
It was then tested again at FNAL (test 3) and sent to DESY
for the cross-lab qualification (test 4). The cavity was tested
"as received" with no further vacuum connection done. It
was installed in the insert where it was only mechanically
fixed at the top of the cavity during the first cooldown series. Both Q-values Qt , Qext for the antennas of the cavity
jumped between two values for subsequent power rises and a
frequency change accumulated for every cooldown applied.
These issues were solved by fixing the cavity at the bottom
flange at the insert in addition for the following tests. The
DESY tests shown here are after the additional fixation of
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Figure 10: Q0 vs. Eacc curves at different low temperatures
across the labs.

Figure 8: Deconvolution of the surface resistance RS into
Rres of typical nitrogen infused cavities at Fermilab. Plot
taken from [1]. The DESY measurement (red stars) was
taken at 1.6 K.

Figure 9: Q0 vs. Eacc at 2 K for AES022.
the cavity. In Fig. 9 the cross-lab comparison for the 2 K
measurements is shown.
Two groups of curves are seen (‘bifurcation’). While
FNAL cooled down with different starting temperature,
JLAB used two different test cryostats (D6 / D7). In both
cases the Q0 (E) shifted to the upper or lower branch. DESY
applied the standard and the fast cooldown and several
different starting temperatures of the cryostat prior to the
cooldown but all results are identical within errors. The upper branch of the Q0 (E) curves includes results from all three
labs, the lower couldn’t be reproduced at DESY. This is in
agreement with the statement from FNAL, which observes a
dependency on the cryostat temperature before the cooldown
but once the upper branch is measured, the lower cannot be
reproduced. On the other hand, this contradicts the results
obtained from JLab which saw both branches and gives a different hypothesis for explanation based on additional losses
caused by different magnetic environments in two different
cryostats. DESY only measures the upper branch and does
not observe any dependency on cooldown parameters and
no different cryostat or magnetic environment was used.
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JLab and DESY observed Multipacting during AES022
tests. JLab pumped the cavity during testing, possibly allowing a small amount of water to reenter the cavity through
cryo-pumping. DESY observed Multipacting only for some
cooldowns (two out of four) and - unusually - only in the
second power rise if the cavity quenched in the first power
rise. A possible explanation for this behavior is trapped
water which freeze out at different regions during different
cooldowns, depending on the spatial temperature gradient
while cooling down. During Multipacting, the magnetic
field sensors observed a reduction of 6-8 mG when the cavity quenched and subsequently, the quality factor reduced
from 2.8·1010 to 2.6·1010 . Assuming that all of the flux was
trapped and increased the surface resistance, a sensitivity S
of ≈ 0.1nΩ/mG can be derived.
A comparison of various lower temperature measurements
is shown in Fig. 10.
The FNAL curves show different quality factors for the
two different starting temperatures which is expected for the
different temperature of the measurement (1.4 K vs. 1.5 K).
The DESY 1.5 K measurement is above the FNAL 1.5 K
measurement, which is not understood yet. The JLab 1.6 K
curve is quite well in agreement with the lower part of the
FNAL 1.5 K curve but lies between the FNAL 1.5 K and the
DESY 1.5 K curve at higher fields.

CONCLUSIONS
The main conclusion is that the rf measurements across
the labs are in agreement with each other and observed differences originate from individual effects as shown here. The
Q0 vs. Eacc curve for 1DE3 at low fields is in agreement
but a strong FE even in test 3 prevented further comparison.
The RBCS part of the 1DE20 measurement is in agreement
with the expected curves from other FNAL measurements
but unidentified contribution to Rres exist. This study further
identified the operation of the RRR coils while cooling down
as a source for an additional Rres contribution. The measurement of AES022 showed a strong agreement between
FNAL, JLab and DESY since all measurements in the upper
branch agree with each other, taking the Multipacting into
account. The lower branch couldn’t be reproduced at DESY
and the origin of branching is not unambiguously identified.
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An influence of cooldown parameters on the performance
was not observed at DESY.
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Abstract
KEK has been carried out high-Q/high-G R&D, to realize high performance of SRF cavities toward ILC. KEK
constructed a new furnace, which is dedicated for Ninfusion studies. We performed 10 times of N-infusion
trials using 1.3 GHz cavities. Some results showed good
Q-values up to high field, however, some results showed
degraded Q-E slopes probably due to contaminations.
Improvement of accelerating gradient is not observed at
moment. We have tried to clean the furnace and Nitrogen
injection line to reduce the effect of contaminations. Details of procedures of N-infusion, results of vertical tests,
condition of the furnace including RGA spectrum are
shown.

KEK NEW FURNACE
N-infusion technique is developed to improve SRF cavity performance for both Eacc (accelerating gradient) and
Q-values [1]. KEK also had carried out R&D studies to
realize high gradient SRF operations.
Throughout N-doping studies we recognized that
cleanness of furnace is most important for Nitrogen
treatment [2, 3]. Especially, in case of N-infusion, cleanness of furnace could directly affect to cavity performance, since final EP can not be applied to the cavity.

TMP with 700 L/sec pumping speed was used to reduce
background pressure to level of 1e-5 Pa. A mass-flow
controller is used to keep Nitrogen pressure. The TMP,
RGA and mass-flow controller and Nitrogen injection line
are shown in Figure 2.
The furnace was constructed in FY2017, commissioning was carried out for a few months, then it has been
using for N-infusion R&D studies.

Figure 2: (left) TMP and RGA monitoring system. (right)
N-injection system with mass-flow controller.

N-INFUSION PROCEDURE
Table 1 shows history of N-infusion studies performed
at KEK new furnace. Total of 10 times N-infusion was
carried out.
Before installing to the furnace, cavities were washed
by HPR (High Pressure Rinsing), dried in a cleanroom
and packed in a clean bag. Then they were transported to
the furnace.

Figure 1: KEK new vacuum furnace.

Our N-infusion studies started by using the J-PARC
furnace, which has oil-free pumping systems. However,
the results were not so good. Q-degradation phenomena
was sometimes observed [4]. Contamination from the
furnace was suspected, since the J-PARC furnace was not
dedicated to superconducting cavities.
While studying at the J-PARC furnace, we designed
and constructed a new furnace (Figure 1) on KEK cite.
Details of the furnace is described in the proceedings [5].
The furnace has oil-free pumping system and main
pumping is 10,000 L/sec cryopump. Vacuum pressure can
be reached to around 1e-6 Pa. One side of door is surrounded by a clean booth. During injection of Nitrogen, a

Figure 3: (left) Nb caps and foils to cover flanges. (right)
Cavity covered with Nb cap.

As shown in Figure 3, cavity flanges were covered by
Nb caps and surrounded by Nb foils. There is enough
space, more than several mm, as Nitrogen passage between cavity flanges and Nb caps. These Nb caps and
foils are cleaned by CP and ultra-sonic rinsing with detergent, every time. Cavities were supported by Molybdenum jigs and set on Molybdenum table in the furnace.
As shown in Table 1, some N-infusion runs observed
Q-degradation, which was also often observed for Ninfusion at J-PARC furnace.

___________________________________________
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Table 1: Condition of N-Infusion
Nb mateN-infusion process
Q-degradation
rial
FG
800C, 3h + 120C, 48h w/ 3.3Pa N2
No
FG
800C, 3h + 120C, 48h w/ 3.3Pa N2
No
LG
800C, 3h + 120C, 48h w/ 3.3Pa N2
No
Summer shutdown
R-2
Single
FG
800C, 3h + 160C, 48h w/ 3.3Pa N2
Yes (strong)
R-6
Single
FG
800C, 3h + 120C, 48h w/o N2
Yes
Apply dedicated burning run after this period
R-8
Single
FG
800C, 3h + 800C, 2h + 120C, 48h w/
No
3.3Pa N2
Improve cooling of cryo-pump by adding cooling-water type shielding plate
R-9b
Single
FG
800C, 3h + 800C, 2h + 160C, 48h w/
Yes
3.3Pa N2
AES18 Single
FG
800C, 3h + 800C, 2h + 120C, 48h w/
No
3.3Pa N2
Modify N2 injection line
R-4
Single
FG
800C, 3h + 120C, 48h w/ 3.3Pa N2
Yes (Weak)
AES18 Single
FG
800C, 3h + 120C, 48h w/ 3.3Pa N2
Yes

Cavity
name
R-6
R-9b
R-10

No. of
cells
Single
Single
3-cell

First three trials just after commissioning were fine,
even without burning run. After summer shutdown, however, Q-degradation started to be observed. We apply
burning runs with around 1100 degree C, from 6th Ninfusion run.
Figure 4 shows N-infusion process applied from 6th to
th
8 N-infusion. For these runs, two times of 800 degree C
heat treatments were applied for cavities, before injection
of Nitrogen at 120 degree C, 48h. Aim of this procedure is
to make cleaner cavity surface before N-infusion. Vacuum
pressure at second 800 degree C cycle is about one order
smaller than first heat cycle. We also expect that hydrogen
absorbed in Niobium may be smaller.
After 8th N-infusion run, we added a gas filter on N2 injection line. It can remove some gas components, including CO2. Nitrogen injection line is leak tight and baked.
We try to make the furnace and Nitrogen injection line as
clean as possible.

Max. Eacc
35
26
27
19
32
36
24
38
39
31

VERTICAL TEST RESULTS

Figure 5: Comparison of vertical test results between Ninfusion(red) and reference(blue) for (left-top) 1st, (righttop) 2nd, (left-centre) 3rd, (right-centre) 6th and (bottomleft) 8th N-infusion. No reference data for 8th N-infusion.

Figure 4: (left) Temperature and vacuum history of typical
N-infusion process, which was applied from 6th to 8th Ninfusion runs.
Vertical tests were carried out at KEK-STF. Magnetic
field inside dewar was cancelled by a solenoid coil. Typically, remaining field is around 1 mG or less. Thermal
gradient on the cavity surface was made by a heater during cool-down for better flux expulsions [6].

MOP027
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Among 10 N-infusion trials, 5 runs were without Qdegradation and remaining 5 runs had Q-degradation.
Figure 5 shows Q-E curves taken at 2.0 K for no Qdegradation runs, 1st, 2nd, 3rd, 6th and 8th N-infusion runs.
Vertical test results are compared with reference measurements, EP + 120 degree C 48h baking, except 8 th run.
Only 6th N-infusion run for R-8 cavity shows slightly
better Q-values compared with reference. Unfortunately,
Q-value at high field can not be compared because of
field emission. Other vertical test results do not show
improvement of Q-values for N-infusion cavity. No N-
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main gas contributions are H2, H2O, N2 and CO2. RGA
spectrum are very similar for both cases. No clear difference of no hint for Q-degradation mechanism are observed.

Figure 6: Comparison of deconvoluted BCS resistance at
2.0 K of R-8 cavity for 6th N-infusion and reference.
Basically, Q-E curves are taken for different temperatures between 1.5 K to 2.0 K. Vertical test results for R-8
cavity, right-centre plot of Figure 5, were analysed and BCS
resistance at 2.0K were deconvoluted. Figure 6 shows
deconvoluted BCS resistance of R-8 cavity for N-infusion
and reference. No significant difference is shown between
them. Slight better Q-value for N-infusion comes from
reduced residual resistance.

Figure 8: RGA spectrum for good (6th) and bad (7th) Ninfusion runs.
Figure 9 shows RGA spectrum just after start of Nitrogen injection. Some amount of CO2 contribution, around
3 order lower than N2, are observed. Flushing like phenomena is also observed.
We added a gas filter in the Nitrogen injection line. Gas
purity was improved, but situation did not change. Later
we recognized that when furnace door is open, air come
into the furnace and even during heat treatment these
components remains on the furnace surface, then when
Nitrogen is fed to the furnace, they are detached from the
surface. Therefore, to eliminate these contaminations is
difficult.

Figure 7: Vertical test results for failed N-infusion: (lefttop) 4th, (right-top) 5th and (left-bottom) 9th N-infusion
runs.
Although we care about cleanness of the furnace and
N-infusion procedure itself, about half of N-infusion runs
show Q-degradations. Three Q-degradation slopes are
shown in Figure 7. 4th N-infusion run, just after the summer shutdown, had strongest Q-degradation. Right-top of
Figure 7 is typical Q-degradation slope, which is very similar to the slopes for 7th and 10th N-infusion runs. This
slope is also very similar to the one, which we observed
for N-infusion at J-PARC furnace. Slope for 9th Ninfusion is weak.

RGA SPECTRUM
In order to monitor cleanness of the furnace, an RGA is
mounted on the furnace. Bypass line is prepared to monitor gas components even during Nitrogen injection, by
using a variable leak valve. Figure 8 is RGA spectrum for
N-infusions. RGA spectrum for good (6th N-infusion) and
bad N-infusion (7th N-infusion) are compared. Observed
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Figure 9: RGA spectrum during Nitrogen injection.

SUMMARY
KEK had constructed new oil-free furnace for Ninfusion studies. We had carried out total of 10 times Ninfusion runs. We tried to make the furnace and surrounding components as clean as possible, however, still Qdegradation remains. Half on N-infusion was successful,
without Q-degradation, but other half was failed with Qdegradations. Even for the successful case, improvement
of Q-value is just a little and no cavities show improved
accelerating gradient.
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Abstract
Niobium is the standard material for superconducting RF
(SRF) cavities for particle acceleration. Superconducting
materials with higher critical temperature and higher critical magnetic field allow cavities to work at higher operating temperatures and higher accelerating fields, respectively. Enhancing the surface properties of the superconducting material in the range of the penetration depth is
also beneficial. One direction of search for new materials
with better properties is the modification of bulk niobium
by nitrogen doping. In the Nb-N phase diagram, the cubic
δ-phase of NbN has the highest critical temperature. Niobium samples were annealed and N-doped in the high-temperature furnace at TU Darmstadt and investigated at its
Materials Research Department with respect to structural
modifications. Secondary ion mass spectrometry showed
at which conditions N-diffusion takes place. X-ray diffraction (XRD) confirmed the formation of the δ-NbN and βNb2N phases for the optimized doping process. XRD pole
figures also showed grain growth during sample annealing.

INTRODUCTION
The technology of bulk niobium cavities is already close
to the theoretical performance limit thanks to several decades of continuous research and technological innovation.
Today industrialised cavity production with fields up to 45
MV/m and a Q-factors exceeding 1010 at 2 K operation is
possible [1, 2], with a record of 49 MV/m achieved recently
[3].
The research on new materials could lead to more compact and energy efficient accelerators. The recently published Conceptual Design Report of the Future Circular
Collider [4] proposes the application of both niobium
coated copper and bulk niobium cavities, as part of the accelerator structure of FCC-ee [5]. It builds on the long tradition of coated copper superconducting cavities at CERN.
The high heat conductivity of copper would permit 4.5 K
operation. Niobium coated Cu cavities are less prone to
magnetic flux trapping compared to bulk Nb, but the steep
Q-slope of the coated cavities must be mitigated to outperform the bulk niobium technology [5].

METHODS
High quality Nb sheets (RRR 300, approx. 2.8 mm thick)
purchased from Research Instruments (RI) were treated by
buffered chemical polishing (BCP), then cut to 5x5 mm2
squares by high pressure water at RI. The cut samples were
baked out in the high-temperature UHV furnace located at
___________________________________________

Virgin sample
1 mbar, 1450 °C, 1 min
50 mbar, 1450 °C, 2 min
100 mbar, 1550 °C, 10 min
Virgin sample 2019-02-11

Figure 1: SIMS depth profiles of 14N normalised to 93Nb
measured on the Nb samples with O2+ ions.
IKP, TU Darmstadt (“Wuppertal oven”) [6]. The virgin
and treated samples were characterized by X-ray diffraction (XRD), electron microscopy and secondary ion mass
spectrometry (SIMS) at the ATFT group of TU Darmstadt.
The XRD measurements were done on a Rigaku
SmartLab diffractometer with rotating copper anode
(λ=1.54 Å), line focus mode and parallel beam set-up.
Specular scans were taken in θ-θ geometry and pole figures
at different Bragg-peak positions (constant detector angle).
The SIMS measurements were done on a Cameca ims5f
spectrometer with O2+ ions.

RESULTS AND DISCUSSION
Niobium samples were annealed and nitrided according
different recipes. The process parameters were changed in
a stepwise manner. Based on the SIMS feedback, the doping recipe was changed from single-shot nitrogen injection
to a continuous N2. With this enhanced doping protocol nitrogen diffusion was finally observed (Fig. 1). The SIMS
measurements also showed the depletion of hydrogen and
carbon in the annealed samples compared to the virgin ones
(not shown) in accordance with previous runs [7].
X-ray diffraction showed the appearance of surface NbN phases. For annealing at 1450 °C for 2 min in 50 mbar
nitrogen atmosphere the Bragg peaks could be described as
a mixture of α-Nb and β-Nb2N phases (Fig. 2, top). For the
sample annealed at higher temperature, for longer time and
with increased nitrogen pressure (1550 °C, 10 min at 100
mbar N2 atmosphere) the appearance of the δ-NbN phase
was found (Fig. 2, bottom). The Bragg peaks are consistent
with a mixture of α-Nb, β-Nb2N and δ-NbN phases.
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2θ (deg.)
Figure 2: X-ray diffraction pattern of N-doped niobium samples. The nitridation was done in the “Wuppertal oven” at
IKP, TU Darmstadt. The reflections of the phases are noted by tick marks: α-Nb (red), β-Nb2N (black) and δ-NbN (blue).

α-Nb 200 (2θ = 55.7°)

β-Nb2N 100 (2θ = 33.85°)

δ-NbN 200 (2θ = 41.15°)

Figure 3: Pole figures of the different phases of a N-doped sample. The sample was annealed in the “Wuppertal oven” at
1550 °C in 100 mbar N2 atmosphere for 10 minutes. Bragg peaks related to different phases were selected for the pole
figures: α-Nb (left), β-Nb2N (middle) and δ-NbN (right). The intensity is plotted on a logarithmic scale (colour bar).
As the materials is not in powder form and vertically layered (a strongly textured coating on an almost single crystal
substrate) no quantitative phase analysis was possible. The
possible transformation of the δ-phase to γ was also not investigated.
To check the crystallite size and texture of the newly
formed surface phases, pole figures were measured (Fig. 3)
in a similar way to previous studies [7]. This time different
detector angles (2θ) were set for the three phases; 55.7°,
33.85° and 41.15° for the 200, 100 and 200 reflections of
the α-Nb, β-Nb2N and δ-NbN phases, respectively. The
pole figure related to Nb (Fig. 3, left) shows a few very
strong and narrow reflections, while the β- (middle) and δ(right) phases are less textured with larger mosaicity (seen
as larger number of broader peaks).
MOP028
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We interpret the broad distribution of the formed nitride
phase as small crystallite grown on top the almost single
crystalline Nb. The grain size of Nb is much larger, than of
the nitrides due to the recrystallization seen before [7].

CONCLUSION
With the improved doping process Nb-N phases were
first seen on samples doped in the “Wuppertal oven”.
According to the pole figure measurements, different
Nb-N phases showed different texture, and crystallite size.
The δ-NbN phase showed the least texture, followed by βNb2N, both sitting on top of the almost single crystalline
α-Nb sample. The doping conditions (pressure, temperature and duration) will be further optimized to get a clean
δ-NbN layer on top of the recrystallized niobium samples.
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Abstract
The SHINE SRF accelerator is designed to operate in
CW mode with more than six hundred superconducting
cavities. In order to reduce the high cost of construction
and operation of the cryogenic system, high-Q cavities
with nitrogen-doping technology together with traditionally treated large-grain cavities have been considered as
two possible options. In this paper, we present N-doping
studies on single-cell cavities fabricated with fine-grain
and large-grain niobium.

INTRODUCTION
The Shanghai HIgh repetition rate XFEL aNd Extreme
light facility (SHINE), updated from the previous name
SCLF, is under construction in Shanghai. The SHINE accelerator is designed to deliver an electron beam till 8 GeV
based on a CW superconducting (SC) RF Linac [1], applying six hundred 1.3 GHz cavities and sixteen 3.9 GHz cavities.
The main challenge is the 1.3 GHz cavities with specification of Q0=2~3×1010 at Eacc = 14~18 MV/m. The finegrain (FG) cavities with traditional surface treatments,
such as BCP, EP together with 120 °C mild baking cannot
meet the SHINE high-Q requirements. In recent years, the
newly developed technologies, including N-doping, N-infusion and low temperature baking offers the possibility [2,
3, 4]. Especially, the high-temperature N-doping technology discovered by FNAL, further developed by a triparty
composed by FNAL, JLAB and Cornell, has been applied
on the series production of LCLS-II cavities and is expected to witness beam operation in the following years. In
addition, a cavity fabricated with large-grain (LG) niobium
is usually expected to have higher Q0 comparing to a finegrain one under similarly traditional surface treatment, offering another possibility to achieve Q0>2×1010 at Eacc =
14~18 MV/m [5,6].
Aiming to reach the SHINE high-Q requirements, three
laboratories in China, including Institute of High Energy
Physics of the Chinese Academy of Sciences (IHEP), Peking University (PKU), and our lab in Shanghai, have been
carrying out the relative studies on N-doping technology as
well as on large-grain cavities.
We have fabricated eight 1.3 GHz single-cell cavities,
among them half in FG and the other half in LG niobium.
Different surface treatments, including various N-doping
____________________________________________
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recipes and no-nitrogen baseline one, have been applied on
these cavities. These 1.3 GHz cavities are fabricated at
Ningxia and tested at PKU.
Besides, another eight 3.9 GHz single-cell cavities made
in FG and LG niobium from Ningxia have also been fabricated not only to study the N-doping technology on higher
frequency cavities but also to pre-prepare some relative devices and skills for the project. Some of them have been
tested at IHEP, with a baseline test at INFN-LASA. Due to
less priority, 3.9 GHz cavities will be not be reported in
detail here.
In this paper, we present the design, fabrication, surface
treatment and vertical test results of the single-cell cavities
that are dedicated to N-doping studies.

CAVITY DESIGN AND FABRICATION
A design of a single-cell cavity can be divided into three
parts: the shape of the cell, the length of the tubes, and the
size of the flanges.
Firstly, in order to present a RF performance similar to
the 9-cell cavity, we designed a single-cell cavity with
closer peak-field ratio to the 9-cell one. Therefore, we
chose the longer end half-cell of TESLA cavity to form the
1.3 GHz single-cell cavity [7], and chose the inner-cell of
the E-XFEL third-harmonic cavity for the 3.9 GHz singlecell cavity [8]. The design parameters for the 1.3 GHz and
3.9 GHz single-cell cavities are shown in Table 1.
Table 1: Single-Cell Cavity Design Parameters
Cavity type
1.3 GHz
3.9 GHz
Design freq. (MHz)
1299.8
3814.5
G (Ω)
278
271
R/Q (Ω)
105.0
91.9
Leff (mm)
115.4
38.4
Ep/Eacc
1.88
1.85
Bp/Eacc(mT/(MV/m)) 4.28
4.60
Фtube (mm)
78
30
Ltube (mm)
155
70
Secondly, for the tube length, we balanced the influence
of Q measurement with stainless-steel flanges and the cost
of tube material, and chose a proper length for both cavity
types. Finally, to choose the flanges, we mainly consider
the compatibility issues, including the existing sealing
flanges, interfaces, and the existing equipment such as simple EP device, HPR etc. Therefore, we chose the standard
TESLA-cavity flange for the 1.3 GHz single-cell cavity,
and designed a large flange for the 3.9 GHz single-cell cavity, suitable to the future 3.9 GHz 9-cell cavity as well.
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In order to speed up the surface treatment research and
to achieve a repeatable result, a total of 16 single-cell cavities have been fabricated, as shown in Figure 1.

Figure 1: 16 single-cell cavities made in FG and LG Nb.
Due to the tricky mechanical property of LG niobium
and a relatively higher deformation rate to form a 3.9 GHz
half-cell, the wall thickness was not uniform at the trial
stage. Many efforts were made to improve the cell-shape
and wall-thickness uniformity. Except two half-cells were
not measured, the wall thickness of the other 6 LG halfcells used on the single-cell cavities is shown in Figure 2.
The equator, position 1 is cut thinner to ensure full penetration of EB welding.

Figure 2: Wall thickness at different positions of the fabricated LG 3.9 GHz half-cells.

SURFACE TREATMENTS
After fabrication, the single-cell cavities are surface
treated for N-doping studies or baseline measurements. For
the 1.3 GHz cavities, all the N-doped ones experienced

heavy polishing with a combination of BCP and EP, followed by a high-temperature heat treatment and a N-doping at 800℃, and finished with light polishing by EP.
The surface damaged layer is etched by not only EP but
a combination with BCP to increase the average etching
rate due to time limit at the company. Concerning to the
baseline cavities in the first batch, all of them are etched by
only BCP at both heavy and light polishing steps, in order
to exclude an uncertain influence by the simple EP. In order to preclude a possible Q-decrease caused by flux trapping in the damaged layer, according to PKU’s studies on
Ningxia OTIC niobium [9], the heavy-polishing thickness
has been increased to 250 μm for all the eight 1.3 GHz single-cell cavities. In future, more studies are required to
evaluate this proper thickness removal for 9-cell cavities.
Previous studies by FNAL showed that for a cavity made
in Ningxia's FG niobium, the annealing temperature needs
to be increased to 950/975 °C to benefit enough high Q0
from N-doping treatment [10].
Due to the possibly nonuniform removal by the simple
EP device, we started the studies from the heavy-doping
recipes, developed by JLab and Cornell University [11], to
bear larger thickness error in the light polishing after doping. Meanwhile, we have also studied the 2/6-recipe developed by FNAL. More recipes are also in trial or under development, including the recent 3/60-recipe developed by
JLab that is able to bring the maximum accelerating gradient higher than 30 MV/m [12].
After high-temperature N-doping, the poor SC nitride
layer has to be removed by chemical polishing. For 2/6 recipe, FNAL studies show that the optimum thickness removal is 5 - 7 μm; and for 20/30 recipe, JLAB studies show
that the optimum removal range is 10-25 μm [13]. For 2/6
recipe, we adopt 5 μm for the 1300-L03 cavity. And for
20/30 recipe, we adopted 15 μm for 1.3 GHz LG cavities,
and 20 μm for 1.3 GHz FG ones. The recipes applied on
the 1.3 GHz single-cell cavities are shown in Table 2.
Among them, the cavity 1300-S02 suffered an accident of
acid residue after 1st EP light polishing, removed by 5 μm
EP etching as solution, but then suffered an HPR rod stop
that created 3 burning circles in the tube. Due to this reason,
1300-S02 was re-treated for N-doping and vertical test.

Table 2: Surface Treatment Recipes for The Eight 1.3 GHz Single-Cell Cavities
Cavity 𝐍。

Heavy polishing [um]

HT for 3h

N-doping @ 800C ~3.3 Pa

Light polishing

BCP170+EP80
BCP170+EP80
EP20
BCP250
BCP170+EP80
BCP170+EP80
BCP250

975℃
975℃
800℃
800℃
800℃
800℃
800℃

20/30
20/30
20/30
20/30
2/6
-

EP20
EP20+EP5
EP20
BCP20
EP15
EP5
BCP20

1300-S01
1300-S02 (1st treat.)
2nd treat.#
1300-S03, S04
1300-L01, L02
1300-L03
1300-L04
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VERTICAL TEST
Clean Assembly
After surface treatment at company, the cavities are sent
to SRF lab for vertical test preparation, including ultrasonic
cleaning, high pressure water rinsing (HPR), clean assembly, leak check and so on. In order to reduce surrounding
residual magnets, the flanges, bolts and screws are made in
316L stainless steel, and annealed in high temperature furnace. Before mounting to the cavities, each bolt and screw
is checked with residual magnet measurement device. Figure 3 shows the single-cell cavities cleanly assembled on
the insert for vertical test at PKU.

Figure 3: Single-cell cavities cleanly assembled on the
insert for vertical test.

Test Results
Figure 4 shows the vertical test results of 1.3 GHz LG
cavities. All the three N-doped LG cavities achieve high Q0
at 2K with maximum accelerating gradient (Eacc) higher
than 18.5 MV/m. Among them, the maximum Eacc of
lightly N-doped cavity L03 reaches 22.5 MV/m. And the
two heavily N-doped cavities, L01 and L02, show similar
RF performances. The RF performance of all these three
cavities exceeds the SHINE specifications. Compared with
the BCP baseline cavity L04, Q0 is obviously improved,
and the anti-Q-slope phenomenon, a typical characteristic
of N-doping, is also observed. These test results show that
a repeatable N-doping technology has been realized on LG
single-cell cavities.
Concerning to the baseline cavity, L04 reaches 2.3x1010
at around 5 MV/m, which is a normal level, but Q0 decreases rapidly after 6 MV/m, and the maximum Eacc only
reaches to 9.5 MV/m, accompanied by a strong X-ray radiation. The strong field emission is very likely due to a contamination by changing the CF35 copper gaskets, in order
to seal the leakages found at the valve flanges that are near
MOP029
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to the open tube of cavity. During the re-assembly, the
other cavity L01 was mounted on the same insert with
valve closed, hence suffered less contamination. The other
two LG cavities, L02 and L03 that were tested at another
cooldowns, without appreciable field emission.

Figure 4: Test results of 1.3 GHz LG cavities at 2K.
During the tests of 1300-L03 cavity, we found that Q0
decreased about 10% after each quench. As shown in
Figure 5, the first quench appeared at 18 MV/m (T1), the
second at 17.5 MV/m (T2, power decreased from maximum), and the maximum Q0 droped to 3.6x1010 (about
20% lower than T1); the third quench appeared at 1.6 K
with a maximum Eacc reached to 22.5 MV/m. The fourth
quench happened at 2 K test (T3) after rising temperature
from 1.6K. After 4 quenches, the Q0 at 2K was only
3.4x1010, but the maximum Eacc=22.5 MV/m was maintained. The Q0 drop is likely due to the trapped flux during
each quench.
To verify this assumption, we raised the temperature to
15 K and re-cooled down to 2 K. In the 4th test (T4), the Q0
increased to 3.7x1010 and the maximum Eacc reached again
to 22.5 MV/m, as shown in Figure 5. This result partially
verifies the above assumption, but Q0 still does not return
to the level in T1, which maybe explained that the temperature up to 15 K is still too low to create an enough vertical
temperature gradient to effectively expulse flux [14].

Figure 5: N-doped cavity, 1300-L03 Q-E curves at 2K
after different number of quenches.
In the first batch of surface treatment, the N-doping
results on 1.3 GHz FG cavities are not as good as the
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LG ones. Figure 6 shows the test results of the two FG cavities, including the heavily N-doped S01 and baseline S04.
Compared with the baseline cavity, the Q0 of S01 has a significant increase at low Eacc region but decreases gradually
from 5 MV/m and quenches at 18 MV/m without appreciable field emission. Similarly, even the baseline cavity
quenches at a low accelerating gradient. More studies are
undergoing to find the reason and to improve the surface
treatments.
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SUMMARY
In total, 16 single-cell cavities have been fabricated to
study N-doping technology for SHINE project. Up to now,
we have realized the 20/30 and 2/6 N-doping recipes on the
1.3 GHz LG single-cell cavities, and have achieved repeatable results. For the 20/30 recipe, Q0 reaches
4.7x1010@Eacc=16
MV/m,
with
a
maximum
Eacc=20.3 MV/m; and for the 2/6 one, Q0= 3.7x1010@16
MV/m with a maximum Eacc=22.5 MV/m. Both exceeds
the SHINE specification. Q-enhancement by N-doping on
FG cavities has been observed but not fully meet SHIEN
specification yet. More studies are undergoing to improve
the surface treatment technology, including various N-doping recipes.
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ANALYSIS OF SURFACE NITRIDES CREATED DURING "DOPING"
HEAT TREATMENTS OF NIOBIUM*
J. K. Spradlin†, A. D. Palczewski, H. Tian, and C. E. Reece
Jefferson Lab, Newport News, VA, USA
Abstract
The benefits of reduced RF losses from interstitial "doping" of niobium are well established. Many of the details
involved in the process remain yet to be elucidated. The
niobium surface reacted with low-pressure nitrogen at
800°C presents a surface with chemical reactivity different
than standard niobium. While standard "recipes" are being
used to produce cavities, we seek additional insight into the
chemical processes that may be used to remove the "undesirable" as-formed surface layer. This may lead to new processing routes or quality assurance methods to build confidence that all surface "nitrides" have been removed. We
report a series of alternate chemistry treatments and subsequent morphological examinations and interpret the results. We also introduce a new standardized Nb sample
system in use for efficient characterization of varying doping protocols and cross-laboratory calibration.

INTRODUCTION
Improving the performance of SRF cavities becomes
more difficult as the technology reaches the theoretical limits. Recent developments in SRF cavity processes leverages the diffusion of nitrogen into the Nb surface to improve the cryogenic RF performance. Understanding how
the interstitial nitrogen improves the quality of the niobium
is fundamental to developing a robust reliable process for
SRF cavity preparation. Small samples of representative
Nb coupons enable investigations of the nitration processes
that are otherwise confounded or impractical with cavities.
Witness samples facilitate analytical characterization of the
surface morphology, chemical composition, and near surface crystallinity for representative nitration processes
without sacrificing a cavity. Investigations of various nitration processes and post nitration chemistry effects have
correlated SEM observations and EBSD data to suggest explanations for nitration cavity inconsistencies in RF performance.

NITRATION PROCESSES
Improving niobium SRF performance with nitrogen interstitials was first reported by A. Grassellino in 2013 [1].
It was shown that N2 exposure to niobium lacking a passivating oxide during thermal treatments improved SRF
performance to a new standard. The performance benefit
of 2-3 improvement in Q0 and field enhancement are only
realized after chemical removal of some thickness. The RF
response as a function of doping protocol and removal
___________________________________________
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thickness is not yet well characterized. Benefits in RF performance are only realized in Nb that has been uniformly
polluted with nitrogen and is completely absent of Nb2N
phases. Nitrogen is reported as the most significant Columbic scattering center for all elemental impurities considered
in Nb sheet specifications with dislocation densities around
108 cm-3 in recrystallized material [2]. First-principles calculations of nitrogen energetics in a niobium lattice indicate that nitrogen blocks hydrogen residence in the lattice
by preferentially occupying vacancies and octahedral interstitial sites [3] and nitrogen is a more energetically favorable interstitial impurity than oxygen or carbon [4]. Calculations from lattice modeling support the observations that
nitrogen spontaneously diffuses into niobium up to some
critical concentration and nitrogen interstitials reduce lattice availability for hydrogen [3, 4, 5]. After the nitration
process, the niobium surface is polluted with crystallites
that increase RF losses [1, 6]. Studies by Trenikhina et al.
named the crystallite phase as Nb2N and identified local
crystallographic relationships to niobium [6]. The specific
conditions that precipitate Nb2N phases in the niobium surface has not been reported. The effective diffusion rates,
critical concentration of nitrogen (lattice saturation), density distribution profile, and chemical properties have not
been specifically reported for SRF niobium nitration processes.

SAMPLE PREPARATION
A set of samples was created to provide a well-controlled
base material to characterize the effects of different nitration processes. While other characterization tools are useful, as previously demonstrated, the chief tool for analysis
of the interstitial content of surface niobium is secondary
ion mass spectrometry (SIMS). While SIMS can be very
sensitive to low concentration components, obtaining calibrated quantitative results is non-trivial and time-consuming [7]. We thus tailored our sample format to best integrate with SIMS analysis.
We established a collaborative relationship with the Nanoscale Characterization and Fabrication Lab (NCFL) at
Virginia Tech (VT) to engage the use of their Cameca IMS
7f GEO dynamic SIMS in our investigations. In order to
be time and cost effective in the use of the instrument, we
settled on 6 × 10 mm sections cut from standard RRR grade
2.8 mm SRF cavity cell sheet stock. This sample format
accommodates 5 samples plus one implant standard on
each stage loaded for SIM’s analysis.
Tokyo Denkai niobium sheets purchased under the
LCLS-II specification were first heat treated to 900 °C for
3 hour in a vacuum oven at ~ 1×10-6 Torr [8]. The sheets
were then cut by wire electro-discharge machining to size
and BCP etched a nominal amount of 50 µm. The coupons
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were then nanopolished on one major face by Surface Finishes (Addison Il USA) to a flatness of 200–300 nm. While
the nanopolish yielded planar surfaces quite suitable for
depth profiling with SIMS, we found that there was occasional residual polishing media imbedded in the surface.
Additionally, the coupons were suspected of having a surface crystallinity that was not representative of a cavity. To
correct the disparity in surface quality of the coupons, the
nanopolished coupon faces were electropolished in a 10:1
mixture of H2SO4 (98%):HF(49%) at room temperature in
a potentiostatic cell using an aluminum cathode with ~10 V
applied cell potential (~ 10 cm working distance) for a total
removal of at least 10 µm. Electropolishing the coupons
maintained the nanopolished flatness and improved the
crystallinity.

SAMPLE USE
The niobium coupons were used as witnesses, processed
together with niobium cavities during furnace heat treatment runs. In order to build confidence in the uniformity of
process conditions in various furnaces, samples have been
included in furnace runs at DESY, FNAL, Cornell University, Research Instruments GmbH, Ettore Zanon SpA, and
also supplied to KEK. The intent is to have standardized
samples and standardized analysis so that unrecognized
process differences might be uncovered and underlying
process dependencies elucidated. It remains yet to be
demonstrated that the various furnaces and process controls are functionally equivalent to a detailed level.
The normal routine with “doped” small samples is to perform a brief SEM morphological examination, then give
each sample surface a 5 µm EP analogous to a typical
“doped” cavity EP, re-inspect with SEM, and then route
them for SIMS concentration depth profile characterization
for elements N, O, and C to a typical depth of 1.5 µm, occasionally 8 µm. Results to date from the SIMS measurements are contributed to this conference in A. Palczewski
and J. Angle contributions [9, 10].

CHARACTERIZATION WITH SEM
After completion of the nitration furnace run the samples
were investigated with a Tescan VEGA 3 XMH LaB6 scanning electron microscope (SEM) equipped with EDAX
EDS and EBSD detectors. Inspecting samples before
SIM’s measurements with the SEM allows screening of the
samples and provides a correlation of the observed topography with the depth profile data.

Expected Surfaces after 5 µm EP
A set of 4 samples treated together with cavities at Research Instruments (RI) were examined by SEM with incremental EP removals. Three process states are presented
in Fig. 1. Each column of images corresponds to a specific
sample processed by RI and the top row of images represents the as-nitrided surfaces, the middle row corresponds
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to the 1 µm EP surfaces, and bottom row presents 5 µm EP
images. In the top row, each image presents a single
“doped” grain for each sample. Two different doping protocols are represented, 3N60 and 2N0. Incremental EP cycles were conducted to visualize the Nb2N distribution and
orientation in the Nb surface. It was observed, however,
that in short < 1 µm, EP cycles, the observed Nb surface
had pits ~1–1.5 µm deep with densities similar to the observed pyramidal densities of the as-nitrided samples. Despite siginificant differences in the 1 µm EP surfaces, all of
the samples look similar at a 5 µm EP depth. The images
of the 5 µm EP are indicative of ideal cavity surfaces.

Unexpected Surfaces after 5 µm EP
For some nitration samples, representative of a cavity
ready for RF testing (a “doped” Nb surface with 5 µm EP),
upon SEM inspection we observed instances suggesting
that Nb2N phases had formed at some depth below the surface.
On at least two samples each subjected to 2N0 and 3N60
protocols and controlled 5 µm EP, specific localized grains
were found to have a surface somewhat recessed with respect to the mean plane and also decorated with pyramidal
topography quite similar to but about 1/10 scale to that observed on the surface of “as-doped” niobium. See Fig. 2.
Further characterization is needed, but this has the appearance of a deeper set of nitrides than has not been previously
recognized. Specific Nb properties that may cause pyramid
formation 4–5 µm below the surface have not been previously considered.
In a few cases, there have been grains observed in the asnitrided surface that have no pyramids while surrounding
grains have expected densities. One may specultate that
there are some thin, or shallow, grains with too little volume or capacity to support precipitation of the Nb2N phase.
It may also be that at particular grain boundary angles assisted diffusion leads to locally higher conductances of N
interstitials that saturate at some properly oriented subsurface grain.
The potential implications of such a finding are important. If there are specific combinations of “unlucky”
grain orientations and thicknesses that promote significantly deeper nitride formation in “N-doped” niobium, this
might be an explanation for variability of cavity quench
field levels with all other factors constant. Further investigation is quite warranted.

Unexpected Surfaces after HF Soak
After inspecting the initial nitration surface, some small
samples were subjected to atypical chemical etches in an
effort to find an etchant that could selectively remove the
nitride phases. It is well accepted that concentrated HF at
room temperature does not significantly etch pure Nb. Sulfuric acid in any concentration at room temperature does
not have an adequate chemical potential to etch Nb.
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Figure 1: Images for (4) vendor-treated samples with different nitration recipes (top row). 1 µm EP (middle row), and
5 µm EP (bottom row). All SE images are 25×25 µm scale.

10 µm

Figure 2: Images of doped Nb coupons’ final EP surface.
A series of investigations were pursued to determine the
reactivity of Nb2N in HF and H2SO4 at room temperature.
A comparison of the process states for NL115, a 3N60 sample produced in the Elnik vacuum furnace inside a single
cell cavity with high conductance cavity caps at JLab, is
MOP030
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presented as Fig. 3. The images on the left are representative of as-nitrided 3N60 surface.
The effects of exposure to HF alone was surprising. Conventional experience is that HF dissolves any Nb2O5, but
leaves bulk Nb unaffected. (Thus the use of “HF rinses” to
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remove only a few nm per cycle.) A 1 hour soak in concentrated HF selectively chemically etched ~ 0.5 µm of the Nb
surface excavating the Nb2N precipitates. Highly disturbed
niobium near the surface of a “nitrided” sample was removed, leaving behind apparently intact, but slightly
modifed Nb2N crystals. The sample was subjected to an
additional 6 hours of HF where it was determined that the
etchant had exhausted activity. It was determined by SEM
examination that the etchant was anisotropic, removing a
grain dependent thickness and producing a grain specific
roughness of the surface. The roughness suggests that there
is grain orientation dependency of nitride diffusion depth
within the first micron, potentially also the absorbed concentration, and consequently the resulting effective chemical potential probed in the HF removal. The sample
showed no change after a 6 hr soak in concentrated H2SO4
at room temperature.
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Comparing the upper and lower images across the panels
in Fig. 3 demonstrates the varying density of nitride pyramidal features on different grains of the niobium. The center
two images are representative of the surface observed after
a 1 hour concentrated HF soak at room temperature. The
pyramidal features are evolving in area and height from the
surrounding defective Nb etch plane.
Comparing the density in the top and bottom center images demonstrates again the grain orientation dependency
of the pyramid density and the pyramid characteristic
length scales (physical size and diffusion/inhibition zones).
The bottom center image represents extremes in pyramid
feature disparity, the larger featured lower density, precipitates are visible on the left and the smaller featured higher
density nitrides are evident on the right. The right two images are representative of the observed surface after

Figure 3: Comparison of Niobium surface for 3N60 sample after nitration (left images), nitration + 1 hour HF soak (center
images), and 1 + 6 hours HF soak (right images). All SE images are 25×25 µm scale.
the additional 6 hour HF soak. Comparing the 1+6 hr HF
soak to the 1 hr HF soak indicates further etching and complete excavation of the Nb2N. In all process states the densities, characteristic orientations, and size of the observed
features varied with Nb grain.
Further analysis of the bottom image offers some new
insight into the nitration precipitation physics. The Nb2N
features observed are in two distinct orientations which appear approximately orthogonal. Several other structures
are observed other than pyramids. It is likely that the geometry of the nitrides would be context sensitive, i.e. structurally influenced. The total feature density was around
mid 108 features per cm2.
Fundamental R&D - Nb
processing (doping, heat treatment)

It is unclear whether the feature orientations in the HF
soak images are representative of the pyramidal positions
before the HF soak. It seems unlikely that the features settled or rotated significantly during the removal of the surrounding defective Nb. The features have 2 or 3 preferred
orientations at characteristics angles of ~ 90° and ~ 60° in
any of the 1 hr or 1+6hr fields of view. The uniformity of
arrangement is statistically inconsistent with randomized
rotations or settling. The precipitates appear to have anchor points on the Nb surface that are strong enough to resist generalized forces such as water rinsing and anti-static
nitrogen but were not adhered to the surface sufficiently to
withstand direct mechanical abrasion.
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A region of the HF-soaked sample was selected for
EBSD analysis, Fig. 4, where several neighboring grains
had been mostly swept free of surface nitride crystals. The
region selected had five grains visible in the SE image from
differential HF etching. In Fig. 4, the left panel is the SE
image with grains labeled and the EBSD region identified
by the red rectangle. The middle panel is the EBSD inverse
pole figure of the selected region. On the right, there is a
representative Kikuchi pattern for each Nb grain orientation with a ranking for the degree of grain etching and the
estimated pyramidal density extrapolated from morphological and tilted SE imaging.
Serendipitously, the areas swept mostly free of precipitates provided a unique perspective on the relationship between the nitride features and the surrounding Nb. Grains
3 & 5 had the most etching, estimated at most to be 2 µm
of defective Nb, followed by grain 1, then grain 2, and the
flattest grain with the least volume of Nb removed was
grain 4. It is estimated that the thickness of defective Nb
removed from regions like grain 4 was at most 1.5 µm,
likely closer to 0.75 µm or less. Most of grain 4 still had
Nb2N pyramidal features present preventing the EBSD
software from indexing the underlying bulk Nb orientation.
Investigating grain 4 manually, it was found that the Kikuchi patterns obtained were likely a hexagonal phase consistent with Trenikhina et al. TEM data [6].
There is a strong correlation between the character of the
Nb plane revealed by chemical etching and the Nb2N features present. Grains with the least amount of Nb removed
had higher densities of pyramidal features sitting on a shallow smooth Nb plane, while grains with the most Nb removed had larger Nb2N pyramidal features sitting on
rougher Nb grains with triangular terrace faceting. From
the HF-soaked morphological observations presented in
Fig. 3, there is an inversely proportional relationship between the Nb2N density and size. Densely populated grains
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had the smallest Nb2N pyramids and the least thickness of
Nb removed by HF alone.

CONCLUSIONS
Careful preparation of reference samples and controlled
studies parallelled with niobium SRF cavity work offers
opportunities to better understand the material reality that
yields the corresponding cavity performance. Rather
straightforward use of an SEM for incremental process
characterization and analysis has revealed unexpected reactivities and surfaces.
The precipitation of Nb2N is observed to be quite variable with niobium grain orientation, at least within the first
few microns. It is suspected that the precipitation variance
is resulting from grain specific accumulation and transport
of nitrogen into the niobium surface. Controlled EP on controlled samples reveals a grain-specific structure resulting
from grain-specific N dynamics.
A method for using concentrated HF to selectively etch
defective Nb to expose sub-surface nitration precipitates in
“doped” Nb was used to aid in the process development for
Nb “doping” recipes. Current data suggest that developing
a robust process for SRF cavity production utilizing nitrogen interstitials is challenged by Nb material properties and
nitrogen precipitate behavior.
Understanding the local conditions that lead to Nb2N
precipitation could be instrumental in nitration process development for SRF cavities. Studies are underway to determine the effects of nitration process parameters and Nb
material properties on the formation of Nb2N precipitates.
Avoiding the presense of such precipitates in functional
SRF surfaces is likely critical to realizing the full performance benefits of Nb “doping”.

Figure 4: NL115 3N60 1 + 6 hour HF soak SEM and EBSD map of an abraded region.
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Abstract
This paper will present a systematic investigation of the
resonant frequency behaviour of niobium SRF cavities
subject to different surface processing (nitrogen doping, nitrogen infusion, 120°C bake, EP, etc.) near the critical transition temperature. We find features occurring in frequency
versus temperature (FvsT) data near Tc that seem to vary
with surface processing. Emphasis is placed on one of the
observed features: a dip in the superconducting resonant
frequency below the normal conducting value which is
prominent in nitrogen doped cavities and appears to be a
signature of nitrogen doping. This gives further insights on
the mechanisms responsible for the large increase in performance of cavities subject to this surface treatment. The
magnitude of this dip in frequency is studied and related to
possible physical parameters such as the concentration of
impurities near the surface and the cavity design resonant
frequency. A possible explanation for the meaning of this
dip is discussed, namely, that it is a result of stronger coupling between electrons and phonons within the resonator.

INTRODUCTION

Superconducting radio-frequency (SRF) cavities are one
of the leading technologies in cost effective particle acceleration. They allow for high accelerating gradients while
maintaining high quality factors. It has been shown that the
performance of these cavities is strongly dependent on the
near surface impurity structure due to the supercurrents
that flow in this region. As such, preparation of the first
couple hundreds of nanometers of the RF surface is of the
utmost importance. The performance of cavities subject to
various surface treatments treated and tested at FNAL are
shown in Fig. 1. The surface treatments used to prepare the
cavities shown in Fig. 1 are outlined in Table 1. Certain
surface treatments allow for very high accelerating gradients such as the 120°C bake, nitrogen infusion, and
75/120°C bake [1-3]. Another surface treatment, such as
nitrogen doping, allows for very high quality factors [4,5].
In addition to differences in performance, these surface treatments vary the resonant frequency as a function
of the temperature of cavities. In addition, these surface
treatments appear to influence interesting features that
arise in frequency vs temperature (FvsT) data near the transition temperature (Tc) of the cavity. This paper presents a
systematic investigation of these features in FvsT data near
Tc. Although five distinct features are presented, one feature in particular, a prominent dip in the superconducting
___________________________________________
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resonant frequency of the cavity below the normal conducting value that occurs just below the transition temperature, is emphasized.

Figure 1: Quality factor vs accelerating gradient (Q0 vs
Eacc) data taken at 2 K for 1.3 GHz SRF caviites subject to
the surface treatments outlined in Table 1.

ZOOLOGY OF F vs T FEATURES
The resonant frequency of a cavity is measured at low
fields with a network analyser as the cavity is warmed up
through transition. The temperature is measured using
Cernox RTD temperature sensors. As the cavity temperature increases, the resonant frequency of the cavity decreases due to the temperature dependence of the penetration depth, which increases with temperautre. This is well
described by the Gorter-Casimir two-fluid equation
𝜆𝜆(𝑇𝑇) =

𝜆𝜆0

�1−� 𝑇𝑇 �
𝑇𝑇𝐶𝐶

4

,

(1)

where 𝜆𝜆0 is the penetration depth at zero Kelvin. However,
deviations from this equation have been observed in experimental data as it does not consider the effect of the superconducting gap [6]. It is understood that any model that
considers a gap will show that the penetration depth will
more rapidly approach its zero-temperature value than one
that does not [7]. As such, the superconducting gap of a
resonator will influence its penetration depth into the surface, which in turn varies the profile of the resonant frequency as a function of temperature. The model states that
as the temperature approaches Tc, the penetration depth
goes to infinity, causing a discontinuity from the normal
conducting value, which is governed by the normal conducing skin depth. Experimental data of Nb SRF cavities
shows that the resonant frequency of the cavity remains finite in this region. Not only is the frequency finite, cavities
also display five unique and distinct features in this region.
Figure 2 outlines the five unique features observed in
FNAL F vs T data.
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Table 1: Outline of Several SRF Cavity Surface Treatments along with the Resulting Mean Free Path Estimate
Surface
Treatment

N-Doping

N-Infusion

120C Bake

75/120C Bake

EP

800 C x 3
hrs in UHV

120 C x 48 hr in
25 mTorr N

800 C x 3 hrs in
UHV

800 C x 3 hrs in
UHV

800 C x 3 hrs in
UHV

120C x 48 hrs
in UHV

75 C x 4 hrs in
UHV

800 C x 2
min in 25
mTorr N

EP

120C x 48 hrs
in UHV

800 C x
2min in
UHV
5um EP
MFP (nm)

60-300

~1-50

~1-20

~1-20

~1000

INVESTIGATION OF DIP IN F vs T
Signature of N Doping

Figure 2: The five features observed in FNAL F vs T data.
The normal conducting frequency is set to correspond to
0 Hz for each case.
The first feature is a lack thereof, in which there is a
sharp transition from the superconducting (SCing) to the
normal conducting (NCing) frequency, labelled “Standard”. The second feature is described as a foot, which has
a small hump before going NCing. The third feature is a
dip with a bump, indicating that the frequency goes slightly
below the NCing value and then back above it, after which
it decreases back to the NCing value. The fourth feature is
quite similar and only has a small bump. Lastly, there is a
prominent dip in the SCing frequency below the NCing
value. An explanation for the origins of this dip will be discussed later. Although all five features are fundamentally
interesting, this prominent dip in the frequency is the most
striking. As such, a systematic investigation of this dip will
now be discussed.

Fundamental R&D - Nb
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To investigate when this dip in the resonant frequency
below the normal conducting value occurs, a single cell
1.3 GHz TESLA shaped Nb SRF cavity was subject to the
following surface treatments with a surface reset in between to compare same surface morphology; 75/120°C
bake, nitrogen infusion, and nitrogen doping. The cavity
resonant frequency was then recorded using a network analyser as the cavity was warmed up through transition. The
results are outlined in Fig. 3. Note that each curve is corrected for pressure differences within the dewar. Although
the inset on the lower left of Fig. 3 shows the expected differences in temperature dependence of the curves due to
different impurity structure, it is striking to see that the
three treatments produce three of the five observed features
near Tc discussed in Fig. 2. This signifies that the surface
preparation alone is the cause of these differences. The cavity post 75/120°C bake shows a foot near Tc. Nitrogen infusion, instead, gives a small dip with a bump. The cavity
post nitrogen doping gives a prominent dip in the frequency vs temperature data. For all the data studied (48
sets), this prominent dip occurs 100% of the time in nitrogen doped cavities and appears to be a signature of it. Using the 48 sets of data studied, Table 2 outlines the number
of instances in which the surface treatments discussed in
Table 1 displayed the features shown in Fig. 2. All 27 studied nitrogen doped cavities displayed a prominent dip in
the frequency just below the transition. Note that although
there exists one instance of a dip in a cavity post nitrogen
infusion and one instance of a dip in a cavity post 75/120°C
bake, both of these dips were quite small. The effect of the
different cavity parameters on this dip will now be explored.
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Figure 3: Frequency vs temperature data for a 1.3 GHz single cell cavity subject to three different surface treatments.
The inset shows a zoomed-out plot of the three profiles.
Table 2: Occurrences of Features near Tc Observed for Various Surface Treatments. Blank entries signify that there
were no instances of that feature for that surface treatment.
N
Doped

N Infused

27

1

1

Foot

1

4

Bump
Dip + Bump

2

Standard

1

Dip
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75/ 120C
120 C

1

EP

Figure 4: (Left) Frequency vs temperature data for cavities
of different resonant frequencies subject to 2/6 N-doping.
The lower left inset gives a zoomed-out picture of the FvsT
profiles. (Right) Comparison of the dip depth versus the
resonant frequency.

Effect of Nitrogen Mean Free Path on Dip
To study the effect that nitrogen concentration might
have on the dip, one single cell 1.3 GHz TESLA shaped Nb
SRF cavity, TE1RI003, was treated to a variant of a nitrogen doping surface treatment (3/60 N-Doping). The cavity
was then tested after sequential removal of the surface via
EP. This sequential removal decreases the concentration of
interstitial nitrogen that exists within the RF layer. The cavity resonant frequency through warm up and the Q0 vs Eacc
curves after each step of removal are shown in Fig. 5.

1
1

4

1

3

Effect of Cavity Design Frequency on the Dip
To study the effect of cavity design frequency on the
dip, four cavities of different resonant frequencies were
treated to the same 2/6 nitrogen doping surface treatment.
The four resonant frequencies used were: 650 MHz,
1.3 GHz, 2.6 GHz, and 3.9 GHz. The resulting frequency
vs temperature profiles are shown in Fig. 4. It is observed
that the higher the design frequency of the cavity, the larger
the dip. In fact, the figure on the right in Fig. 4 shows that
the dip depth appears to increase linearly with the design
frequency. One simplified possible model to explain this
linear relationship could stem from the frequency dependence of the NCing skin depth. Because it goes as the square
root of the inverse of frequency, higher resonant frequency
cavities will experience a shorter skin depth. As such, the
discontinuity between the normal conducting skin depth
and the penetration depth that occurs at the superconducting transition may increase with frequency, increasing the
depth of the observed dip because the skin depth must effectively “catch up” to the penetration depth.
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Figure 5: (Left) Effect of nitrogen concentration on the dip
in FvsT data for cavity TE1RI003. The inset shows a
zoomed-out picture of the profiles. (Right) A plot of Q0 vs
Eacc after various amounts of removal all taken at a temperature of 2 K.
After a 10 µm removal of the RF surface, TE1RI003
had a prominent dip in frequency just below Tc. The Q0 vs
Eeacc curve for this test shows a typical N-doped profile,
with the existence of the anti-Q slope phenomenon [4]. After removing an additional 5 µm, giving a total of 15 µm of
removal, the dip depth decreased while the transition temperature of the cavity increased. Compared to the previous
test, the Q0 of the cavity was not as high; it also has little to
no anti-Q slope. Removing another 3 µm of the surface
causes the magnitude of the dip to decrease further and the
transition temperature to increase slightly. It should be
noted that the Q0 vs Eacc curve of the cavity after a total of
18 µm of removal of the surface showed the onset of high
field Q-slope [8]. However, data was only taken to 27
MV/m to avoid quenching the cavity at 2 K for this test.
Further measurements at ~1.5 K showed that the cavity
reached accelerating gradients up to 36.5 MV/m and was
power limited. The final test shown in Fig. 5 is after a total
Fundamental R&D - Nb
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removal 25 µm of the RF surface. The magnitude of the dip
is now very small, with a depth of about ~100 Hz, which is
just above the noise level. In addition, the Tc increases further, up to a value of ~9.26 K. In summary, as the concentration of nitrogen gets lower, the doping effect gradually
diminishes in: 1) the temperature dependence of the penetration depth, 2) the depth of the dip, 3) the Q0 vs Eacc
curves.
Some trends with mean free path (MFP) near the surface can be observed from this sequential removal study.
The mean free path of the cavity after each step of removal
was extracted using SRIMP [9]. The MFP values obtained
were then plotted against the depth of the dip in frequency,
measured relative to the normal conducting value, and
against Tc. The results are shown in Fig. 6.

where 𝜎𝜎1 and 𝜎𝜎2 are conductivities of quasi-particles and
Cooper pairs. The surface impedance of the superconductor normalized to the NCing conductivity 𝜎𝜎𝑁𝑁 is
𝑍𝑍𝑆𝑆

𝑍𝑍𝑁𝑁

Figure 6: Effect of MFP on (Left) dip depth (Right) transition temperature.
As can be observed above, dip depth appears to vary
linearly with the mean free path of the cavity. A mean free
path of 220 nm for the cavity corresponds to an absence in
the anti-Q slope, as observed in Fig. 5 after 15 µm of removal. A mean free path of 283 nm is obtained when the
cavity had the onset of high field Q slope. Continuing the
linear trend, the dip is expected to disappear entirely at
400 nm.
The transition temperature also appears to have a linear relationship with the mean free path of the cavity. From
the plot, it is seen that the effect of nitrogen interstitial on
Tc is small, varying only 60 mK for MFP values that range
from 150 nm to 380 nm.

DISCUSSION
Origin of Dip
Although this dip in the resonant frequency below the
normal conducting value just below the superconducting
transition have been discussed elsewhere [10,11], a short
summary of this phenomenon is presented hear followed
by possible implications. Because the normal conducting
skin depth decreases with temperature (due to the longer
scattering times of electrons in the Drude model), this skin
depth can be pushed into the anomalous regime, making
non-local effects important. As a result, Mattis-Bardeen
(MB) theory can be used to gain insight on the mechanisms
responsible for this dip in the frequency. In MB theory [12],
the conductivity of a superconductor is described by
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(2)

𝜎𝜎

= � 𝑠𝑠 �
𝜎𝜎𝑁𝑁

−1/2

.

(3)

For there to exist a dip in the frequency below the NCing
value, the penetration depth must be longer than the NCing
skin depth 𝛿𝛿𝑁𝑁 . For this to occur, the penetration depth must
increase relative to the value of 𝛿𝛿𝑁𝑁 as the temperature decreases through transition. Using (3), for values where of
(𝜎𝜎𝑠𝑠 − 𝜎𝜎𝑁𝑁 )/𝜎𝜎𝑁𝑁 ≪ 1 and if the superconductor is in the dirty
limit, Varmazis et al. obtain the following expression for
the change in the superconducting penetration depth very
close to and below Tc:
𝛥𝛥𝛥𝛥 =

𝜎𝜎𝑠𝑠 = 𝜎𝜎1 + 𝑖𝑖𝜎𝜎2 ,

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP031

𝛿𝛿𝑁𝑁
4

�

𝜎𝜎2

𝜎𝜎𝑁𝑁

𝜎𝜎

− 𝛥𝛥 � 1 �� ,
𝜎𝜎𝑁𝑁

(4)

where the second term in the parentheses denote a change
in the quasi-particle conductivity. This states that for there
to exist a dip in the resonant frequency of a cavity close to
and below Tc, the increase in the conductivity of the superelectrons must be larger than the increase in the conductivity of the quasi-particles. Thus, the superelectrons in a superconductor are responsible for the existence of a dip in
the frequency.
There are two cases that will determine the existence
of this dip in a superconductor which involve the mean free
path 𝑙𝑙, the extreme anomalous skin depth 𝛿𝛿𝑁𝑁∞ , and coherence length 𝜉𝜉0 :
1. 𝛿𝛿𝑁𝑁∞ < 𝜉𝜉0 : dip is likely to exist regardless of the value
of 𝑙𝑙
2. 𝛿𝛿𝑁𝑁∞ > 𝜉𝜉0 : a dip may exist if the mean free path if sufficiently low enough.

In the case of niobium, case 2 is applicable. This means
that the mean free path of the cavity will play a role in determining if the phenomenon in question will occur.
This last point is important in helping to understand
why only nitrogen doped cavities seem to experience this
dip. As outlined in Table 1, electropolished cavities have
very long mean free paths (~1000 nm). As such, this fails
the case 2 condition laid out above, implying that there
should be no dip in the frequency near Tc. Indeed, Table 2
shows that electropolished cavities display only one distinct feature in frequency near Tc in addition to the otherwise expected sharp transition to a plateau in the normal
conducting regime. In addition, cavities subject to 120 C
bake, 75/120 C bake, and nitrogen infusion tend to have a
very short mean free path at the surface; however, this is
true very close to the surface. Further from the surface the
mean free paths become very long, failing again the case 2
condition. This, along with the fact that cavities subject to
these surface treatments do not display a prominent dip,
hint that perhaps the immediate RF surface is not the only

MOP031
115

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

region of importance. To contrast this, nitrogen doped cavities have interstitial nitrogen all throughout the RF layer,
with mean free paths that are significantly shorter than that
of electropolished cavities, as shown in Table 2. As a result,
cavities subject to this surface treatment are expected to,
and do indeed, show a dip in the frequency below the normal conducting value close to and below Tc.

Possible Implications: Strong Coupling
In addition to being fundamentally interesting, the dip in
the frequency below the normal conducting value near Tc
might be indicative of a difference in superconducting parameters of resonant frequency cavities such as the superconducting gap. In BCS theory, when plotted against the
temperature, there exists a peak in the quasi-particle conductivity, 𝜎𝜎1 [13]. This peak is called the coherence peak
and occurs at temperatures of ~0.85 T/Tc. This coherence
peak comes from the increased conductivity of quasi-particles that arises from the breaking of Cooper pairs by thermally activated phonons [14-16]. To couple with the
above studies of the effect of nitrogen concentration and
frequency on the dip, the effect of the superconducting gap
and resonant frequency on the coherence peak are calculated and shown in Fig. 6. Note that by naïvely using BCS
theory and leaving the gap as a free parameter, many of the
elements of strong coupling are ignored; this work however, serves as a mere introduction to present possible paths
forward.
Figure 6 showsthat the resonant frequency of a cavity
strongly controls the height of the coherence peak. Higher
frequencies give lower coherence peak heights. Note that
the resonant frequency also weakly alters the width, which
tends to be centred around ~7 K. In contrast, the superconducting gapΔ appears to strongly control the width of the
coherence peak, with higher values of the gap yielding
thinner widths of the coherence peak. Note that the gap has
little effect on the height of the peak.
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resonator that is presented in Fig. 3 of Klein et al. [14] is
used. The Nb FvsT data this paper presents has this dip in
the frequency just below Tc, as is shown in black in Fig. 7.
Note that Klein et al report preparing the Nb samples with
nitric acid. Using the method laid out in the paper, the given
Q0vsT and FvsT data are used to calculate the quasi-particle conductivity. This calculation of the conductivity is
shown in Fig. 8 and gives the coherence peak shown in
Fig. 5 of Klein et al. This peak is recalculated, but this time
with a generated data set for the FvsT curve so that it more
closely resembles the FvsT data obtained for the 75/120 C
bake shown in Fig. 3 (i.e., the dip no longer exists and the
temperature dependence of the penetration depth changes).
With this fictitious 75/120 C bake data, the width of the
coherence peak is drastically reduced, shown in red in
Fig. 7. As learned from Fig. 6, thinner coherence peaks indicate stronger superconducting gaps, meaning that the absence of the dip indicates stronger coupling. However, this
is just a fictitious set of data used to explain the current
theory; in changing the FvsT profile, the Q0vsT profile that
is also necessary to calculate the conductivity was left untouched. It is possible that real data will show that the dip
indicates stronger coupling between the electrons and phonons within the superconductor. Whatever the result, it is
obvious that the dependence of the resonant frequency on
the temperature is important in obtaining values of the superconducting gap of the resonator.

Figure 7: (Left) FvsT data taken from Fig. 3 in [14] is
shown in black. In red is a generated set of data made to
replicate the FvsT profile of a 75/120 C bake cavity. (Right)
the quasi-particle conductivities calculated using the FvsT
data shown in the left plot.

CONCLUSION

Figure 6: (Left) BCS calculations of the quasi-particle conductivity for various resonant frequencies of cavities with
a superconducting gap of 1.5 meV. (Right) BCS calculations of the quasi-particle conductivity for various superconducting gaps for a resonant frequency of 1.3 GHz. Both
figures are done for niobium with a Tc of 9.25 K.
One can’t help but notice the similarities between the
plots in Fig. 6 and the left figures in Fig. 4 and Fig. 5; perhaps the dip in the resonant frequency might have some
connection to the coherence peak. To investigate this possibility, the data set taken on a Nb sample within a 60 GHz
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Nitrogen doped cavities show a prominent dip in frequency below the normal conducting value just before the
transition temperature. Larger concentrations of nitrogen
as well as higher cavity design frequencies cause the depth
of this dip to increase in magnitude. It is believed that this
dip is indicative of a larger superconducting gap, which can
be measured by the width of the coherence peak that occurs
in the quasi-particle conductivity in BCS theory. Preliminsary calculations show that the elimination of this dip and
changing the FvsT does indeed vary the width of the coherence peak. Future work includes the calculation of the coherence peak using FNAL data.
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EFFECT OF LOW TEMPERATURE INFUSION HEAT TREATMENTS
AND “2/0” DOPING ON SUPERCONDUCTING CAVITY PERFORMANCE∗
P. N. Koufalis† , J. T. Maniscalco†‡ , M. Ge, and M. Liepe
CLASSE, Cornell University, Ithaca, NY14853, USA
Abstract
Under specific circumstances, low temperature infusion
heat treatments of niobium cavities have resulted in the ubiquitous “Q-rise”. This is an increase in quality factor with
increasing field strength or equivalently a decrease in the
temperature-dependent component of the surface resistance.
We investigate the results of various infusion conditions with
infusion bake time as a free parameter. To study the very
near surface effects of infusion, we employ HF rinsing, light
VEP, and oxypolishing to remove several or tens of nm at
a time. We present results from RF performance tests of
low temperature infusion heat treated niobium cavities, and
correlate these with SIMS impurity depth profiles obtained
from witness samples. We also present results of a cavity
doped at 800 ◦ C with the “2/0” recipe.

INTRODUCTION
Cornell has been studying the effects of nitrogen doping and nitrogen infusion as part of the LCLS-II HE R&D
project [1]. These are recent advances in fundamental SRF
technology that can dramatically improve the RF performance of niobium cavities: doping (typically performed at
800 to 900 ◦ C in a 40 mTorr N2 atmosphere for 2 to 60 minutes) and infusion (typically performed at 120 to 180 ◦ C in
a 40 mTorr N2 atmosphere for 1 day or more) can give rise
to a high intrinsic quality factor that increases further with
increasing field strength in the “Q rise” effect [2–5].
Our studies reported here include three cavities given nitrogen infusion runs at 160 ◦ C for 24, 48, and 192 hours,
respectively, as well as some light surface removal by HF
rinsing, light VEP (vertical electropolishing), and OP (oxypolishing). Two of these cavities, SC-06 and RDTTD-4,
featured niobium-titanium “DESY seal” flanges, while the
third, LTE1-1, featured niobium indium seal flanges. Further
results reported include “2/0” doping (800 ◦ C degas step
followed by 2 minutes at 800 ◦ C in 40 mTorr of N2 with
no vacuum anneal, followed later by 5 µm VEP) on three
cavities, RDTTD-4, SC-06, and EZ-002.
Cavities that received RF testing had Q0 vs. Eacc measurements taken at temperatures ranging from 1.6 to 4.2 K;
using this data we performed field-dependent BCS fitting
to yield R0 (Eacc ) and RBCS (Eacc,T) curves. Here we present
data from 2.0 K. These cavities were 1.3 GHz TESLA singlecells with Bpk /Eacc = 4.28 mT/(MV/m).
∗
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Figure 1: Close-up photo of RDTTD-4 NbTi flange, showing
black speckling after initial infusion treatment.

NITROGEN INFUSION RESULTS
The cavities RDTTD-4, SC-06, and LTE1-1 all received
variations of the nitrogen infusion treatment, beginning with
a VEP reset, followed by a 3-hour degas step in vacuum at
800 or 900 ◦ C, a temperature ramp down to 160 ◦ C and an
equilibration step at 160 ◦ C for 3 hours, followed by a 160 ◦ C
infusion run in 40 mTorr of N2 gas. Table 1 summarizes
these preparations.
Cavity SC-06 began with a 192-hour infusion run. Initial
RF test results revealed an RBCS that was quite high, near
20 to 25 nΩ, but with a mild field-dependent decrease at
low fields reminiscent of Q-rise behavior. The cavity also
showed high residual resistance in the 10 to 15 nΩ range.
The cavity quenched at 26 MV/m. Visual inspection of
the cavity showed discolored spots on the NbTi flanges,
possibly indicating chemical activity of the NbTi flanges
during the baking process. Figure 1 shows this speckling.
The discoloration was mostly removed by scrubbing the
flanges azimuthally with a white 3M pad.
SIMS (secondary ion mass spectrometry) analysis of a
single crystal sample baked alongside SC-06 showed that
the treatment introduced interstitial titanium impurities into
the RF surface; Figure 2 shows these results. Under the
suspicion that the speckling and high resistance values were
related to this titanium contamination on the cavity surface,
we performed an HF rinse on the cavity, effectively removing
the oxide layer, converting the first ∼ 2.5 nm of Nb into the
new oxide layer, and revealing a new metal RF surface at
a depth of ∼ 2.5 nm into the original metal surface. This
greatly improved RBCS , causing a more dramatic Q-rise-
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Table 1: Summary of Nitrogen Infusion Cavity Preparations
Cavity

VEP (µm)

Degas temp. (◦ C)

Degas time (hr)

Infusion time (hr)

Test #2 prep.

Test #3 prep.

SC-06
RDTTD-4
LTE1-1

50
80
10

900
800
800

3
3
3

192
48
24

HF rinse
2x HF rinse
54 nm OP

2nd HF rinse
100 nm VEP
—

35

30

Test 1 R BCS

Test 2 R BCS

Test 3 R BCS

Test 1 R 0

Test 2 R 0

Test 3 R 0

Rs (n )

25

20

15

10

5

Figure 2: SIMS measurement of atomic concentration of
titanium impurities on a witness sample baked alongside
SC-06 during the nitrogen infusion run. Black bar indicates
surface oxide; gray bar approximates RF penetration layer.
related field-dependent decrease and lowering the minimum
RBCS to 10 nΩ; this also improved R0 , lowering it to the
range of 7 to 10 nΩ. The quench field was 24 MV/m. We
performed a second HF rinse on SC-06 as an attempt to
further improve performance. After this final treatment,
RBCS was reduced by a further 2 nΩ, though R0 stayed in the
same range. The cavity quenched near 32 MV/m. Figure 3
shows the combined surface resistance results for the three
infusion tests of cavity SC-06 at a temperature of 2 K.
Figure 4 shows SIMS results of carbon, nitrogen, and
oxygen impurities for a single-crystal Nb witness sample
baked with SC-06 during its initial infusion run. Nitrogen is
only present above background levels in the first 10 to 20 nm
of the surface; oxygen and carbon are present in much higher
levels.
Cavity RDTTD-4 received a 48-hour nitrogen infusion
run. Similar to cavity SC-06, RDTTD-4 showed black speckling on the NbTi flanges; this discoloration was removed by
azimuthal scrubbing with a 3M pad. Like SC-06, this cavity
showed high RBCS of around 20 nΩ at 2 K with only a very
mild field-dependent decrease in the medium-field range.
R0 was quite high as well, in the range of 15 to 20 nΩ. Our
hypothesis is that these high resistances were again related
to titanium contamination of the RF surface. The cavity
quenched at 20 MV/m. We performed two HF rinses on
this cavity in an attempt to improve RF performance as with
cavity SC-06. HF rinsing lowered RBCS to a minimum near
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Figure 3: RF test results of the three infusion tests of cavity
SC-06. RBCS taken at 2 K. Peak field shown here does not
indicate quench field.

Figure 4: SIMS measurement of atomic concentration of
impurities in a witness sample baked with cavity SC-06 in
its infusion run. Black bar indicates surface oxide; gray bar
approximates RF penetration layer.
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Figure 5: RF test results of the three infusion tests of cavity
RDTTD-4. RBCS taken at 2 K. Peak field shown here does
not indicate quench field.
10 nΩ and revealed a Q-rise-related field-dependent decrease.
R0 was lowered as well to the range of 10 to 15 nΩ. The
quench field was again near 20 MV/m. We performed more
light surface removal, this time polishing away 100 nm by
cold VEP. After this procedure, RBCS was greatly improved
at low fields but the Q-rise-related field-dependent decrease
in RBCS was removed. R0 was higher during this RF test,
though we believe that this was caused by high trapped flux
due to an error in the cooldown procedure. The cavity’s
quench field after the cold VEP was 31 MV/m. Figure 5
shows the combined surface resistance results for these three
tests of RDTTD-4.
Figure 6 shows SIMS results for a single-crystal Nb sample treated alongside RDTTD-4 during its initial infusion
run. Like the results for SC-06, these show a high concentration of nitrogen in a spike in the first 10 nm or so but little
nitrogen deeper into the sample. Carbon and Oxygen levels
are much higher out to a depth of 200 to 300 nm.
Cavity LTE1-1 was given a nitrogen infusion run of
24 hours. Unlike SC-06 and RDTTD-4, this cavity showed
strong Q-rise and low surface resistances. This cavity had
Nb indium-seal flanges, serving as evidence for our titanium
contamination hypothesis. RBCS exhibited a Q-rise-related
field-dependent decrease with a minimum near 7 nΩ, while
R0 was in the range of 5 to 8 nΩ. The cavity had a quench
field of 25 MV/m, with light field emission beginning at
20 MV/m.
Continuing with our surface removal study, we removed
54 nm of the RF surface by oxypolishing. After this light
removal, R0 was reduced to a minimum of 2 nΩ, but the fielddependent decrease in RBCS was removed, with the BCS
resistance staying in the same overall range. The quench
field was increased to 29 MV/m. Figure 7 shows the surface
resistance results for these two tests of LTE1-1.
Figure 8 shows SIMS results for the witness sample treated
alongside LTE1-1 during its infusion run. Like the others,
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Figure 6: SIMS measurement of atomic concentration of
impurities in a witness sample baked with cavity RDTTD-4
in its infusion run. Black bar indicates surface oxide; gray
bar approximates RF penetration layer.
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Figure 7: RF test results of the two infusion tests of cavity
LTE1-1. RBCS taken at 2 K. Peak field shown here does not
indicate quench field.
these results show a spike of nitrogen near the surface with
concentrations at background level elsewhere. Carbon and
oxygen are present in significantly higher concentrations for
the first 200 nm or so.
Comparing the best Q-rise-related field-dependent decrease in RBCS for the three different infusion step lengths,
we find a marginal difference between the 192-hour and
48-hour treatments. The 24-hour treatment showed lower
overall RBCS , but this may be related to the titanium contamination or to increasing the electron mean free path closer
to the BCS minimum [6]. Table 2 summarizes the RBCS
performance of these cavity tests.
In all, these nitrogen infusion results suggest several conclusions. First, these treatments may be extremely sensitive
to surface contamination. One of the main benefits of ni-
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Table 2: Summary of Nitrogen Infusion Cavity RF Performance
Cavity

Test number (see Table 1)

Relative field-dependent decrease in RBCS

Bpk at minimum in RBCS (mT)

SC-06
SC-06
SC-06
RDTTD-4
RDTTD-4
RDTTD-4
LTE1-1
LTE1-1

1
2
3
1
2
3
1
2

9%
45%
45%
11%
11%
N/A1
42%
N/A1

35
60
60
50
60
N/A1
60
N/A1

1

No Q-rise or field-dependent decrease in RBCS observed for this test.
necessary to elucidate the role of these these properties in
Q-rise.
Further analysis of these results is presented elsewhere at
this conference [7].

2/0 DOPING RESULTS

Figure 8: SIMS measurement of atomic concentration of
impurities in a witness sample baked with cavity LTE1-1 in
its infusion run. Black bar indicates surface oxide; gray bar
approximates RF penetration layer.
trogen infusion compared to high-temperature doping is
the lack of post-bake chemistry; the need to cure surface
contamination negates that benefit. Surface contamination
issues will need to be addressed for nitrogen infusion to be
a successful cavity preparation technique.
Second, the surface removal studies point towards nitrogen as the culprit responsible for Q-rise in doped and infused
cavities, though this is far from conclusive. Although the
tests with surface removal of more than 20 nm had no fielddependent decrease in RBCS , this characteristic change in RF
performance might also be attributed to the removal of the
surface concentration spikes in C and O, not only N. Interesting as well is the quite similar RBCS for the 192-hour and
48-hour infusion runs, which feature quantitatively different
impurity concentrations in the bulk but qualitatively similar
impurity spikes near the RF surface, especially similar in
the case of nitrogen. Further, a very low amount of titanium
contamination may be enough to negate the Q-rise effect.
At the very least, these results indicate that Q-rise and the
field-dependent decrease in RBCS are strongly dependent on
the properties of the very near surface. More studies will be

Fundamental R&D - Nb
processing (doping, heat treatment)

After chemical reset by VEP, we performed “2/0” doping
on cavities RDTTD-4, SC-06, and EZ-002. For each of the
three cavities, the 5 µm VEP step after the bake behaved
unusually. After electropolishing, the electrolyte solution
was discolored from its normal clear state to a dark gray.
Moreover, the cavities were marked with an unusually high
amount of pits and scratches. We speculate that these were
caused by interactions between the acid and a rich nitride
layer present on the cavity surface after the bake, a layer
which would normally be allowed to diffuse more into the
cavity bulk during the annealing step in e.g. a 2/6 dope;
this reaction may have produced a large number of hydrogen bubbles, marking the surface, and also may have left a
byproduct in solution in the acid, causing the discoloration.
We tested SC-06 and EZ-002 under RF after the 2/0 doping treatment. Test results for these cavities were mixed.
Both exhibited extremely similar RBCS , with a Q-rise-related
field-dependent decrease down to a minimum of 6 nΩ. The
residual resistance R0 was in the range of 3 to 5 nΩ for cavity
SC-06; this cavity showed Q-rise up to 10 to 15 MV/m. For
EZ-002, on the other hand, R0 was much higher, in the range
of 15 to 20 nΩ. This may have been caused by accidental
flux trapping during the cooldown before RF testing. SC-06
quenched at 21 MV/m and EZ-002 quenched at 22 MV/m
with field emission setting in near 16 MV/m. Figure 9 shows
the surface resistance results for the RF tests of these two
2/0-doped cavities.
These results indicate that 2/0 doping can give RF performance similar to that of 2/6 doping, in terms of surface
resistance and quench field (if indeed the high R0 of EZ-002
was due to flux trapping) [8].

CONCLUSIONS
We tested several cavities prepared with nitrogen infusion
for varying infusion step times, finding potential sensitivity
to surface contamination requiring light surface removal;
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Figure 9: RF test results of the two cavities treated with 2/0
doping. RBCS taken at 2 K. Peak field shown here does not
indicate quench field.
after light chemical treatment of the cavities possibly contaminated with titanium, these cavities exhibited similar Qrise-related field-dependent decreases in RBCS and moderateto-high R0 . After chemically removing 50 to 100 nm of the
surface these cavities no longer exhibited Q-rise or fielddependent decreases in RBCS , suggesting that the Q-rise of
infused cavities is strongly dependent on the properties of
the near-surface material.
We also tested several cavities with the 2/0 doping treatment. These cavities had quite similar behavior to 2/6-doped
cavities in terms of their field-dependent RBCS and quench
fields. The 5 µm post-bake VEP for these cavities behaved
somewhat unusually, with the acid turning dark gray over
the course of the VEP and the cavities developing a high
number of pits and scratches; these may be related to a heavy
reaction between the acid and the rich nitride layer present
on the surface after the doping with no anneal.
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THE BEAM DYNAMICS UPDATES OF THE FERMILAB PIP-II 800 MeV
SUPERCONDUCTING LINAC*
A. Saini†, V. Yakovlev, E. Pozdeyev, Fermilab, Batavia, USA
Abstract
The Proton Improvement Plan (PIP) -II is a high intensity proton facility being developed to support a neutrino
program over the next two decades at Fermilab. At its core
is the design and construction of a Continuous Wave (CW)
compatible superconducting radio frequency (SRF) linear
accelerator that would accelerate an average beam current
of 2 mA up to 800 MeV. This paper presents recent updates
in the beam dynamics leading to a reliable and robust linac
design and simplifying the cryomodule assembly.

INTRODUCTION
Fermilab is planning to perform a systematic upgrade of
its existing accelerator complex to support a world leading
neutrino program and rich variety of high intensity frontier
particle physics experiments. An extensive roadmap
named, ’Proton Improvement Plan (PIP)’ is established to
implement these upgrades. The second stage of the proton
improvement plan (PIP-II) is devised to enable the Fermilab accelerator complex to deliver a beam power in excess of mega-watt (MW) on target at the initiation of Long
Baseline Neutrino Facility [1]. This in turn, requires construction of a new Continuous Wave (CW)-compatible
SRF linac. It is designed to deliver H- ions beam with a final kinetic energy of 800 MeV and an average current of 2
mA endowed with a special and flexible time structure to
satisfy diverse experimental needs. A detailed description
of the PIP-II linac was presented elsewhere [2].

SRF LINAC ARCHITECTURE

Figure 1: Acceleration scheme in the PIP-II linac. Red-coloured sections operate at room temperature while blue-coloured sections operate at 2K.
A schematic of the linac’s architecture is shown in Fig. 1.
It is composed of a warm front-end and an SRF accelerating section. The warm front-end consists of an ion source,
a Low Energy Beam Transport (LEBT) line, an RFQ and,
a Medium Energy Beam Transport line. Most of the beam
manipulations happen in this part of the linac. The beam
acceleration occurs mainly in the SRF linac that utilizes
___________________________________________
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five families of superconducting cavities to accelerate the
H- ion beam from kinetic energy of 2.1 MeV to 800 MeV.
Based on these families, the SRF linac is segmented into
five sections i.e. Half Wave Resonator (HWR), Single
Spoke Resonator (SSR) 1 & 2, Low Beta (LB) and High
Beta (HB). Each of them is represented in Fig. 1 using optimal beta of respective cavities except LB and HB sections
which are shown using geometrical betas. Number of cryomodules (CM) and their configurations in each section are
summarized in Table 1. Note that superconducting solenoids are used in HWR, SSR1 and SSR2 sections while
warm quadrupole doublets are utilized in LB and HB sections.
Table 1: Numbers of Elements and Energy Range in Each
Section of the PIP-II SRF LINAC
Section

CM

Cav/Mag per
Energy (MeV)
CM
HWR
1
8/8
2.1-10
SSR1
2
8/4
10-32
SSR2
7
5/3
32-177
LB
9
4/1*
177-516
HB
4
6/1*
516-833
*one warm quadrupole doublet located between cryomodules in LB and HB sections

Progress Towards Baseline Design
In course of evolution from a conceptual design to the
baseline design, the PIP-II linac accommodates a few
changes that have been made to address technical risks,
cost minimization and operational reliability. Some of the
major configurational changes are summarized below:
 The LB CM is elongated to include an additional cavity. In the baseline design, LB section is made of nine
CMs and each of them houses a total of four 5-cell
elliptical cavities. Note that, LB section in the conceptual design included a total of eleven CMs whereas
each CM was composed of three cavities. Figure 2
showed a comparison in focusing periods in three and
four cavity CMs. An additional cavity results in an increase in transverse focusing period. Consequently,
resulting increase in transverse beta functions were
managed by increasing quadrupole strengths. Furthermore, the linac’s total length remained unchanged because of a smaller number of magnets. A total increase
of three cavities in LB section will enhance operational reliability of the linac by providing not only an
energy margin in case of a fault scenario but also a
higher transition energy at HB650 entrance. This in
turn leads to a gain in performance of the HB650 cavities.
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 A dedicated space of 250 mm is allocated for collimators between SSRs CMs. This arrangement will assist
to reduce potential beam loss in cryogenic environment and thereby minimize un-controlled beam loss
in the linac.
 As engineering design of components get matured,
their space allocation requirements were revisited.
There is an increase of 75 mm between neighbouring
cavities in SSR1 CM. Also, space allocation for the
quadrupole doublet in SRF linac is increased about
250 mm.
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exit of the RFQ. These Twiss functions are utilized to design baseline optics of the PIP-II linac. The SRF section in
the PIP2IT, made of a cryomodule of each HWR and
SSR1. Figure 4 showed a string assembly of the SSR1 CM.
Note that, both cryomodules are in their final stage of constructions and scheduled to commission by early spring in
2020. A successful commissioning of the complete PIP2IT
will eliminate most of the operational risks and therefore,
attest a major milestone toward realization of the PIP-II
SRF linac.

Figure 4: A string assembly of SSR1 cryomodule that includes four superconducting solenoids and eight SSR1 resonators arranged in a period of Cavity-Solenoid-Cavity. A
detailed description has been presented elsewhere [7].

BASELINE OPTICS

Figure 2: Focusing period in LB650 section for (top) 3cavity and (bottom) 4- cavity cryomodule. Note that, upward and downward arrows depict vertical focusing and
defocusing quadrupole respectively.

RECENT DEVELOPMENT AT PIP2IT

A robust optics has been designed using principles and
considerations that had been discussed elsewhere [8]. To
account an uncertainty in longitudinal emittance, the baseline optics has been developed with a 20% higher longitudinal emittance at the exit of the RFQ in comparison to a
conceptual design optics. Accelerating voltages and phases
in cavities were optimized to obtain a rapid beam acceleration as well as a smooth adiabatic beam envelope. Figure
5 showed voltage amplitude settings in cavities for the
baseline optics. It can be deduced from Fig. 5 that a few
first cavities in each section are not operating at their maximum available voltage. This is done to perform a beammatching between sections that accounts variation in focusing periods in each section.

Figure 3: A schematic of the PIP2IT facility.
It is well known that most of the technological and beamphysics risks and issues in an ion linac are associated with
its front-end. To address and mitigate these risks, an accelerator test facility named PIP-II Injector Test (PIP2IT) is
under construction at Fermilab that would demonstrate
technologies and design choices made for the PIP-II linac.
Figure 3 showed a layout of the PIP2IT facility. A detail
description had been provided elsewhere [3]. In present, a
complete warm-front end had been installed and commissioned [4] at the PIP2IT. A variety of the beam optics
measurements [5-6] were performed to characterize the
beam profiles, RMS emittances, beam-energy, chopping
scheme etc. Initial Twiss functions were reconstructed at
MOP033
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Figure 5: Voltage amplitude settings in cavities along the
linac for the baseline optics.
Figure 6 showed axial fields in solenoids and integral
fields in quadrupoles. Solenoids are designed to operate at
maximum axial fields of 6T whereas design specification
for the integral magnetic field in quadrupoles (in SRF
linac) is 3T. Note that same family of quadrupoes is used
in both LB and HB sections.
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A small fraction of beam was intercepted at scrapers positioned in the MEBT to limit the maximum action of particles entering to SRF linac.

Figure 8: RMS normalized transverse (magenta) and longitudinal (green) emittance along the linac.

Figure 6: Axial fields (top) and integral fields (bottom) settings in solenoids and quadrupoles respectively for the
baseline optics.

Figure 8 depicted RMS normalized emittances evolution
along the linac. There is about 21 % growth of transverse
emittance whereas longitudinal emittance is reduced by 4
% due to emittance exchange. However, emittance growths
are within the design specifications. It can also be noticed
from Fig. 8 that most of the emittance exchange occurs at
the beginning of the linac where the beam energy is lower
and space charge forces are significant. In order to understand optics tolerances against potential errors, longitudinal acceptance of the linac was evaluated. Note that, acceptance determines a largest beam size in given plane that
could be transmitted through an accelerator without observing a beam loss. Figure 9 showed that longitudinal acceptance of the PIP-II SRF linac is sufficiently large to enclose a 6beam easily.

Figure 7: Beam density projection in horizontal plane
along with aperture limitation through the RFQ exit to the
linac end.
A multiparticle simulation using TRACEWIN [9] was
performed for a nominal beam current of 5mA. Figure 7
showed horizontal particle density evolution along the
linac for a 6D Gaussian distribution of 100k maro-particles
truncated at 6. Note that,  is RMS beam size. A similar
beam profile was obtained in the vertical plane. It can also
be noted from Fig. 7 that aperture constraints are more
stringent at low energy part of the linac especially in HWR
and SSR1 sections. In rest of the linac, apertures are sufficiently large to transmit even 10 to 12 beam. There was
no beam loss observed in SRF linac for the nominal optics.
Facilities - Progress
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Figure 9: Longitudinal acceptance of the PIP-II SC linac
(blue) with 6beam (green) at the SRF linac entrance.
Initial particle distribution was shown in red.
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OUTLOOK
The PIP-II SRF linac design has been advanced to its
baseline design. A few changes have been made during this
process to mitigate operational risks as well as to facilitate
a cost minimization of entire project. One of the most noticeable changes has been a redressing of LB650 section.
A complete baseline optics incorporating all necessary
changes has been developed for the PIP-II SRF linac. Preliminary beam dynamics studies showed that the linac’s
basic performance in terms of emittances growth, acceptances, beam envelopes etc remains similar as in earlier
variant of the linac. It implies that choices of optics elements and their operating parameters have sufficiently robust to accommodate these changes.
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EUROPEAN XFEL: ACCELERATING MODULE REPAIR AT DESY
D. Kostin, J. Eschke, B.v.d. Horst, K. Jensch, N. Krupka, D. Reschke, S. Saegebarth, J. Schaffran,
M. Schalwat, P. Schilling, M. Schmoekel, S. Sievers, N. Steinhau-Kuehl, E. Vogel, H. Weise,
M. Wiencek, Deutsches Elektronen-Synchrotron, Hamburg, Germany.
Abstract

MODULE HISTORY

The European XFEL is in operation since 2017. The design projected energy of 17.5 GeV was reached, even with
the last 4 main linac accelerating modules not yet installed.
2 out of 4 not installed modules did suffer from strong cavity performance degradation, namely increased field emission, and required surface processing. The first of two
modules is reassembled and tested. The module test results
confirm a successful repair action. The module repair and
test steps are described together with cavities performance
evolution.

INTRODUCTION
The European XFEL linac is based on the TESLA SRF
technology [1, 2] and is built with accelerating Cryo-Modules (CM) having 8 SRF cavities each. Currently 97 CM
are installed in the machine and 4 CM will be installed
later, after 2 CM are repaired. Before the CM assembly
SRF cavities were tested in the Vertical Cryostat Test (VT)
in the Accelerating Module Test Facility (AMTF) at DESY
[3]. Each CM after the assembly at CEA (Saclay, France)
was tested in AMTF on the XFEL accelerating module test
bench (XATB, Fig. 1) [4, 5].

Module XM50 was delivered to DESY in January 2016
after the assembly at CEA (Saclay). In the Table 1 CM SRF
cavities are listed. During the CM assembly following
problems were identified:
 Leak at the angle valve;
 Beam line leak;
 Beam line was pumped accidentally before warm coupler parts were installed.
Module XM50 first test in February 2016 showed a degradation of the cavities’ performance compared with VT
results – mostly with strong gamma radiation – dark current caused by field emission (see Fig. 2, 3). Decision was
taken not to install and use the module XM50 in the EXFEL machine and re-assemble it after cavities’ re-treatment [6].
After disassembly XM50 the cavities underwent a High
Pressure Rinse (HPR) at DESY: 7 cavities after HPR and
VT were accepted for XM50.1 assembly, CAV00207 had a
cold leak during second VT and was accepted after the reassembly of the flanges, another HPR and VT.
XM50 was re-assembled at DESY to XM50.1 and tested
in AMTF (on XATB2) in April 2019. Only one cavity (#2)
is degraded, without FE and with a still useful accelerating
gradient.

Figure 1: Module XM50.1 on the Module Test Stand XATB2 in AMTF.
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Table 1: Module XM50 SRF Cavities
position
1
2
3
4
5
6
7
8

cavity name
CAV00207
CAV00789
CAV00253
CAV00256
CAV00257
CAV00260
CAV00265
CAV00267
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company
RI
Zanon
RI
RI
RI
RI
RI
RI

gamma radiation level was measured (12/39 mGy/min
gun/dump sides) with corresponding high dark current
(~1.1 µA). Thus, operating the CM at this gradient is not
possible and a lower gradient of ~10 MV/m is not effective
in the machine operation. In Figure 4 the operational gradients are compared between the VT and CM tests. Figure
5 compares the BD gradients of the tested CM cavities –
CM tests are limited at 31 MV/m (administrative RF power
limit).

MODULE TEST RESULTS
During the CM tests in AMTF, the operational gradient
limit on individual cavities was in general limited by either
hard quench (breakdown, BD), field emission (measured
X-ray threshold of 10-2 mGy/min) or to 31 MV/m (administrative power limit).
Table 2: CM Test Data After First Assembly (XM50)
#

Eacc.max

limit

[MV/m]

1
2
3
4
5
6
7
8

29.6
24.1
29.6
31.0
31.0
31.0
31.0
20.8

Eacc.oper

limit

[MV/m]

BD
BD
BD
PWR
PWR
PWR
PWR
BD

20.0
16.4
29.1
31.0
31.0
25.6
23.1
20.3

Xgun

Xdmp

[mGy/min]

FE
FE
BD
PWR
PWR
FE
FE
BD

0.8
1.2
2E-4
2E-5
9E-3
5E-3
0.8
0.0

1E-2
3.0
3E-4
1E-5
3E-3
7E-2
1E-2
0.0

Table 3: CM Test Data After Re-Assembly (XM50.1)
#

Eacc.max

limit

[MV/m]

1
2
3
4
5
6
7
8

31.0
24.9
31.0
31.0
31.0
31.0
31.0
31.0

Eacc.oper

limit

[MV/m]

PWR
BD
PWR
PWR
PWR
PWR
PWR
PWR

31.0
24.4
31.0
31.0
31.0
31.0
31.0
31.0

Xgun

Xdmp

[mGy/min]

PWR
BD
PWR
PWR
PWR
PWR
PWR
PWR

0.0
0.0
3E-4
0.0
0.0
8E-5
0.0
0.0

0.0
0.0
0.0
0.0
0.0
1E-4
0.0
2E-5

Tables 2 and 3 are summarizing the XM50 and XM50.1
CM test results – accelerating gradients and gamma radiation data together with single cavities limits. Figure 2 presents XM50 gamma radiation measurements results compared with VT data. In Figure 3 the XM50 CM dark current
and gamma radiation measurement is shown, this measurement is done with all 8 cavities tuned to the resonance and
operated at average gradient of 21 MV/m. A very high
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Figure 2: CM XM50 cavities X-rays measurements.
The test results show mostly FE related degradation of
the XM50 after the CM assembly. CM cavities re-treatment
described in details in [6] restored the cavities performance, as is seen from VT results (Fig. 4) before the
XM50.1 assembly at DESY. XM50.1 CM test did show almost no gamma radiation and hence no FE related degradation after the re-assembly. Cavity 2 (CAV00789) is the
only one degraded this time to lower BD gradient value
compared to VT, but without FE.
Cryogenic losses based Q0 measurements on XATB2
(see Fig. 6, two last points are taken with cavity 2 detuned)
confirming the restored cavities performance in XM50.1.

Facilities - Progress
ongoing incremental improvements

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP034

Figure 3: CM XM50 operational test with <Eacc> = 21 MV/m: corresponding gamma radiation values on the left and
dark current measurement panel on the right, 1.1 µA peak value was measured.

Figure 4: CM cavities vertical and module tests: operating gradient comparison.
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Figure 5: CM cavities BD limits comparison.
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Figure 6: CM Q0 measurements (two last pt. without C2).

OUTLOOK
CM XM50.1 will be provided with the waveguide RF
power distribution [7] and should be later installed in the
European XFEL linac. Currently CM is moved to the Cryo
Module Test Bench (CMTB) at DESY to perform the CW
test in a frame of CM CW operation R&D program at
DESY [8, 9].

SUMMARY
 The European XFEL superconducting accelerator is
still missing one RF-station, 4 CM – one CM has 8
SRF cavities. 2 CM out of 4 did suffer from the cavities’ performance degradation after the 1st CM assembly and must be re-assembled and re-tested at DESY.
 First CM, XM50, was re-assembled after 8 cavities
HPR re-treatment and VT at DESY. VT results did
show a restored cavity performance after the HPR.
 CM test after the re-assembly showed a good performance: only one cavity out of 8 did degrade after the
CM assembly, but without FE and with a still usable
gradient.
 Successful CM repair means a feasibility of such action to restore the CM performance.
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CRYOGENIC INFRASTRUCTURE AT BESSY II – CURRENT
INSTALLATIONS AND FUTURE DEVELOPMENTS
S. Heling†, W. Anders, J. Heinrich, A. Hellwig, K. Janke, S. Rotterdam,
Helmholtz-Zentrum Berlin, Berlin, Germany
Abstract
In Berlin-Adlershof the Helmholtz-Zentrum Berlin
(HZB) is operating the synchrotron radiation source
BESSY II. Two superconducting wave-length shifters
magnets are built-in the storage ring of BESSY II which
are cooled with liquid helium. Additionally several test facilities for superconducting cavities are operated at HZB
needing helium at 1.8 K. The required helium is supplied
by two helium liquefiers.
Parallel to operation of the existing facilities the bERLinPro project will qualify as test facility for ERL science
and technology. In order to guarantee the required supply
with helium at different temperature levels one of the existing helium liquefiers has been relocated to the new accelerator building and the existing cryogenic infrastructure
has been upgraded with a new 10,000 L dewar, three valve
boxes, a cold compressor box, warm pumps and a 80 K
helium system.
This paper specifies the setup of the above described helium cryoplants in detail and gives insight into the challenges of developments. The paper concludes with an outlook of the upcoming developments of the cryogenic infrastructure at HZB.

INTRODUCTION
At HZB the electron storage ring BESSY II is operated.
BESSY II is a third-generation synchrotron radiation
source that produces extremely bright X-ray light. Researchers from all over the world use this light for their experiments. Two superconducting wave length shifter magnets (WLS) are installed within the storage ring requiring
cooling with liquid helium. One helium liquefier is operated in order to guarantee the helium supply for those magnets. Furthermore at HZB several test facilities for superconducting cavities are operated, requiring helium at 1.8 K
and 4.5 K.
Additionally bERLinPro, a test facility for ERL science
and technology, is currently installed. A second helium liquefier, currently under commissioning after relocating, will
be used in order to supply the test facilities with liquid helium.
In this paper the above mentioned helium liquefiers and
test facilities, including all cryogenic infrastructure, are described in detail. Using the example of extending cryogenic
infrastructure for bERLinPro, challenges in design are discussed.
The paper concludes with the currently planned developments for the cryogenic components required for
BESSY VSR, an upgrade of the storage ring.

OVERVIEW OF THE CRYOGENIC INFRASTRUCTURE
At BESSY II a complex infrastructure for the supply of
liquid helium is installed. A supply with liquid nitrogen is
also installed for pre-cooling of the helium liquefiers as
well as some other consumers. This paper focuses on the
infrastructure of liquid helium hence the logistics of liquid
nitrogen are not discussed here.
An overview of the cryogenic infrastructure Berlin-Adlershof is shown in Fig. 1 [1].
As shown in Fig. 1 two helium liquefiers are operated.
Table 1 gives an overview of basic data of both liquefiers.
Table 1: Linde TCF50 and L700
Installation
Liquefaction
Compressors
Dewar
Buffer

Linde TCF50
2003
170 L/h (incl.
LN2 precooling)
Kaeser ESD 441
2,000 L
74 m3

Linde L700
2009
710 L/h (incl.
LN2 precooling)
2 x Kaeser ESD 441
10,000 L
2 x 400 m3

As can be seen in Fig. 1 the both helium liquefiers are
connected on a low pressure, medium pressure and on a
4.5 K level. The connection of all plants on these different
temperature and pressure levels allows a very flexible helium supply for all consumers and it is possible to react towards maintenance work or shutdowns.
Helium liquefier TCF50 usually runs continuously in order to guarantee supply of liquid helium for the WLS as
well as supplying test facilities. When both TCF50 and
L700 are running several consumers, like a WLS and a test
facility can be provided with liquid helium simultaneously.
In this case low pressure of both liquefiers are not connected. If one of the liquefiers is turned off intendedly or
due to a failure the connection between low pressure piping
is opened and the still running liquefier can retract the
evaporating helium from the respectively other system.
Helium gas stays in the closed circuit and is not lost.
In order to equalize helium inventory in both systems,
helium can be transferred via the buffer system at medium
pressure. The connection of both systems on a 4.5 K level
guarantees liquid helium for all consumers independent of
the running helium liquefier TCF50 or L700. While planning each extension of the existing cryogenic system connection of all components on those temperature and pressure levels is taken into account.

___________________________________________
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Figure 1: Cryogenic infrastructure at BESSY II.
As shown in Fig. 1 consumers of liquid helium can generally be divided into three groups: BESSY II, test facilities
and bERLinPro.

BESSY II
In the storage ring of BESSY II two WLS are installed.
The superconducting magnets are cooled to 4.5 K in a liquid helium bath with a volume of about 200 L. Both WLS
are equipped with a cryo cooler for shield cooling and two
recondensers. Since an upgrade and renewal of both WLS
in 2018 heat intake into the helium bath is very small and
helium evaporation is minimized. Therefore both WLS
only need refilling with helium after a quench (sudden loss
of superconductivity) or controlled warm up.

Test Facilities
In order to test superconducting components, e.g. superconducting cavities, several test facilities are installed. For
horizontal testing HoBiCaT (Horizontal Bi-Cavity Testing
facility) is operated while for vertical testing a vertical test
stand (VTS 1) is running. A larger vertical test stand is currently in commissioning (VTS 2).
HoBiCaT In HoBiCaT superconducting cavities are
tested horizontally. The cryostat contains a small helium
reservoir with a 4.5 K counter flow heat exchanger and a
Joule-Thompson valve. The tested cavities are usually
cooled down to 1.8 K at 16 mbar gas pressure. The cryostat
is designed for a maximum cooling capacity of 80 W at
1.8 K. The pressure of 16 mbar is generated by a process
vacuum pump stand (PVPS), consisting of two rotary vane
pump and two roots pump. The pumps are able to generate
a pressure stability of +/- 0.05 mbar at 16 mbar.
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Vertical Test Stand 1 In order to test superconducting
cavities (one to two cells) vertically a vertical test stand
with a diameter of 1 m and a height of 1.9 m is operated.
Additionally tests with a superconducting quadrupole resonator can be performed. The test stand is designed as bath
cryostat with a helium volume of 360 l and a cooling capacity of 80 W at 1.8 K. The cryostat is filled in discontinuously. The required pressure of 16 mbar in the cryostat is
generated with the same PVPS as used for HoBiCaT.
Vertical Test Stand 2 Currently a second, larger vertical
test stand, with a diameter of 2 m and a height of 4 m, is
installed. This test stand is designed to test larger cavities
including cavities with assembled waveguide extensions.
The new test stand is designed as bath cryostat with a helium volume of 2,000 l and a cooling capacity of 80 W at
1.8 K. VTS 2 is also using the pump stand of HoBiCaT and
VTS 1, hence a parallel operation is not possible.
GunLab The test facility GunLab was set-up and used
to test the Gun-Module which contains a superconducting
electron source. This Gun-Module will later be used in
bERLinPro for bERLinPro project. Operation of GunLab
was finished in May 2019 to renovate and relocate the GunModule into the bERLinPro building. Hence cryogenic infrastructure for this module is not discussed further in this
paper.

bERLinPro

The bERLinPro project (Berlin Energy Recovery Linac
Project) will qualify as test facility for ERL science and
technology. Figure 2 shows the principal set-up of the
planned bERLinPro accelerator [2].
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hall building. Finally it is fed into the low pressure system
of the L700.

Figure 2: Principal set-up ERL.
The accelerator itself is still work in progress. A principal description of the planned set-up of the accelerator is
described here. The Gun-Module contains a superconducting electron source, the Booster-Module serves as pre-accelerator and the Linac-Module functions as energy recovery module as well as electron accelerator.
A new building has been built for the bERLinPro, which
is divided into an underground accelerator hall and an over
ground technical hall. In an overview of the cryogenic infrastructure in the bERLinPro building is shown.
All three cryogenic modules require a helium supply at
different temperature levels. The installed superconducting
cavities are operated at 1.8 K and 16 mbar. Additionally to
the cavities there a several other cryogenic consumers, e.g.
RF-couplers, which have thermal intercepts at 4.5 K and
80 K. An 80 K helium shield is also installed within all
modules [3], [4].
Due to safety restrictions in the bERLinPro building no
components are allowed to be directly cooled with liquid
nitrogen in the accelerator hall. Hence cooling at 80 K is
done with gaseous helium. The so called 80 K-system, developed at HZB, is operated in the technical hall in order
to provide helium at 80 K. In a coldbox helium is cooled
down with liquid nitrogen. The gaseous helium is routed in
a closed circuit while compression of the gas is conducted
with oil-free turbo compressors using gas bearings.
As can be seen in Fig. 1 the helium liquefier L700 will
provide the required cooling power for the cryogenic modules. For cooling at 4.5 K supercritical helium at 3 bara is
provided. For the connection of the L700 as well as the
80 K-system in the technical hall with the cryogenic feedboxes in the accelerator hall two flexible 75 m long helium
transfer lines are installed. Gaseous 80 K helium is used as
shield in the transfer lines. Both flexible transfer lines feed
into the rigid multiple transfer line (MTL) in the accelerator hall which connects all three feed boxes. All three feedboxes are designed similarly and adapted to the heat loads
of the modules. The required 1.8 K helium is generated by
sub cooling liquid helium in the feedboxes in a heat exchanger and then relaxing it to 16 mbar via a Joule-Thompson valve. Figure 3 shows both feedboxes for the Gun- and
for the Booster-Module. The return of the sub-atmospheric
helium from the cavities is also routed in the MTL where a
branch leads to the cold compressor coldbox (CCCB). In
the CCCB cold helium gas is pressurized to 100 mbar,
heated and then pressurized to ambient pressure in the process vacuum pump stand (PVPS) located in the technical
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Figure 3: Feedboxes Gun- and Booster-Module.

CHALLENGES DURING UPGRADE OF
CRYOGENIC INFRASTRUCTURE FOR
BERLINPRO
During planning and installation of the cryogenic infrastructure for bERLinPro several aspects were considered.
A few of these challenges are described here.

Flexible Helium Transfer Lines
During operation of bERLinPro radiation, including
gamma and neutron radiation, is expected in the accelerator
hall. Due to the negative influence of radiation on electronics and materials, most of the cryogenic infrastructure is
placed outside the accelerator hall. However this led to the
issue of long distances between cryogenic consumer and
supplier and long helium transfer lines are required.
Figure 4 shows the cryogenic infrastructure in the bERLinPro building.
Since several components inside the radiation protection
area are connected to other components outside the radiation protection area those helium transfer lines need to be
routed via a tight radiation protection labyrinth. This requires even larger transfer lines and due to limited space,
installation of those transfer lines is complex.
In order to keep the pressure drop small within in the
transfer lines, the inner diameter of the pipes were designed
larger. When using flexible helium transfer lines the bending radius increases with increasing diameter. However in
the bERLinPro building bending radiuses are limited due
limited space in the labyrinth.
Particularly for both of the 75 m long flexible helium
transfer lines, connecting the underground accelerator hall
with the over ground technical hall a compromise between
pressure drop and bending radius needed to be found. Installation of those long transfer lines with limited space in
the building was found to be very challenging. Hence for
future projects different concepts for the routing of transfer
lines need to be found.
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Figure 4: Cryogenic infrastructure bERLinPro.

Integration into the Existing Cryogenic Infrastructure and Automation
As can been seen in Fig. 1 the required cooling capacity
for bERLinPro is provided by the helium liquefier L700.
Therefore the helium liquefier L700, previously installed
in a different building, was relocated to the bERLinPro
technical hall. However the attached compressors stayed in
the old building, so 120 m long piping of high and low
pressure between both buildings were installed.
Additionally, in order to connect the cryogenic infrastructure of bERLinPro on a 4.5 K temperature level to the
existing infrastructure, a 120 m long flexible helium transfer line, connecting Valvebox 7 and Valvebox 9 was installed.
The relocation of L700 as well as integration of all new
piping into the existing cryogenic infrastructure was executed during operation of TCF50. Except for a short shutdown period supply of liquid helium war guaranteed for all
test facilities.
Not only mechanical but also automation-wise the new
cryogenic components for bERlinPro need to be integrated
into the existing system. During modification of the cryogenic infrastructure for operation of bERLinPro the overall
PLC communication was revised. Previously every plant
component used its own PLC which communicated individually among each other. These separate communication
was not flexible enough for operation of bERLinPro.
Therefore a central management PLC has been installed
being responsible for data exchange.

MOP035
134

OUTLOOK
At HZB currently the project BESSY VSR (Variable
Pulse-Length Storage Ring), an upgrade of the existing
storage ring, is ongoing. Aim of this project is to generate
long and short pulses simultaneously while maintaining
high currents. Key components for this new technology are
superconducting RF-cavities to modify the RF-voltage gradient seen by the electron bunches. Those cavities need to
be cooled with helium at 1.8 K.
Four cavities are installed in one cryogenic module, the
VSR-Module. Additionally to the cavities other components e.g. RF-couplers will be installed within the module.
Those components have thermal intercepts at 4.5 K and 60
K [5]. In order to guarantee the supply with helium at different temperature levels a third helium refrigeration plant
is ordered. The cooling capacity at 1.8 K is specified with
280 W. The new cryoplant is based on a complex coldbox
including cold compressors. Additionally to the plant a new
helium dewar, helium buffers and a valve box are planned.
Since the VSR-Module is built into the storage ring,
which usually operated with an availability of about 97 %,
a permanent and continuous supply with liquid helium is
essential. Therefore a large part of the components requiring frequent maintenance, e.g. warm compressors, are installed redundantly. Depending on the operating mode and
disruptions in the storage ring the cooling load varies.
Hence it is essential that the new cryoplant can react to varying operating conditions and heat loads. Figure 5 illustrates the designed integration of the new cryogenic infrastructure into the existing infrastructure on the different
temperature and pressure levels of 4.5 K, low pressure and
medium pressure.
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Figure 5: Cryogenic infrastructure – Outlook 2019/2020.

CONCLUSION

HZB
LHe
LN2
MTL
PLC
PVPS
RF
VSR
VTS
WLS

Helmholtz-Zentrum Berlin
liquid helium
liquid nitrogen
multiple transfer line
programmable logic controller
process vacuum pump stand
radiofrequency
Variable Pulse-Length Storage Ring
Vertical Test Stand
wave length shifter magnets

As described in this paper, in Berlin-Adlershof Helmholtz-Zentrum Berlin operates a complex cryogenic infrastructure.
The upgrade of the cryogenic infrastructure for the project bERLinPro shows that many factors need to be taken
into consideration for a detailed planning of extensions and
upgrades.
HZB has a long experience in planning and operating of
helium cryoplants including infrastructure. This expertise,
especially the experiences with the bERLinPro project, is
currently used for the upgrade of the cryogenic infrastructure for BESSY VSR.

[1] J. Heinrich, et al., “Cryoplants at Helmholtz-Zentrum Berlin”, CryoOps Batavia, 2016.
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GHe
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cold compressor coldbox
Energy Recovery Linac
gaseous helium
Horizontal Bi-Cavity Testing facility
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MICROPHONICS SUPPRESSION STUDY IN ARIEL
e-LINAC CRYOMODULES*
Yanyun Ma†, K. Fong, J. Keir, D. Kishi, S.R. Koscielniak, D. Lang, S. Liu,
R.E. Laxdal, R.S. Sekhon, X. Wang
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Abstract
Now the stage of the 30 MeV portion of ARIEL (The
Advanced Rare Isotope Laboratory) e-Linac (1.3 GHz,
SRF) is under commissioning which includes an injector
cryomodule (ICM) with a single nine-cell cavity and the
1st accelerator cryomodule (ACM1) with two cavities configuration. The two ACM1 cavities are driven by a single
klystron with vector-sum control and running in CW mode.
We have observed a ponderomotive instability in ACM1
driven by the Lorentz force and seeded through microphonics that impacts beam stability [1-5]. Extensive damping has been implemented during a recent shutdown. The
beam test results show 20 MeV acceleration gain can be
reached by ACM1. A fast piezoelectric (Piezo) tuner is under development to allow a fast tuning compensation for
the e-Linac cavities. In this paper, the progress of the microphonics suppression of Cryomodules is presented.

loops are established to maintain the cavity frequency with
respect to the established reference phases. Microphonics
can excite mechanical resonances in either cavity, perturbing the RF resonant frequency, which can couple to the
other cavity via vector-sum regulation. The resonance
modulations lead to further amplitude variations in the two
cavities which in turn drive the mechanical resonances,
leading to a ponderomotive instability [11-15].
While under vector-sum regulation, the ACM1 cavities
pickup signals indicated a slowly developing (over seconds), large amplitude oscillation at about 160 Hz in counterphase (Fig. 1) impacting the energy stability and ultimately the loop stability.

INTRODUCTION
ARIEL e-Linac is a continuous-wave (CW) superconducting electron linear accelerator. The accelerator is divided into three cryomodules [6, 7]: an ICM with one cavity and two ACM with two 1.3 GHz nine-cell cavities each.
The ‘Demonstrator’ phase of ARIEL was installed for initial technical and beam tests with successful beam acceleration to 22 MeV [8]. The ACM1 cryomodule, initially installed with one cavity, was then updated to 2 cavities [9]
but still driven by a single klystron in vector sum. During
commissioning, acoustic noise from the environment vibration generated by the cooling water system, cooling air,
cryogenic system and vacuum system seeded a coupled
cavity instability driven by the Lorentz force that impacted
the ACM1 rf performance and final beam energy stability.
The final energy gain of ACM1 was limited to around
17~18 MeV with significant energy instability [1]. Extensive damping has been implemented during a recent shutdown. The new test results show 30 MeV beam has been
achieved after ACM1 which energy gain is about
20.6 MeV.

PONDERMOTIVE EFFECT
Both ICM and ACM1 work in phase-locked loop (PLL)
self-excited loop (SEL) in CW mode. Unlike the ICM with
one cavity and one SEL loop, the two ACM1 cavities are
driven by a single klystron with vector-sum control of the
two cavity SEL PLL. There is no gradient regulation for
each individual cavity in the ACM1 [10]. Individual tuner
___________________________________________
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Figure 1: The two-cavity oscillation of ACM1 pickup signals. (a) The yellow & cyan waveforms are the 1st and 2nd
cavity pickup signals, respectively. (b) Without oscillation,
the 160 Hz peak is not notable(red). When the oscillation
happens, the 160 Hz peak becomes much stronger(blue).
The field threshold for excitation of this instability is impacted both by ambient microphonic noise that can seed
the instability and the precise settings of the two cavity
phase loops. The coupled oscillation can deteriorate the eLinac final energy stability outside specification and needs
to be controlled.
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MICROPHONICS SOURCE SEARCHING
AND DAMPING
The external vibrations couple to the mechanical system
constituted by the cavity and auxiliary components and excite mechanical modes at resonance.

RF Waveguide System Damping
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Figure 2: ACM1 waveguide damping (a) ACM1 waveguides clamped to the shielding blocks with separate
clamps made of Bosch profiles with Sorbothane® inserted
between the clamp and waveguide. (b) Accelerometer results from the 2nd cavity waveguide top section without
(green) and with (red) clamped damper. After damping almost all the vibration peaks become lower.
ACM1 2nd cavity top section with damper
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The e-Linac high power RF system consists of two klystrons, six high power dummy loads, two circulators and
waveguide components. The water system cooling these
components comprises the main vibration source for the
RF system. The vibration source of the water-cooling system and their solutions are as follows.
1) Each klystron collector requires approximately 500
L/min of cooling water, provided by individual
booster pumps. The two booster pumps generate large
vibrations during operation, reside in the accelerator
hall and have no vibration damping. The design of
damping for the pumps is under development.
2) The waveguide support and the klystrons were upgraded from floating supports to anchored supports
with the ground.
3) The turbulent water flows for klystrons and dummy
load also generate vibrations in the water-cooled RF
devices. All waveguide components and dummy loads
are damped with respect to the waveguide supports.
Four of the dummy loads are clamped to the ground or
shielding blocks through individual supports. To
damp the vibration near the source, the waveguides directly attached to the dummy loads are clamped to the
waveguide supports with 50 Duro Sorbothane®. To reduce the vibration transmission through the waveguide to the cryomodule, the waveguides are clamped
to the shielding blocks at both the horizontal section
and vertical section with 50 Duro Sorbothane® as illustrated in Fig. 2.
4) All the rubber hoses between stainless steel water
pipes and RF devices were installed snug due to aesthetic reasons. Mechanical vibrations from the water
system were transmitted to waveguides through tight
hoses. All the tight hoses were replaced with longer
hoses to reduce the transmission as illustrated in
Fig. 3 for ACM1 circulator load, circulator and power
divider load.
5) During the initial installation some of the rubber hoses
and stainless-steel water pipes were mechanically connected to the waveguide supports. These are now separated from the waveguide supports. Figure 4 shows
the improvements after the stainless-steel water pipes
are disconnected from the coupler support stand.
Accelerometers (Dytran 3100D24T) and dynamic signal
analyzer (Agilent 35670A) are used to compare damping
effects during implementation.

1.E-04

1.E-05

Frequency(Hz)
Tight hoses--before replacement

Long hoses--after replacement

Figure 3: Accelerometer data before (green) and after (red)
ACM1 circulator load, circulator and power divider load
hoses replacement. Both curves were obtained under same
conditions with water pumps running. Almost all peaks are
reduced after the tight hose replacement except the 297 Hz
which corresponds to the water pumps and keeps almost no
change.
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Figure 4: Before (green) and after (red) disconnecting
ACM1 1st east coupler water-cooling SS pipes from the
support stand. Both curves were obtained under the same
conditions with Turbo pumps running. Most of the vibration peaks are reduced except 750 Hz which corresponds
with Turbo pumps and keeps almost no change.

RF Couplers Cooling Air
A total of 4 RF couplers (CPI VWP 3032) for two cavities are installed in ACM1. The warm windows are cooled
by about 100 L/m compressed air. Vibration measurements
show that the air flow increases noise above 180 Hz [2]. To
optimize the cooling-air flow rate and monitor the temperature of the warm window a temperature sensor (OS36-T140F) has been installed in each coupler. After the air flow
reduction, the couplers warm window temperatures increase by ~10 K with 5 kW standing wave mode.
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A piezoelectric (Piezo) tuner which allows a fast compensation for mechanical detuning is currently under development. The Piezo unit is inserted into the scissor tuner warm
assembly of the ICM. The Piezo actuator with part number
P-830.20 (30 μm travel range, 1000 N / 5 N) and amplifier
with part number E617.001 are employed [16,17]. The
transfer function of the ICM is shown in Fig. 6.
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The cold mass and couplers are thermally isolated using
LN2-cooled shell and piping. During initial commissioning
the beam energy disturbances were correlated with the
LN2 valve status [1]. The LN2 phase separator was filled
by a solenoid valve that opens when the level reaches 30%
and closes at 80%. The cryomodule LN2 supply valve was
controlled by the GN2 exhaust temperature with a long latency time.
A flow proportional valve has been added for the LN2
phase separator level regulation and the cryomodule LN2
supply valve is now regulated from the RF coupler LN2
intercept temperature with a sensor close to the RF coupler
cold window. The LN2 system is now more stable with further improvements expected through optimization of the
PID control loops.

0

Two turbo pumps are installed on the cryomodule lid to
establish the isolation vacuum. The turbo pumps and the
roughing pump have been identified as vibration sources
[1~2]. After 2K cooldown, the phase noise of ACM1
pickup signal has been measured with one turbo pump off
as shown in Fig.5. Based on the test results, both Turbo
pumps and the roughing pump have been turned off once
the cavities are at 2K.
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Piezo input(Hz)

Figure 6: Transfer function of ICM which is obtained by
sweeping the Piezo drive from 0Hz up to 400 Hz with
3 MV/m gradient while measuring the phase loop error by
Agilent 35670 A. The 156 Hz has strongest detuning.
A shaker has been set up on ICM lid as an external vibration source. The feedback of phase loop error signal is used
as Piezo drive signal with 180 degrees phase shift. During
the test the shaker was driven by an individual signal generator at 156 Hz. Preliminary test results show the strongest detuning peak which is 156 Hz can be suppressed by
the Piezo tuner by a factor of 7 in phase error and 10 dB in
amplitude spectrum as shown in Fig. 7.

Without Turbo B

st

Figure 5: ACM1 1 cavity pickup signal phase noise with
(blue) and without (red) turbo pump ‘B’ under 20 MV vector sum mode measured by Keysight E5052B. With one
Turbo pump off, almost all the peaks are lower.
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Figure 9: ACM1 at 20 MV vector sum mode. Forward
power in red, ‘ready’ signal (amplitude, phase and tuner
loops are locked) in yellow, 1st cavity pickup signal in blue
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Figure 7: Effect of active microphonics compensation on
ICM. (a) The phase error of ICM without Piezo and shaker
(green), with Piezo only (blue), with shaker only (red) and
with Piezo and shaker (black). (b) The spectrum of ICM
pick up signal with Piezo only (black), with shaker only
(red) and with Piezo and shaker (blue).
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RF AND BEAM TEST RESULTS
The single cavity mode phase noise test results before
and after damping show that the microphonics have been
reduced as shown in Fig. 8. The low frequency noise floor
(<10Hz) increases and the effect of it is under study. 20 MV
has been achieved in ACM1 under vector sum mode as
shown in Fig. 9.
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The beam has been delivered through ICM and ACM1 with
output energy 9.4 MeV and 30 MeV respectively as shown
in Fig.10. The voltage gain of ACM1 is about 20.6 MV.
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Nitrogen doping studies with 1.3 GHz superconducting
cavities were carried out at Peking University in recent
years. We have realized 4×1010 of high quality factor at
12 MV/m and 2.0 K with large grain single cell cavities
by heavy doping. To improve the accelerating gradient of
high Q cavities, light doping recipe is adopted.
Accelerating gradient is improved to 20 MV/m and the
quality factor is larger than 3×1010 at 16 MV/m and 2.0 K
for light doped cavities. The nitrogen treatment, test and
analysis are presented in this paper.
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INTRODUCTION
Nitrogen doping on superconducting radio frequency
cavity is a common way to increase the intrinsic quality
factor Q0 of superconducting cavities. It was discovered
by FNAL in 2013 [1], and developed by FNAL, Jlab and
Cornell University in the next few years [2, 3, 4]. Other
methods were also put forward to increase the Q0, such as
low temperature nitrogen infusion [5], 75C baking [6].
Nitrogen doping is proved to realize the highest Q0 of
superconducting cavity. Nitrogen doping studies were
carried out at Peking University in recent years with
1.3 GHz single cell cavities. On large grain niobium
cavities, heavy doping and light doping researches were
both carried out. 4×1010 high quality factor was realized
at 16 MV/m and 2.0 K.

NITROGEN DOPING AND VERTICAL
TEST
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Figure 1: Q0 vs Eacc for the large grain cavity LG1 after
heavy doping.
The results of vertical test are shown in Figure 1. After
heavy doping and EP 15 μm, the Q0 reaches 4.0×1010 at
2.0 K when Eacc is around 12 MV/m. The quench field is
12.3 MV/m. After another 8 μm EP (totally 23 μm EP
after heavy doping), the quench field increased to
13.6 MV/m. But the Q0 degraded to 3.2×1010 at 2.0 K and
12 MV/m. After heavy doping, the Q0 is much higher than
baseline, which is 2.4×1010 at 2.0 K and 12 MV/m. To
improve the accelerating gradient of nitrogen-doped
cavity, we adopted light doping recipe.

Light Doping Recipe on Large Grain Niobium
Cavity

Heavy Doping on Large Grain Niobium Cavity
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Heavy doping recipe was attempted at Peking
University in 2017 [7]. The 1.3 GHz single cell large
grain niobium cavity LG1 was used in experiment. The
cavity was processed as following: Buffered Chemical
Polishing 250 μm to remove surface damage layer,
Annealing at 800 °C for 3 hours, nitrogen doping process
for 20 minutes and annealing for 30 minutes at 800°C, EP
15 μm, high pressure rinsing and vertical test, EP 8 μm
and vertical test again. After all these processing and test,
the cavity was etched 50 μm with BCP and tested as
baseline.
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Figure 2: Q0 vs Eacc for the large grain cavity LG1 after
light doping.
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Quality Factor vs Temperature Measurement on
Nitrogen Doping Large Grain Cavity
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Figure 3: Q0 vs Eacc for the large grain cavity LG3 after
light doping.
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Figure 4: Q0 vs T of the nitrogen doping large grain cavity
LG3.
To study the surface resistance of nitrogen doping
cavity, LG3 after light doping and EP 7 μm was analyzed
in vertical test. Quality factor vs temperature was
measured at different accelerating gradient (1.5 MV/m,
4 MV/m, 7 MV/m, 10 MV/m and 13 MV/m), as shown in
Figure 4.
The Q0 is inversely proportional to surface resistance
Rs. The surface resistance Rs consists of two parts,
temperature dependent BCS resistance (RBCS) and material
dependent residual resistance (Rres).
𝑄0 = 𝐺/𝑅𝑠 = 𝐺/(𝑅𝐵𝐶𝑆 + 𝑅𝑟𝑒𝑠 ）
𝑅𝐵𝐶𝑆 = 𝐴

𝜔2
𝑇

exp −

Δ(0) 𝑇𝐶

𝑘𝑇𝐶 𝑇
𝜉 / 𝑙
𝐴 ∝ (1 + )
𝜉
𝑙
Where T is the temperature, k is Boltzmann constant,
TC is the critical temperature,  is the frequence of cavity,
(0) is the energy gap at 0 K, A is the coefficient related
to London penetration depth , coherence length 0 and
mean free path l.
Parameters of the cavity are obtained by fitting the
curve with Equation above and calculating with SRIMP
code [8].
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The 1.3 GHz single cell large grain niobium cavity LG1
and LG3 were Buffered Chemical Polished 50 μm to reset
the inner surface. Then the cavities were annealed in the
high temperature furnace at 800°C for 3 hours. After that,
nitrogen gas was injected into the chamber for 2 minutes
and the cavities were annealed in vacuum at 800°C for
another 6 minutes. After light doping, the cavities were
electro-polished with different depth to find out the
optimal parameter. For cavity LG1, totally EP of 3 μm,
5 μm and 7 μm were performed and vertical test was
carried out after each EP. For cavity LG3, EP of 5 μm,
7 μm, 9 μm were adopted after doping. The vertical test
results are shown in Figures 2 and 3.
From the results of LG1, we find that EP 3 μm is too
small to remove the bad superconducting niobium nitride
phase of light doping. Q0 reaches 3×1010 at 2.0 K in low
field. But it degrades quickly as Eacc increases, see the
red line in Figure 2. Q0 decrease to less than 2×1010,
lower than the baseline. The degradation was solved by
another 2 μm EP. Q0 increases with Eacc from the low
field to medium field range, reaches 4.0×1010 at 2.0 K and
16 MV/m, and the accelerating gradient is nearly
20 MV/m, see the blue line in Figure 2. The result of
totally 7 μm EP after light doping doesn’t change much,
see the green line in Figure 3.
From the results of LG3, EP 5 μm after light doping
displays a rainbow shape of Q0 vs Eacc. Q0 is more than
3×1010 below 20 MV/m at 2 K temperature. The Q0 of EP
7 μm is the highest in comparison with EP 5μm and EP
9 μm. The accelerating gradients are all around 20 MV/m.
The vertical test results of LG1 and LG3 show our light
doping recipe successfully increases the quality factor and
improves the accelerating gradient compared to heavy
doping recipe.
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Figure 5: Parameters of the cavity LG3.
RBCS is 5.0-6.2 n at 2K, and decreases with Eacc (see
Figure 5a). That is the main reason of Q0 improvement
and anti-Q-slope on nitrogen doping cavity. Rres is 1.62.2 n, and increases with Eacc (see Figure 5b). The
energy gap (0) is 1.7-2.0 kTC, and increases with Eacc
(see Figure 5c). Mean free path is 50-90 nm (see
Figure 5d), which is in intermediate range. Interstitial
nitrogen brings the clean cavity surface to an intermediate
mean free path range, which decreases the BCS resistance
in comparison to normal treatment cavity.

SUMMARY
Nitrogen doping studies with 1.3 GHz superconducting
cavities were carried out at Peking University in recent
years. For heavy doping recipe on large grain niobium
cavity, the Q0 improvement and anti-Q-slope are obvious
in contrast to baseline. For light doping recipe on large
grain niobium cavity, accelerating gradient is improved to
20 MV/m and the quality factor is larger than 3×1010 at 16
MV/m and 2.0 K. Especially for EP 7 μm after light
doping, which is the optimal EP depth in our experiment,
Q0 reaches 4.0×1010 at 16 MV/m and 2.0K for large grain
niobium cavities. More researches on large grain and fine
grain cavities will be carried out for the next step.
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M. Fouaidy, J. C Le Scornet
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Abstract
A test facility, allowing the test of 4 samples simultaneously during each run, was developed for measuring at low
temperature (T= 1.5 K-60 K) the thermal conductivity k(T)
of niobium and other materials used for the fabrication of
SRF cavities. The measurements are performed using
steady-state axial heat flow method with a careful control
of heat leaks to the surrounding. Several samples of different materials (industrial Nb sheets, Ti…) were either tested
as received or/and subjected to various Heat Treatment
(H.T) prior to the experiment then tested. The resulting experimental data are presented and compared to the experimental results previously reported by other groups. As expected, H.T @ 1200°C with Ti gettering improves the Nb
RRR by a factor of 3 and consequently k(T). Finally, the
correlation between the Niobium RRR and the thermal
conductivity. at T=4.2 K is confirmed in good agreement
with the Wiedemann-Franz law.

INTRODUCTION
SRF cavities accelerating structures are a very promising
technology for various large scale applications such as
ILC, facilities based on high power proton linac (ESS [1],
MYRRHA) dedicated to various applications (spallation
neutron sources, nuclear waste transmutation). Most of
SRF cavities actually used worldwide since 3 decades or
foreseen (e.g ILC) are made of high purity (i.e RRR300)
bulk niobium (Nb) sheets (thickness : 3 mm- 4mm). Moreover, at large scale the maximum achieved accelerating
field Eacc in SRF =1 cavities for electrons are still below
the ultimate intrinsic theoretical limit corresponding to the
superheating magnetic field Bsh (i.e

max
E acc
~ 50 MV/m cor-

responding to Bsh= 190 mT@ T = 2.0 K) of Nb. More precisely, the two fundamental RF parameters Eacc and unloaded quality factor Q0 of SRF resonators are limited by
two dissipative phenomena or anomalous RF losses at high
gradient (i.e. Eacc  15 mV/m for β=1 resonators): 1) Electron Field Emission (EFE) and/or Thermal Breakdown
(TB) or quench. Thanks to the world-wide R&D effort two
decade ago, the onset threshold of EFE was pushed towards accelerating gradients in the range 20 mV/m Eacc
30 mV/m. Briefly, the recipe used consists of eliminating
and removing the main EFE sources (whiskers, foreign
dust particles,…) from the cavity internal surface by careful cleaning of the RF surface, handling and by avoiding
any further contamination during each step of cavity preparation. We should then focus on TB. According to experimental observations, quench is triggered by anomalous
RF losses due to strong Joule heating of localized defects:
MOP040
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these so-called defects (size: ~1µm-10µm) are normal conducting metallic inclusions in the Nb or/and weakly superconducting regions on the Nb RF surface. Hence, in order
to achieve, at a large scale, the ultimate superconducting
performances of bulk Nb one have to overcome and find
remedies to quench in two ways: 1) Reduce defects size
and density on the RF surface, 2) Thermal stabilization of
the unavoidable remaining defects. Thanks to an important
improvement of Nb sheets production and purification,
high thermal conductivity kNb(T) (i.e RRR300, thermal
conductivity at T=4.2 K k4.2 60 W/m.K) Nb for SRF resonators production is nowadays industrially available.
Moreover, the accelerating gradient of 33 mV/m needed
for ILC is very challenging. As kNb(T) at low temperature
(i.e T 10 K) is the main thermos-physical parameter
max

which controls cavity thermal quench limit ( E acc 
(kNb)1/n with n 2), it is important to improve and master
the process for increasing kNb and to get accurate experimental data. Furthermore, it was recently demonstrated
that nitrogen doping and nitrogen infusion allows reduction of dynamic RF losses in SRF cavities by a factor ~3.
In the framework of this international R&D program, it is
necessary to control, measure reliably and with a good precision the thermal conductivity of niobium and other materials commonly used in SRF cavities fabrication. The aim
of this paper is to present, analyze and discuss the experimental thermal conductivity data obtained with a dedicated
apparatus. The paper is organized in four sections. The experimental set-up and procedure are described in the first
section. In the second section we will present and discuss
thermal conductivity our experimental data which are analyzed and compared to with previously reported data. In the
same section, we discuss also RRR data in correlation with
thermal conductivity.

TEST-STAND DESCRIPTION
The principle of the method used is the so-called steady
state axial heat flow technique operated in the low heat flux
q regime ( i.e. q~50W/m2 and T ~10 mK over a length
l=10 mm) but with some refinements in order to insure a
good reliability of the measurement and to improve the corresponding sensitivity and accuracy. The test-cell developed (Fig. 1) for precise measurement of low temperature
(i.e. 1.5 K-60 K) thermal conductivity of different materials commonly used for the fabrication of SRF cavities consists mainly on four major components detailed in the following.
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attention was given to thermometers mounting and thermal
coupling to the sample: knife edge–like O.F.H.C copper
clamps are used and careful thermal anchoring of thermometer leads to the sample is insured using a copper
filled grease as thermal bonding agent (CRYCON). It has
to be stressed that the thermometers leads were carefully
thermal anchored at different locations (thermometer location, heat sink, then LHe bath) so as to improve the accuracy of temperature measurement. The heat source which
consists of a Joule heated O.F.H.C Cu block with manganin wire wrapped around is also mounted on the sample
using CRYCON grease so as to improve thermal contact.
Figure 1: Thermal conductivity test-cell diagram.
A temperature controlled heat sink (To), or hot thermostatic O.F.H.C copper block, which is connected to a cold
thermostat Cu block directly cooled by the surrounding liquid helium bath (LHe, temperature : TBath), via a carefully
designed brass rod (diameter = 10 mm, length = 40 mm)
acting as a thermal impedance between the heat sink and
the cold source (Lhe). The heat sink temperature To is regulated by means of a resistive heater (manganin wire
wrapped around the Cu block, RHeat= 50 ) using a calibrated cernox resistor as a temperature sensor while the
cold source (Lhe) is maintained at Tbath. Precise measurement of T0 is performed by means of a reference cernox
thermometer absolutely calibrated to within  10 mK in the
temperature range 1.5 K – 20 K. Note that this thermometer
is also used for referencing all the thermometers at the thermal equilibrium ( q=0) and under isothermal conditions
(see next section). Furthermore, TBath is also regulated via
the control of the LHe bath vapour pressure (2 capacitive
pressure sensors (0-1000 Torr and 0-100 Torr full scale)
and automatic valve with a PID regulator) and monitored
with another calibrated cernox thermometer. Four testsamples (length = 55 mm, width = 10 mm, thickness = 0.3
mm to 4 mm depending on the specimen), are measured
simultaneously during each experimental run. (Fig. 2)

Figure 3: Test-cell on the cryogenic insert ready for testing.
Finally, the test-samples are fixed and thermally
clamped to the heat sink at their upper extremity. Two
O.F.H.C copper radiation shields coated with one layer of
superinsulation surround the heat sink as well as the testsamples. The innermost radiation shield, which is thermally clamped to the heat sink, is directly placed around
the test-samples. The second radiation shield is thermally
attached to the brass rod at an intermediate temperature between Tbath and Tsink. The whole assembly is placed inside
a stainless-steel vacuum insulating jacket (Fig. 3). Note
that as the major parts of this system are removable, a special care was given to insure proper clamping and good
thermal contact: all copper pieces were first cleaned and
deoxidized then coated CRYCON grease just before each
mounting operation.

RESULTS AND DISCUSSION

Figure 2: Close view to the samples mounted on the hit
thermostatic Cu block.
Each of these test-samples is equipped with a removable
heat source attached to its lower extremity and four calibrated (1.5 K–300 K) cernox resistors. Three of these thermometers are used to measure the temperature gradient
along the test-sample. Note that as the experiment is performed at low heat flux (see next section), it is more reliable to use three temperature sensors instead of two (linear
temperature profile along the sample). Moreover, a special
Fundamental R&D - Nb
thermal studies

Several samples of different materials (Nb, Ti,…), supplied by different companies were either tested as received
or/and subjected to various Heat Treatment (H.T) prior to
the experiment then tested. In particular, we studied the effect of both the material initial purity (i.e. RRR), which was
also either measured and/or calculated from the material
impurity content (O, N, H, Ta…) analysis, and the subsequent H.T on the sample thermal conductivity.

Heraeus Niobium
The data obtained with niobium sheets supplied by
Hereaus are presented in Fig. 4. These data lead to the following observations: 1) Heat treatment with Ti gettering
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improves the thermal conductivity of Nb in whole temperature range 1.5 K-9 K, 2) This improvement is attributed to
recrystallization of niobium, reduction of the density of
dislocations in the material (annealing effect), purification
(removal of interstitial impurities such as hydrogen, nitrogen and oxygen), 3) The measured initial (i.e as received
sample) value of RRR is 137, 4) The experimental RRR
value is close (to within 7%) to the calculated value according to Wiedemann-Franz law, namely RRRTh=128, 6)At
T=4.2K the thermal conductivities of as received and HT
sample are respectively 40 W/m.K and 115 W/m.K, 5) HT
with Ti gettering have a strong effect on the phonons peak
at T=2K : for as received k2K= 7 W/m.K, for HT k2K= 30
W/m.K, 6) The enhancement of thermal conductivity is
much stronger at T=2 K as compared to other temperatures.
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heat treatment and impurities have a strong impact on the
phonon peak

Figure 5: Effect of heat treatment at 1400 °C with Ti gettering on the thermal conductivity of Tokyo Denkai Nb.

Figure 4: Effect of heat treatment at 1200 °C with Ti gettering on the thermal conductivity of Heraeus Nb.

Tokyo Denkai Niobium
The results obtained with niobium sheets supplied by
Tokyo Denkai are presented in Fig. 5. These data show a
different behaviour: 1) No phonon peak is observed for
both as received and heat treated samples, 2) Heat treatment with Ti gettering improves the thermal conductivity
of Nb above T=2.3 K. Below this temperature a reduction
of k(T) is clearly observed. 3) The effect of HT seems dependent of Nb supplier and hence the production process,
4) according to the observed behaviour the crystal structure
and defect density due to cold work and plastic deformation during production of Tokyo Denkai niobium seems
to be of lower quality as compared to Heraeus Nb.

Wah Chang Niobium
Four samples of different initial RRR ranging from 46
(reactor grade Nb) to 200 was supplied by Wah Chang and
tested. The data, presented in Fig. 6, show that Wah Chang
Niobium has a behaviour similar to Heraeus samples.
Furthermore, as compared to previous studies [1-5], our
experimental data on Nb supplied by Heraeus, Tokyo Denkia and Wah Chang show the same behaviour concerning:
1) thermal conductivity versus temperature (shape of the
curve and phonon peak at T~2K), 2) the correlation between RRR and k4.2 according to Wiedemann-Franz law
(i.e. RRR=a. k4.2 (W/m.K) with a =4-5 m.K/W), 3) the
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Figure 6: Effect of heat treatment at 1400 °C with Ti gettering on the thermal conductivity of Tokyo Denkai Nb.

CONCLUSION
A test facility dedicated to the measurement at low temperature (1.5 K- 60K) of the thermal conductivity of materials commonly used for the fabrication of SRF cavities.
Several samples of niobium sheets supplied by different
companies were either tested as received or/and subjected
to various Heat Treatment (H.T) prior to the experiment
then tested. The experimental data show that the phonons
peak around T=2 K depends strongly on the following: 1)
niobium sheets production process, 2) impurities, including hydrogen and heat treatment with and without titanium
gettering. Heat treatment purification of Niobium with titanium gettering at temperature from 1200 °C to 1400 °C
impacts strongly k(T). This effect is due to reduction of
dislocations density in Niobium and purification (i.e reduction of oxygen content). Heat treatment at 800 °C (hydrogen outgassing) impacts also k(T). The reduction of quench
field subsequent to baking and/or nitrogen doping could be
attributed to reduction of k(T) the phonons peak. Finally,
as expected according to the well-known Wiedmann-Franz
law, the correlation (e.g k4.2  RRR) between RRR and k4.2
is confirmed.
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COMPARISON OF THE LATTICE THERMAL CONDUCTIVITY OF
SUPERCONDUCTING TANTALUM AND NIOBIUM

Abstract
The thermal conductivity k of superconducting tantalum
(Ta) behaves similarly to that of superconducting niobium
(Nb), albeit at colder temperatures. This shift is due to the
superconducting transition temperature of Ta being 4.48
K, versus 9.25 K for Nb. For example, the temperature
of the phonon peak of properly treated Ta is about 1 K as
opposed to a phonon peak at about 2 K for Nb. The typical
value of k of Ta is smaller than Nb with the value at the
phonon peak for Ta being O(10) W m-1 K-1 . Like Nb, k is
dominated by phonons at these temperatures. This lattice k
can be modeled by the Boltzmann transport equation, solved
here by a Monte Carlo method using the relaxation time
approximation. The phonon dispersion relation is included
and some of the individual scattering mechanisms due to
boundaries, dislocations, and residual normal electrons are
examined. Differences in the thermal response of deformed
Ta, as compared with Nb, may be attributed to differences
in dislocation densities of the two metals following similar
levels of deformation. Boundary scattering dominates at the
coldest temperatures. The phonon peak decreases and shifts
to warmer temperatures with increasing deformation.

INTRODUCTION
Manufacturing superconducting radio frequency (SRF)
cavities from large grain Nb sheets may reduce cost and
improve their quality factor [1]. However, manufacturing
SRF cavities from Nb sheets requires large deformations
that increases dislocation density [2], which has been shown
to reduce the thermal conductivity of superconducting large
grain Nb [3–5]. Good thermal conductivity k is critical for
mitigating heat generation during superconducting conditions. Thus, developing models for designing cavity fabrication paths that can maximize k is important to prevent cavity
quench, thus improving cavity performance [6].
Ta is a part of the refractory metals group and also a
superconducting metal, similar to Nb. Because Nb and
Ta are found together, there is always Ta present in SRF
cavities, this provides some intrinsic interest and motivation
for understanding the thermal conductivity of Ta. Ta and
Nb behave like twins in nature and they have very similar
physical and chemical properties. For example, both of them
are body-center cubic materials and have similar thermal
conductivity at room temperature. However, the transition
temperature (Tc ) from normal conductor to superconductor
of Ta is 4.48 K, which is about one half of that of Nb (Tc =
9.25 K) [7].
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Figure 1: Phonon and electron contributions to the thermal
conductivity of undeformed superconducting Nb.
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Figure 2: Phonon and electron contributions to the thermal
conductivity of undeformed superconducting Ta.

The thermal conductivity of superconducting metals is
described as the sum of an electronic component k e and
a lattice vibration component k g [8]. Typical examples of
thermal conductivity contributions for undeformed Nb and
Ta are shown in Figs. 1 and 2, respectively. For T/Tc < 0.2,
phonon contributions to the thermal conductivity dominate
over the electronic contributions. The purity of the metal
(i.e., RRR) largely determines the electronic component k e .
A number of factors, including sample size, specularity, free
electrons, impurity concentration, and dislocation density
Nd , determine k g . Plastic deformation, which occurs in
many manufacturing processes, increases Nd , while heat
treatments may reduce Nd [5].
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MODELS OF THERMAL CONDUCTIVITY
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Parameterization The thermal conductivity of superconducting Nb and Ta can be modeled as the sum of electron
50
transport of energy and phonon transport of energy. In normally conducting metals, the phonon part is usually negli40
gible due to scattering by normal electrons. However, in
the superconducting regime, the formation of electrons into
30
Cooper pairs leads to a reduction in the electron contribution
to energy transport as well as a reduction in scattering of
20
phonons by electrons [9, 10]. Therefore, the phonon contriFitting with dislocation
bution dominates the thermal conductivity for temperatures
10
Undeformed experimental data
below T/T c = 0.2, where the electronic contributions are
Fitting without dislocation
0
almost 0, as shown in Fig. 1 and Fig. 2.
0
0.5
1
1.5
2
2.5
3
Xu et al. [11] proposed a model based on the Koechlin
Temperature (K)
and Bonin [12] parameterization (K& B model) of the therFigure 3: Comparison between fitting with or without dislomal conductivity of superconducting materials by explicitly
cation term for undeformed Nb sample from [3]. Calculated
including a term for phonon-dislocation scattering, where
dislocation density is Nd = 4.7 × 1012 m−2 .
the K& B model is based on the BRT [10] expression according to the BCS theory [9]. The expression of the model
proposed by Xu et al. is
14
Fitting with dislocation


−1
h ρ
i −1
12
Experimental data (14.7% deformation)
1
K Nd
1
2
k = R(y)
+
+ 2
+ aT
+
Fitting without dislocation
2
3
LT
D exp(y)T
BΛT
T
10
(1)
where K Nd /T 2 is the term added to account for the effect of
8
phonon-dislocation scattering. R(y) quantifies the condensation of normal conducting electrons into Cooper pairs [10],
6
ρ is the residual resistivity. L is the Lorentz number, a is the
4
coefficient of momentum exchange of electrons with the lattice, D refers to phonon-electron scattering, B corresponds
2
to phonon-boundary scattering, Λ is the phonon mean free
path. The term y in R(y) is defined as
0
0

∆(T)
∆(T) Tc
y=
=
k BT
k B Tc T

(2)

where ∆(T) is the superconducting energy gap, and k B the
Boltzmann constant. For T/Tc < 0.6, y can be approximated as y = αTc /T, α ≈ 1.76 in BCS theory but may take
different values according to experiments on different metals
[12], and ρ, a, B, α, D, and Nd are the parameters that need
to be determined. The resistivity ρ and dislocation density
may be determined by measurements. The two terms in k e
are due to electron-defect scattering and electron-phonon
scattering, respectively, and the three terms in k g are due
to phonon-electron scattering, phonon boundary scattering,
and phonon-dislocation scattering, respectively.
The parameter K is expressed following Klemens [13] for
randomly distributed dislocations as
K=

0.038(v̄h2 )b2 γ 2
kB3

(3)

where γ is the Grüneisen constant, b is the Burgers vector, v̄
is the average group velocity, h is the Planck constant and
k B is the Boltzmann constant.
Comparison of data from [3] with fitting of Eq. (1) are
shown in Fig. 3 for an undeformed sample and Fig. 4 for the
Fundamental R&D - Nb
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Figure 4: Comparison between fitting with or without dislocation term for deformed Nb sample [3]. Calculated dislocation density is Nd = 3.8 × 1014 m−2 .
same sample after a uniaxial Cauchy strain of 14.7%. When
the dislocation term is included in the fit, the qualitative
and quantitative agreement with the experimental results [3]
improves significantly, especially for Nb after deformation.
Koechlin and Bonin noticed a discrepancy during their fitting
with the experimental results. This deviation may have been
due to the lack of a phonon–dislocation scattering term in
their model.
Monte Carlo Simulation The Boltzmann transport
equation (BTE) has been widely used to model phonon and
electron transport. The BTE for phonon transport can be
written as [14]
 
∂f
∂f
+ vg · ∆ f =
(4)
∂t
∂t scat
where f (r, q, t) is the distribution function of an ensemble of
phonons, a function of position (r), time (t), and wave vector
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Table 1: Parameters of the Samples Examined [3, 7]. ϵ–Cauchy Strain
RRR
350
1200
250
185
111
60

Nd × 1012 m−2
4.49 (0%)
0.0611 (0%)
5.11 (0%)
0.0297 (0%)
0.105 (0%)
0.0173 (0%)

5.91 (8%)
14 (4%)
8.64 (3%)
11.9 (2%)
30.1 (1.2%)
0.489 (1%)

(q), and vg is the phonon group velocity. The left-hand side
of Eq. (4) represents the change of the distribution function
due to motion or drift, and the right-hand side represents the
change due to collision or scattering. Due to the complex
nature of scattering events, a relaxation time approximation
is often used to simplify the scattering term by writing


∂f
∂t



=
scat

f − f0
τ

(5)

where τ is the overall relaxation time, f0 is the phonon
distribution function at equilibrium. The relaxation
time is due to several scattering mechanisms, including phonon-phonon scattering, phonon-impurity scattering,
phonon-boundary scattering, phonon-electron scattering,
and phonon-dislocation scattering, etc. The distribution
function f (r, q, t) is a function of seven independent variables, including time (t), three space variables (r), and three
wave-vector variables (q). In addition, the scattering mechanisms are usually nonlinear functions. These complexities
render the solution of the BTE extremely difficult by deterministic means [14].
The Monte Carlo method is a stochastic method to solve
the BTE and has been widely used for phonon and electron
transport [14–17]. As the thermal conductivity of Nb and
Ta at superconducting temperature is dominated by phonon
contributions, the Monte Carlo simulation method is suitable
to model the lattice thermal conductivity of superconducting Nb and Ta. An energy-based, variance-reduced Monte
Carlo method [17] is used in this paper. This method only
models the deviation in the energy of a particle population
from its nearby equilibrium, with the equilibrium described
analytically. This saves significant computational cost as
compared with standard methods because calculations start
relatively close to equilibrium.
In the Monte Carlo simulation, the phonon-boundary scattering is treated during the drift process, i.e., when a phonon
reaches the physical boundary of a sample, it reflects back
either specularly or diffusively, depending on the specularity
of the surface. Scattering with dislocations can be treated
similarly to the isotropic scattering of photons when addressing thermal radiation. Scattering of phonons due to the
anharmonic terms of the potential (i.e., electrons) tends to
restore thermal equilibrium.
MOP041
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159 (8%)
47.6 (7.3%)
19.9 (3.1%)
66.6 (2.4%)
482 (10%)

(ϵ)

157 (10.3%)
108 (7.3%)
123 (3.9%)

367 (14.7%)
211 (6.2%)

Please refer to [18] for details of the Monte Carlo solution
technique, including initialization, drift process, scattering
process, and calculating the thermal conductivity.
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Figure 5: Comparison between the data of the thermal conductivity of deformed superconducting metals (symbols)
and the best fit using Eq. (1) (lines). Top panel is Nb [3], for
ϵ =0%, 3%, 7.3%, and 10.3% and bottom panel is Ta [7],
for ϵ =0%, 2%, 3.1%, and 7.3%. The dislocation density is
calculated during the fitting process

RESULTS AND DISCUSSION
Equation 1 improves agreement with the experimental
results as compared with the model w/o dislocation term
[12].
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Figure 6: Monte Carlo solution of Eq. (4) (symbols) compared with the best fit of Eq. (1) (lines) for the lattice thermal
conductivity of three undeformed Nb samples [3] (top panel)
and three undeformed Ta samples [7] (bottom panel). The
parameters (size, RRR, deformation temperature, and estimated Nd ) for each sample are listed in Table 1.

Comparison of data from [3, 19] with fitting of using
Eq. (1) is shown in Fig. 5 for superconducting Nb and superconducting Ta, both before and after deformation. The
figures show that after deformation, the thermal conductivity
of both Nb and Ta decrease because of the increase of dislocation density, where the temperatures at the phonon peak
(Tpp ) increase with deformation for both Nb and Ta. The
phonon peak disappears after 7.3% deformation for these
Nb and Ta samples. After 10.3% deformation for this Nb
sample, the thermal conductivity increases proportionally
with temperature. Another interesting similarity between Nb
and Ta is that k pp occurs at T/Tc ≈ 0.2 and k min (local minimum) occurs at T/Tc ≈ 0.3 for both Nb and Ta. However,
at T/Tc ≈ 0.4, the thermal conductivity of Ta is greater than
the value at the phonon peak, while the thermal conductivity
of Nb is smaller than the value at its phonon peak.
Monte Carlo simulation results of the lattice thermal conductivity of superconducting Nb and Ta samples before deformation are shown in Fig. 6, and compared with the fit
of Eq. (1). The simulation results match well with fitting
results by including the effect of phonon-boundary scatFundamental R&D - Nb
thermal studies
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Figure 7: Monte Carlo solution of Eq. (4) (symbols) compared with the best fit of Eq. (1) (lines) for the lattice thermal
conductivity of deformed sample Nb3 [3] (top panel) with
ϵ =0%, 3%, 7.3%, and 10.3% and deformed sample Ta1
[7] (bottom panel) with ϵ =0%, 2%, 3.1%, and 7.3%. The
parameters (size, RRR, deformation temperature, and estimated Nd ) for each sample are listed in Table 1.

tering, phonon-electron scattering and phonon-dislocation
scattering. Here, the phonon-dislocation scattering is less
important for undeformed samples with the other two scattering mechanisms. It can be also seen from the simulation
results that the phonon peak appears at about 1.8 K for Nb
and 0.9 K for Ta for all of the three samples. The temperature
at the phonon peak is close to 0.2 Tc . Therefore the phonon
peak at the undeformed Nb and Ta has small variations.
Simulation results of the lattice thermal conductivity of
superconducting Nb and Ta samples after deformation are
shown in Fig. 7, and compared with the fit of Eq. (1). The
simulation results also match well with fitting results by
including the effect of phonon-boundary scattering, phononelectron scattering and phonon-dislocation scattering. Here,
the phonon-dislocation scattering is more important for deformed samples with the other two scattering mechanisms,
due to the increase of dislocation density after deformation.
Wasserbäch observed that sample Nb1 has predominantly
screw dislocations while Nb2 has predominantly edge dislocations. He also found that low T (T<295 K) deformation
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leads to screw dislocations, and intermediate temperature
(295 K<T<475 K) deformation results in edge dislocations
[3]. As the Ta samples are deformed at T>295 K, which falls
into the intermediate temperature range, they are likely have
edge dislocations [19]. It is shown from the figure that k pp
decreases with deformation and will eventually disappear
after large deformation, while Tpp increases with deformation for both Nb and Ta. These results can be accounted
for by the effect of dislocations. It can be also seen that the
lattice thermal conductivity of Nb has greater value than
Ta in similar conditions. It is not difficult to find that for a
given deformation, the ratio of the thermal conductivity to
the undeformed state (k/kϵ =0 ) for Ta is smaller than that in
Nb.

CONCLUSIONS
Thermal conductivity of superconducting Nb are critical
to the performance of SRF cavities. At the working temperature of SRF cavities, phonon-dislocation scattering plays an
important role to affect the thermal conductivity of superconducting metals for samples after deformation. Wasserbäch
carefully examined each of the phonon scattering mechanisms to the thermal conductivity with particular attention to
dislocations. Analysis of the thermal conductivity of superconducting metals shows that in addition to k pp decreasing
after deformation, there is a shift increase in Tpp . The proposed expression combines different scattering mechanisms
into an equation by adding a phonon–dislocation scattering
term that improves the accuracy of fits to experimental data,
especially for deformed samples at low temperatures. The
proposed model can also be used to infer the dislocation
density from measurements of k.
Monte Carlo simulation modeled the lattice thermal conductivity of superconducting Nb and Ta by including the
effect of phonon-boundary scattering, phonon-electron scattering, and phonon-dislocation scattering. Simulation results
match well with the proposed model Eq. (1). The phonon
peak thermal conductivity appears at T≈1.8 K and at T≈0.9
K for undeformed Nb and Ta. It moves to warmer temperature after deformation until the phonon peak disappears.
By comparing the thermal conductivity of Nb and Ta, it is
found that Ta has a smaller thermal conductivity than similarly prepared Nb. For example, thermal conductivity at the
phonon peak varies from 30 to 60 Wm−1 K−1 for undeformed
Nb examined in this paper at superconducting temperatures,
while it varies from 10 to 12 Wm−1 K−1 for undeformed Ta
in similar conditions. Thermal conductivity decreases more
readily for Ta than in Nb, and the reason might be due to
the different dislocation mechanisms inside metals. As all
the three Ta samples are deformed at a temperature equal
or higher than 295 K, they are more likely have edge dislocations [19]. Edge dislocations have more effect on the
thermal conductivity than screw dislocations [3].
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Abstract
The LCLS-II HE project is a high energy upgrade to the
superconducting LCLS-II linac. It consists of adding twenty
additional 1.3 GHz cryomodules to the linac, with cavities
operating at a gradient of 20.8 MV/m with a Q0 of 2.7×1010 .
Performance of LCLS-II cryomodules has suggested that
operations at this high of a gradient will not be achievable
with the existing cavity recipe employed. Therefore a research program was developed between SLAC, Fermilab,
Thomas Jefferson National Accelerator Facility, and Cornell
University in order to improve the cavity processing method
of the SRF cavities and reach the HE goals. This program explores the doping regime beyond what was done for LCLS-II
and also has looked to further developed nitrogen-infusion.
Here we will summarize the results from this R&D program,
showing significant improvement on both single-cell and
9-cell cavities compared with the original LCLS-II cavity
recipe.

INTRODUCTION
LCLS-II HE will add an additional 20 cryomodules to
the superconducting LCLS-II linac. The SRF cavities in
these cryomodules will operate at an average gradient of
20.8 MV/m. Together with increasing the LCLS-II average
operating gradient from 16 to 18 MV/m, this will enable
the combined LCLS-II and HE linac to provide electron
energies up to 8 GeV. For qualificatin for string assembly,
cavities must reach a Q0 of 2.7×1010 at 21 MV/m and a
quench field of at least 23 MV/m in vertical test. LCLS-II
nitrogen-doping results have suggested average gradients of
∼23 MV/m, with significant spread [1]. While the average,
LCLS-II cavity meets HE requirements, ∼40% of the cavities do not. Therefore, an R&D program was developed to
further push the boundaries of nitrogen-doping and improve
cavity gradient reach while maintaining high Q0 .

NITROGEN-INFUSION
Nitrogen-infusion is similar to nitrogen-doping but involves treating a cavity at lower temperatures in a nitrgen
atmosphere. Typically this is done at temperatures below
∗
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Figure 1: Q0 vs Eacc performance for the three cavities prepared with nitrogen-infusion at Cornell. Contamination in
the furnace led to high residual resistance which limited the
Q0 .
200◦ C. Unlike nitrogen-doping, infusion does not require a
final electropolish to remove nitrides, as none are formed.
Infusion has been shown to produce cavities with high Q0
and very high gradients, upwards of 45 MV/m [2]. Cornell
University pursued nitrogen-infusion to be potentially used
by LCLS-II HE. Three cavities were treated. A summary of
the treatments is shown in Table 1 and the Q0 vs Eacc results
for these three cavities are shown in Fig. 1.
Nitrogen-infusion is highly sensitive to contamination
in the UHV furnace due to the lack of final EP after furnace treatment. Unfortunately, contamination in the Cornell
furnace resulted in higher than expected residual resistance
(R res ), as can be seen by the low Q0 in Fig. 1. Due to this, additional treatments (HF rinse and Oxypolishing) were done
on the cavities, in hopes of removing the contamination. Unfortunately, these subsequent treatments did not improve the
cavity performance significantly.
The issues that manifested in the Cornell furnace highlight
an intrinsic fallback of nitrogen-infusion. Since LCLS-II
HE will use vendor furnaces to treat the cavities, the level
of contamination in the furnaces is difficult to control. In
principle, this risk could be mitigated by extensive oversight
of the vendors’ furnaces or having a designated furnace for
infusion work. In practice however, this is not likely to be
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Table 1: Summary Of Nitrogen-infusion Treatments Carried Out By Cornell. Subsequent treatment refers to additional
treatment that the cavity received after initial RF test.
Cavity
Cavity 1
Cavity 2
Cavity 3

Infusion Temperature [◦ C]
160
160
160

Infusion Time [hrs]
24
48
192

Subsequent Treatment
Oxypolish
2x HF Rinse
HF Rinse, 2nd HF Rinse

cost effective. Therefore, the R&D program abandoned the
infusion work and focused on improving nitrogen-doping.

NITROGEN-DOPING IMPROVEMENT
Nitrogen-doping consists of heat treating a SRF cavity
at high temperatures (typically 800◦ C) in a nitrogen atmosphere. LCLS-II cavities were prepared with the so-called
2/6 nitrogen-doping recipe, 2 minutes at 800◦ C in 25 mTorr
of N2 followed by 6 minutes in vacuum [3]. While nitrogendoping consistently produces cavities with high Q0 , there
is also, on average, a drop in quench field. This drop has
been shown to be correlated with doping level, i.e. heavier
dopings leading to lower quench fields [4]. Therefore, two
parallel paths were explored in order to improve the gradient
reach of nitrogen-doped cavities:
1. Light dopings, to produce cavities with higher mean
free paths than LCLS-II cavities

Figure 2: Q0 vs Eacc results for single-cell cavities prepared
with the 2/0 recipe. Also, shown is the average LCLS-II
cavity performance. All single-cell cavities prepared exceed
the LCLS-II HE specification.

2. Longer anneal times, to produce a very uniform doped
layer
These two paths were pursued at FNAL and JLab on singlecell cavities.

Single-Cell Work
FNAL pursued a 2/0 doping, in which the cavity is doped
for two minutes at 800◦ C and immediately cooled with no
anneal. The choice of this recipe was based on expectations
of increasing the mean free path of the doped layer leading
to higher quench fields based on previous results [4]. Results from single-cell cavities prepared with the 2/0 recipe
are shown in Fig. 2. As can be seen, all single-cell cavities exceeded the LCLS-II HE specifications. An average
increase of ∼2 MV/m compared with the average LCLS-II
performance was noted.
Both FNAL and JLab pursued the 3/60 doping, in which
the cavity is doped for three minutes at 800◦ C and then annealed in vacuum for 60 minutes. This recipe was motivated
by the desire to create a very uniform and deep doped layer
which could potentially reduce nanohydrides and remove the
sensitivity of performance on the exact final EP amount [5].
Single-cell cavity Q0 vs Eacc performance is given in Fig. 3.
Performance of these cavities was excellent, with nearly all
cavities exceeding gradients of 30 MV/m. Q0 performance
was also stellar, with one cavity reaching a Q0 of more than
6×1010 at 21 MV/m and 2 K.
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Figure 3: Q0 vs Eacc performance for single-cell cavities
treated with the 3/60 recipe. Excellent performance was
achieved, with some Q0 as high as 6×1010 at 2 K.

9-Cell Work
In light of the excellent single-cell performance outlined
in the previous section and in Figs. 2 and 3, the two candidate
recipes were applied to a variety of 9-cell cavities. Three
9-cell cavities were provided by FNAL and an additional
16 9-cell cavities from the end of LCLS-II production were
used. The four prepared at FNAL were treated with the 2/0
recipe, while the 16 were divided in the following way:
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Figure 4: Q0 vs Eacc performance of the 9-cell cavities
treated with the 2/0 recipe.
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Figure 5: Q0 vs Eacc performance of the 9-cell cavities
treated with the 3/60 recipe.

• 4 cavities prepared with the standard LCLS-II recipe
(2/6)
• 4 cavities prepared with the 2/0 recipe and the standard
LCLS-II 5-7 µm nominal light EP
• 8 cavities prepared with the 3/60 recipe and a light EP
of 7-9µm
Unfortunately, the performance of the 9-cell cavities was not
as excellent as the single-cell cavity performance. The full
results of the 20 cavities prepared are shown in Table 2. The
Q0 vs Eacc performance for the 2/0 cavities and 3/60 cavities
is shown in Figs. 4 and 5, respectively.
The cavities prepared with the 2/0 recipe at FNAL showed
moderate performance. Two of the cavities (CAV0017 first
test and CAV0018) were limited by low field quench in only
cell 1. All other cells quenched above 25 MV/m [6]. Incidently cell 1 was the cell closest to the nitrogen inlet in the
furnace. Flipping CAV0017 so that cell 1 was further from
the inlet resulted in the cavity quenching above 25 MV/m but
still limited in the cell closest to the inlet (cell 9 in this case).
Investigations into this phenomenon are currently underway.
The last 32 cavities from the end of LCLS-II production
which were used for 9-cell studies were fabricated by Zanon
(EZ), bulk EP’d by EZ, heat treated and doped by RI, and
final EP’d by EZ. This was different from the rest of LCLS-II
production in which each cavity vendor treated their own
cavities in their own furnace. Furnace contamination at EZ,
which manifested near the end of LCLS-II cavity production,
resulted in them using RI as a subcontractor for the heat
treatment and doping cycles. Of these 32 cavities, 16 were
the ones used for the HE R&D studies. These 16 cavities
all performed worse than expected based on the single-cell
results.
LCLS-II cavities, prepared with the 2/6 recipe, had an
average quench field of ∼23 MV/m and it was expected that
this performance would be the baseline performance for the
last 16 cavities. However, as is shown in Fig. 6, there is a
clear downward shift in the quench fields of the last cavities
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Figure 6: A comparison of the quench fields for 9-cell cavities prepared with the three different recipes at the cavity vendors. 2/6 Baseline performance was significantly worse than
the average LCLS-II performance. The 2/0 recipe demonstrated an average increase of 3 MV/m with respect to the
2/6 recipe. The colored bars show histograms of the results, overlaid with the boxplot. The scale for each of the
histograms are the same.
regardless of recipe. The 3/60 was affected the worst, and the
2/0 the least, but even the 2/6 baseline cavities performed
3-4 MV/m lower than the average LCLS-II performance.
This suggests that there was a fundamental issue with the
cavity fabrication, heat treatment, EP, or some combination
of those factors. Additionally, the cavities were treated at
different temperatures prior to the doping stage to account
for differences in flux expulsion. As described in [1], quench
fields have been shown to be degraded when cavities are
treated at 975◦ C in RI’s furnace. This further confounds the
data.
Optical inspection of the inside of four of the cavities
showed clear weld issues and defects, likely due to improper
weld stackup procedures, see Fig. 7. EZ had previously
suffered from similar issues at the beginning of LCLS-II
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Table 2: Preparation And Results Of The 9-Cell Cavities Treated As Part Of The HE R&D Program
Cavity
CAV357
CAV3581
CAV3601
CAV361
CAV349
CAV350
CAV363
CAV364
CAV363
CAV350
CAV355
CAV356
CAV359
CAV362
CAV351
CAV352
CAV353
CAV354
CAV3531
CAV0017
CAV0017
CAV0018
TB9RI022
1

Heat Treatment
Temperature [◦ C]
925
925
925
925
975
975
925
925
925
975
925
925
925
925
975
975
975
975
975
900
900
900
800

Doping Recipe
2/6
2/6
2/6
2/6
2/0
2/0
2/0
2/0
2/0
2/0
3/60
3/60
3/60
3/60
3/60
3/60
3/60
3/60
3/60
2/0
2/0
2/0
2/0

EP Post Doping
[µm]
7
7
7
7
7
7
7
7
10
10
11
11
11
11
11
11
11
11
15
7
7
7
7

Prepared at
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
EZ/RI
FNAL
FNAL
FNAL
FNAL

Quench
[MV/m]
17.2
20.8
20.2
19.1
15
20.6
21.6
22.5
24.5
22.8
18.1

Q0 at 16 MV/m
(21 MV/m)
3×1010
2.7×1010
3×1010
2.8×1010
2.4×1010
3.5×1010
3.5×1010 (2.9)
2.4×1010
3×1010 (2.9)
3×1010 (2.9)
3.1×1010

17.2
18.3

3.8×1010
3.8×1010

15.5
16.9

2.3×1010
3.1×1010

17
20
25.5
20
32

3.5×1010
3×1010
3×1010
3×1010
2.5×1010

Field emission present

Figure 7: An example optical inspection issue from one of
the 16 cavities produced by EZ. The weld appears wavy and
a defect is present, suggesting an improper weld stackup
prior to electron-beam welding.

production, which was since fixed [1]. However, if this was
the case, one would expect that a full cavity reset would
not improve the quench field. Figure 8 shows that in fact
the opposite is true - a cavity that was reset with 60 µm EP
reached fields above 25 MV/m (power limited not quench).
However, this cavity was not optically inspected so it is
unknown if it suffers from similar weld issues as the four that
were inspected. Further studies are required to understand
this difference.
While the 9-cell results from the vendor produced cavities
are discouraging, it is clear that an issue within the production limited performance. As described above and in detail in
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Figure 8: Q0 vs Eacc performance of a cavity treated with
3/60 at the vendor and then reset with 60 µm EP at FNAL. After reset, the cavity performs similar to standard prepared cavities, suggesting that manufacturing issues were not present.
Fig. 6, even the 2/6 cavities performed worse than expected.
In fact, the performance of the 2/0 cavities was ∼3 MV/m
higher than the 2/6 cavities. This suggests that if the issues
with cavity production were improved, the 2/0 recipe would
have produced cavities that consistently exceeded the LCLSII specification. Moreover, after additional EP, two of the
vendor produced 2/0 cavities met the HE gradient specifi-
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Figure 9: SIMS data showing the depth profile of 3/60 and
2/0 samples treated in RI’s furnace with the 9-cell cavities.
0 µm of depth on this plot is after a 5 µm EP. Colors represent
different locations on the sample measured.
cation. Combined with the cavities prepared at FNAL, four
9-cell cavities were demonstrated to have performance in
excess of the LCLS-II HE requirements.

Sample Analysis
In addition to RF measurements on cavities, samples
treated with various cavities have been analyzed using Secondary Ion Mass Spectroscopy (SIMS). Samples treated
with the 2/0 and 3/60 cavities at RI were measured at Virginia Tech and the results are shown in Fig. 9 [7]. As you
can see, the nitrogen concentration in the 3/60 samples is
fairly constant to ∼12 µm into the bulk. For the 2/0 sample,
the nitrogen concentration starts about 2-3 times lower than
the 3/60 (as expected) and drops quickly as one goes deeper
into the bulk.
SIMS measurements were also carried out on samples
treated with a 2/0 cavity in the FNAL furnace. These results
are shown in Fig. 10. Interestingly the nitrogen concentration
in the two samples is very similar, even when additional EP
was done. This may suggest that there were additional errors
in the EP measurement.

CONCLUSIONS
The LCLS-II HE R&D program has explored three paths
to a new cavity recipe which can produce SRF cavities that
can consistently reach 23 MV/m with high Q0 : nitrogeninfusion, 2/0 nitrogen-doping, and 3/60 nitrogen-doping.
Infusion proved to be too sensitive to furnace contamination to reliably produce good cavities for a large accelerator
production. Both the 2/0 and 3/60 recipes produced excellent single-cell cavities which far exceeded the LCLS-II HE
requirements. However, 9-cell performance was less than
stellar. 9-cell cavities prepared at FNAL had good results,
with 50% of the cavities exceeding HE requirements, however more studies need to be completed to understand why
one cell of the cavities that failed were limited compared
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Figure 10: SIMS data taken at FNAL on a sample doped in
the FNAL furnace with the 2/0 doping.
with the rest of the cavity. Vendor produced 9-cell cavities showed significantly worse performance than expected,
however there are indications that there were issues with
cavity fabrication. Studies are ongoing to understand this
difference.
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Abstract
The International Fusion Materials Irradiation Facility
(IFMIF) is an accelerator-based D-Li neutron source, in
which two 40-MeV Deuteron beams with a total current of
250 mA impact on a liquid Li stream flowing at 15 m/s (Li
target). In the IFMIF/EVEDA project under the Broader
Approach (BA) agreement, the Li target was continuously
operated with the cold trap and satisfied the stability requirement throughout the continuous operation. The linear IFMIF
prototype accelerator (LIPAc) is currently under development in Rokkasho, Japan, to demonstrate the 9 MeV/125 mA
D-beam acceleration. Recently, the first proton beam was
injected into the RFQ with more than 90 % transmission,
followed by the first Deuteron beam accelerated at 5 MeV.
The superconducting RF linac necessary for the 9-MeV D+
beam is nearing completion of the manufacturing phase and
will be assembled in Rokkasho. Based on the results from
the IFMIF/EVEDA project, a conceptual design of the Advanced Fusion Neutron Source (AFNS) for its construction
in Rokkasho is underway to obtain material irradiation data
necessary for a fusion DEMO reactor. The A-FNS is composed of an accelerator with a 40-MeV and 125-mA deuteron
beam, a test facility including a liquid Li target system and
a post irradiation examination facility, which is designed to
be able of multipurpose utilizations for neutron application
as well.

INTRODUCTION
The International Fusion Materials Irradiation Facility
(IFMIF) aims to provide an accelerator-based, D-Li neutron
source to produce high energy neutrons at sufficient intensity and irradiation volume for DEMO reactor materials
qualification [1]. The IFMIF/EVEDA project, which is part
of the Broader Approach (BA) agreement between Japan
and EU, has the mission to work on the engineering design
of IFMIF and to validate the main technological challenges.
The LIPAc being developed in the IFMIF/EVEDA project
has the objective to demonstrate 125 mA/CW deuterium
ion beam acceleration up to 9 MeV and is composed of 10
major systems as shown in Figure 1. Especially, important
main accelerator parts are an injector, a Radio Frequency
Quadrupole Linac (RFQ) accelerator, and a first part of
superconducting-RF (SRF) Linac.
The LIPAc is under validation. The first accelerator component which allows the production of a 140 mA-100 keV
deuteron beam has been already demonstrated the commissioning at Rokkasho showing promising performance. The
validation of the second phase (100 keV to 5 MeV), so called
∗
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Figure 1: Configuration of an Linear IFMIF prototype accelerator (LIPAc).
RFQ acceleration phase, has been started after the installation of RF system, RFQ, MEBT (Medium Energy Beam
Transport), diagnostic plate (D-Plate) and low-power beam
dump (LPBD). The third phase, so called final phase, will
be the integrated commissioning of the LIPAc up to 9 MeV
with its SRF, HEBT (High Energy Beam Transport) and
high-power beam dump [2].
On the other hand, Through the review on the experimental results of ITER and JT-60SA, the engineering design of
a DEMO fusion reactor and the engineering data, transition
judgement for construction of a DEMO fusion reactor is to
be done around 2035 in Japanese fusion reactor program.
Acquisition of the neutron irradiation data by the fusion
neutron source is most critical in the engineering data for a
DEMO fusion reactor, because the data is very limited for
the neutron energy spectrum. In order to acquire the neutron irradiation data, construction of the Advanced Fusion
Neutron Source (A-FNS) is planned as the fusion neutron
source [3]. Based on results from the IFMIF/EVEDA project
in the Broader Approach (BA) activities, a conceptual design of A-FNS has been carried out until 2020. Consecutively, an engineering design will be conducted from 2020
to 2025. A-FNS will be constructed from 2025 as currently
planned, and operated from 2031.

RECENT PROGRESS OF LIPAc
The LIPAc RFQ is the longest one in the world and has
9.8 m length in total. 110 adjust-able tuners were replaced
with final tuners and all the test of low power RF was completed 2016.
As a result, very good agree-ment of the RF field profiles
was obtained between the design and the measurement. As
the result of measurement, the Q-value was 11000 which
was greater than the expected value 9000, and the content of
the spurious modes was less than 2 %. After that, the vacuum equipment was assembled, and the baking of the cavity
was done. The vacuum system check-out started, and finally
the cryopumps were started. The coaxial waveguides were
connected and tested with control system to RFQ in 2017 after the completion of the high-power test of the RF modules.
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All preparation for RFQ commissioning was completed in
July 2017 as shown in Figure 2.

Figure 2: RFQ installation in the beam line.
The RF power system as shown in Figure 3 consists of
eight RF chains amplifying RF at 175 MHz up to 200 kW in
CW or pulse waveform. The RF output power of individual
chain is injected into the single RFQ cavity through RF
couplers respectively. Each RF chain synchronizes to the
master RF chain through 10 MHz distributed from the White
Rabbit to LLRF of the eight chains. The input power to the
RFQ cavity (forward power) and reflected power from the
cavity are detected from the directional coupler. Using a
feedback system, the forward power from seven slave RF
chains follow the reference RF power from the master RF
chain. This function is essential to the RFQ linac since the
RF power into the cavity must be balanced and in-phase.
SF system for SRF linac is same configuration as this RF
system. RF power par a co-axial line for SRF is 100 kW
which is half of RFQ RF system.
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ation in March 2019 after very hard longtime conditioning
of RFQ.
At the initial beginning of the beam commissioning with
50keV H+ at June 2018, the beam current extracted from
ion source was set to 13mA to inject a minimal current
<10mA achievable by Plasma Electrode with 6mm diameter
aperture, and also duty cycle was set with 0.3ms pulse per 1s
repetition, for reducing the possible beam induced damage
to the interceptive diagnostic devices. The output energy
was measured using time-of-flight method for comparing the
175 MHz bunch signals detected by 3 BPMs installed in DPlate with fixed drift lengths (0.16 and 1.27m). The results,
2.5±0.02 MeV, showed a good agreement with the design
value. The photo and the configuration of the accelerator
setup are shown in Figs. 4 and 5. The typical snap shot of
oscilloscope to show the beam current signals at four points
along the beam line is given in Figure 6. As a result, in
this first campaign, the RFQ output current of 26 mA at
maximum was observed.

Figure 4: IFMIF prototype accelerator (LIPAc) without SRF.

Figure 5: Configuration of the LIPAc.

Figure 3: RF system for RFQ and SRF in LIPAc.
The commissioning of the individual RF chains was completed using the dummy load up to 200 kW/CW in July 2017,
and the RF conditioning has been started after the coaxial
transmission lines were connected to the RFQ. A precise
synchronization of the amplifiers phase and amlitude with
an active feedback loop is realized by a fullydigitalized low
level RF control unit combined with the “White Rabbit”.
The RF injection with 8 chains synchronization succeeded
first time in August 2017 and the RF conditioning activity
has been started in October 2017. One of the milestones
of the RF conditioning was to obtain the maximum vane
voltage in the RFQ cavity 132 kV, which corresponds approximately to the required target value to accelerate D+
beam in the short pulse. This was realized relatively smooth
RF conditioning by adopting an automatic rearming system
of RF system when RF stops by multipactoring etc. Finally,
we could reached the enough cavity voltage for D+ acccelerMOP047
160

Figure 6: H+ beam Beam current signals measured at four
locations of the LIPAC for extracted current 30 mA with
0.3 ms pulse width (yellow: RFQ input, cyan: RFQ output,
magenta: middle of D-Plate and green: LPBD).
After the manufacturing studies needed for the licensing
of the cavities and the validation of the application form by
KHK in March 2016, the manufacturing of the pre-series
cavity and the 8 series HWRs have been completed. All the
bare cavities have been tested in vertical cryostat and are over
the requirements (unloaded quality factor Q0 =5×108 at nominal accelerating field 4.5 MV/m) [4]. Eight cavities have
been through the final qualification process. Operational
equivalent tests -in a dedicated test stand named SaTHoRi
Facilities - Progress
upgrade plans for existing machines
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- were performed on two different accelerating units (i.e.
HWR cavity equipped with its tuning system and power
coupler). The nominal accelerating field of 4.5 MV/m was
achieved with an injected power of 14 kW and the tuning
range exceeds the requirement of 50 kHz [5].
The manufacturing of the power couplers ended in April
2017. Four pairs have been successfully conditioned up to
100 kW. The superconducting solenoids are under manufacturing and cryomodule assembly has been just started in
March 2019. This assembly takes place at Rokkasho Fusion
institute where a clean room is built. The cryomodule and
the assembly are shown in Figures 7 and 8.
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Rokkasho aiming at obtaining material irradiation data for
a fusion DEMO reactor is presented. “Japan’s road map
and action plan to promote R&D for a fusion DEMO reactor” decided in 2018 requires that the material irradiation
data should be acquired for a decision in the 2030s to start
construction of a fusion DEMO reactor. Accordingly, an
advanced fusion neutron source based on its construction in
Rokkasho, named A-FNS, has been designed at QST on the
basis of the results from the IFMIF/EVEDA project in the
BA activities.
Table 1: Basic Parameters of A-FNS
Items

Basic Parameters

Values

Ion beam

Particle
Incident energy
Current
Foot print
Material
Temperature
Thickness
Flow velocity
Intensity
Flux
He production rate
Displacement

Deuteron
40 MeV
125 mA
200 ×50 mm2
Lithium (liquid)
523 K
25 ± 1 mm
15 m/sec
6.8×1016 /s
6.0×1014 /sec/cm2
312 appm/fpy
24.7 dpa/fpy

Target
Figure 7: Cryomodule for LIPAc.
Neutron

Figure 8: Assembly of the cryomodule in the clean room.
Cryoplant procured by CEA/Saclay is needed for cryogenic cooling of the SRF linac and consists of cryogenic
power equipment providing helium refrigeration (He refrigerator, He compressor, oil removal system etc.) and cryogenic transfer lines (including liquid He Dewar, gas He buffer
tank, etc.), in addition to the Cryomodule fluid supplying
equipment. The plant was installed and commissioned in
April 2017 as shown in Figure 9.

Figure 9: Cryoplant for LIPAc.

A-FNS PROJECT
Based on results from the IFMIF/EVEDA project, a
conceptual design of intense Fusion Neutron Source, in
Facilities - Progress
upgrade plans for existing machines

Figure 10: Relation of DEMO design phase and A-FNS
design, construction and operation.
Figure 10 shows the schedule relation of JA/DEMO and AFNS between the conceptual design phase and operation one.
The conceptual design phase of DEMO will be implement
until 2025 and then the phase will move into the engineering
design phase. The decision of the DEMO construction is
set to at 2035. Therefore, the irradiation property data of
F82H with A-FNS have to be acquired by 2035. The AFNS/CDA (Conceptual Design Activity) will be advanced
until 2020 and implement the A-FNS/EDA (Engineering
Design Activity) until 2025. A-FNS should be constructed
at the latest by 2031. For the acquisition of F82H irradiation
data, the irradiation period will be for 2-3 years. The A-FNS
requires the basic parameters in Table 1.
The A-FNS requires the basic parameters in Table 1. The
A-FNS is designed to obtain the material irradiation data
up to 20 dpa for a fusion DEMO reactor. It is composed of
a deuteron accelerator with one beam line, a liquid lithium
MOP047
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target test facility in Figure 11 and a post irradiation examination facility in Figure 12.

Figure 11: Schematic view of A-FNS components.

Figure 12: Vertical cross-sectional view of A-FNS building.
Figure 13 shows a schematic view of SRF accelerator for
A-FNS from 5 MeV to 40 MeV. It is presently based on the
design of the LIPAc. The SRF-LINAC is composed of four
cryomodules, and deuterons are increasingly accelerated to
9, 14.5, 26 and 40 MeV by each cryomodule.

Figure 13: Cryomodules for A-FNS.
In QST, the A-FNS main building and related buildings
are planning to construct at Rokkasho. Figure 14 is shown
the image of location. As the related building and facility, electric power receiving and water supply equipment,
lithium facility and storage facility for the activation will be
needed. Therefore, its total area needs 300 m ×450 m (13.5
hectares).

Figure 14: Site layout of A-FNS.
One of the features of neutrons generated in the A-FNS
is its angular dependency which is caused by d-Li reaction.
Especially, high energy neutrons which have an energy peak
around 14 MeV has a strong dependency in the forward direction. Compared with other neutron sources, these high
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energy neutrons are peculiar to the A-FNS. Considering
effective use of the neutrons in the application, irradiation
sapmles are to be placed in the forward direction of the
lithium target in the radio isotope (RI) production by using
(n,2n) reaction, (n,p) reaction, etc [6]. It is noted that this
means the irradiation location for the RI production is the
same for that for the test modules of the fusion reactor materials. Another is the big footprint size in whith deuteron
beam is injected. The size is 20 cm in width × 5 cm in height.
Neutron generation source with an acceleratorbased system
usually corresponds to a point source, because the beam size
is enough small. In this case, an area of the sample is to
be very small in order to utilize neutrons which have the
dependency in the forward direction. The A-FNS has an
advantage of usage of samples which have large irradiation
areas. On the other hand, the neutrons which have an energy
peak around 1 MeV generate isotropically. Relatively strong
neutron fluxes can be achieved in 90 degree direction, because there are no test module for fusion reactor materials
and no big sturucture for the target and test modules. These
neutrons in the 90 degree direction are also valuable for the
neutron application.

SUMMARY
The results of the activities on the Engineering Validation
and Engineering Design Activities for the International Fusion Materials Irradiation Facility (IFMIF/EVEDA) project
under the framework of the Broader Approach agreement
was overviewed. The first step to demonstrate the 100 keV
deuteron and 50 keV proton beams from the LIPAc injector was completed by satisfying the target value of beam
emittance at the beam current of 140 mA and 70 mA for
deuteron and proton, respectively. The important milstones
are verifying the design of 175 MHz RFQ with the RF power
system and acceleratation of deuteron to 5 MeV. And the
associated beam transport line to the beam from RFQ into
the superconducting RF linear accelerator, has been started
and 100 mA deuteron beam was obtained with the beam
transmission, about 90% at this morment.
In other hand, on “Japan’s roadmap and action plan to promote R&D for a fusion DEMO reactor”, the design activity
of fusion neutron source of A-FNS has been implemented
in QST Based on the results of IFMIF/EVEDA project. The
first mission of A-FNS is to complete the irradiation data
acquisition of F82H by 2035. For the mission achievement,
the A-FNS/EDA will be implement from 2020 after the conceptual design activity toward the neutron operation around
2030. The site is planning to A-FNS at Rokkasho-mura,
Aomori in Japan. It is also planning to implement blanket
irradiation test and irradiation durability test for DEMO in
A-FNS.
As current design activities, the designs of material test
spec-imen module, lithium target, remote handling, neutron
monitor have proceeded. Furthermore, the wide application of A-FNS is being investigated.
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Abstract
Aiming to high repetition rate hard X-ray facility, construction of Shanghai HIgh repetition rate XFEL aNd Extreme light facility (SHINE) project has been approved.
During the R & D phase, prototypes fabrication of key
components of 1.3GHz superconducting rf system have
been proposed, especially 1.3 GHz 9-cell niobium cavities.
Here the paper will present the progress of the fabrication
status and performance of the prototypes, together with the
analysis of not only the quality factor and gradient of the
cavities. Consideration of HOM feedthroughs and absorbers are also reported.

INTRODUCTION
The SHINE project is a high repetition rate hard XFEL
facility driven by a superconducting RF linear accelerator
with energy higher than 8.0 GeV [1]. The LINAC mainly
includes sixteen 3.9 GHz 9-cell niobium cavities for linearization and six hundreds of 1.3 GHz 9-cell cavities for
acceleration. As the operating repetition can be up to
1.0 MHz, the SRF cavities will be operated at continuous
wave mode which brings the challenge of higher quality
factor performance for the purpose of decreasing dynamic
power and thus reduce the cost of cryoplant. The specification of 1.3 GHz cavities is defined to have Q0=(2~3) ×1010
at Eacc = 14~18 MV/m.
The TESLA type 1.3 GHz 9-cell cavities have been already adopted in European XFEL [2,3] and SLAC LCLSII [4,5] facilities which prove the cavity type to be successful. Because industrial production of TESLA type cavity
has been accomplished for EXFEL and LCLSII, it is also
decided to adopt the cavities based on TESLA type in
SHINE project. As the required high Q-factor performance,
SHINE started the prototype fabrication in China in order
to obtain the fabrication techniques and the surface treatment procedures especially the nitrogen doping recipes, to
condition the test infrastructures and to train the technicians.
For EXFEL and LCLS-II, the cavities is made of fine
grain material but with different surface treatment procedures. EXFEL adopts the bulk EP together with low temperature baking (120℃) [2] and LCLS-II adopts the bulk
EP together with N2 doping [4, 6]. The N2 doped cavities
can have high quality factor in the medium accelerating
gradient which can fulfill the SHINE cavities specification.
____________________________________________
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Therefore, the baseline of SHINE 1.3GHz 9-cell cavities’
surface treatment is bulk EP with N2-doping. In the same
time, as the large grain (LG) cavities always show higher
Q performance [7,8] than the fine grain (FG) cavities, we
decided to start the LG cavities fabrication during SHINE
R&D phase.
In this paper, we present the recent results of SHINE prototypes of cavities made of FG and LG material in detail.
Considerations of HOM absorbers are reported, too.

CAVITY SPECIFICATION AND
PROTOTYPE R&D SCHEME
TESLA type 1.3GHz 9-cell cavity has been widely installed in several accelerator facilities and its parameters
such as the dimensions, r/Q value, geometry factor can be
found in many papers [9] we will not present all of them in
detail in this paper. Because of the high Q-factor requirement, some related parameters defined as SHINE specification can be seen in Table 1. The inner diameter of 2phase line is enlarged from 76 mm to be around 98 mm
[10] for better conduction and for improving the mass flow.
The Q0 factor is in the range of (2.0 ~ 3 . 0) × 1010 at
16 MV/m gradient, while the average Q0 is defined to be
higher than 2.7×1010, which means the dynamic power is
10 W. The gradient at vertical test should be larger than
19 MV/m without field emission.
Table 1: Specification of SHINE 1.3 GHz 9-cell Cavity
Cavity type
Operation freq.
Operation mode
Cavity length
Q0 @ Eacc=16 MV/m
Dynamics load
Eacc @ vertical test
Field flatness
Field flatness
Ambient Magnetic.
cooldown/warmup
ID. of 2-phase
Optimal FPC Qe

TESLA
1300.2 +/- 0.1 MHz
CW
1283.4 +/- 3.0 mm
2.7×1010 (average)
10 W
> 19 MV/m
> 95% (bare cavity)
> 90% (dressed)
< 5 mGauss
two lines
98 mm
4.12 ×107

Several 1.3 GHz 9-cell cavities were fabricated and vertical tested in China before SHINE project was approved.
In order to ensure a successful prototype fabrication, we
find a wide collaboration in China to take the advantage of
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their experience from PKU, IHEP and HIT. The cavity prototype RD scheme find three groups collaboration for
twenty-four 1.3 GHz 9-cell cavities fabrication, together
with the studies of EP treatment and N2-doping recipe.
This scheme includes almost all the companies and institutes which have the 1.3 GHz 9-cell cavities fabrication experience.
• Group-1: HE-Racing Technology (HERT) and Institute of High Energy Physics (IHEP), CAS. This group
will mainly fabricate the fine grain cavities.
• Group-2: Peking University (PKU), which will
mainly concentrate on large grain cavities fabrication.
• Group-3: Harbin Institute of Technology (HIT) and
Shanghai Institute of Applied Physics (SINAP), CAS.
This group will also mainly fabricate the fine grain
cavities, too.
Our prototype R&D in China is divided into two steps.
At first phase, each group will fabricate eight cavities using
different acid polishing: four BCP cavities and four EP
cavities. The fine grain cavities will be N2 doped. At the
second phase, we will select two of the three groups to fabricate sixteen more cavities to fix our fabrication and surface treatment procedures. Besides the prototype RD in
China, SHINE will collaborate with DESY on research of
large grain cavities.

NIOBIUM MATERIAL
During prototype R&D, the niobium material will be
supplied by SHINE. We chose the same niobium suppliers
as EXFEL and LCLS-II: NingXia OTIC (NX) and Tokyo
Denkai (TD). Both NX and TD supplied SHINE the
RRR300 FG sheets with almost the same specification of
EXFEL. LG Nb material was supplied by NingXia OTIC.

Figure 1: Micrograph of niobium material. Up: TD material. Bottom: NX material.
As the niobium material quality such as the grain size is
one concern for N2 doping [11], we asked NX to change
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the processing parameters in order not to have too fine
grain. The main grain size is defined to be ASTM 6 and in
the range of ASTM 7 to ASTM 4. Figure 1 shows the samples of NX and TD niobium material, respectively. From
the inspection document, grain size of NX material is from
ASTM 4.5 to ASTM 5.5, and grain size of TD material is
from ASTM 5 to ASTM 6. As lack of eddy current machine,
the niobium sheets were accepted only by eye inspection.
The single cell cavities have been made of both NX and
TD material for N2 doping recipes.

1.3GHz 9-CELL CAVITIES FABRICATION
The baseline of SHINE 1.3 GHz 9-cell cavities is to be
fabricated using FG material, electropolished and N2doped because of the high Q0 factor requirement. Firstly,
four BCP-ed cavities will be fabricated, surface treated ad
vertical tested in order to verify all the fabrication procedures including deep drawing, electron beam wielding, surface treatment procedures, clean assembly techniques and
to test and improve the function of SRF infrastructures and
vertical testing stand. The Q0 is required to be in the range
of (1.0 ~ 1.5) ×1010 at 16 MV/m while the gradient shall
still be higher than 19 MV/m in vertical test. Secondly, four
EP-ed cavities will be N2-doped once the doping recipes
are obtained from single cell experiments. The Q0 is required to be in the range of (2.0 ~ 3.0) ×1010 at 16 MV/m.
Up to now, four FG bare cavities have been fabricated by
Group-1, and two LG bare cavities by Group-2. All these
six cavities were carried out with about 150 μm heavy BCP,
750°C annealed, pre-tuned, HPR and about 25 μm light
BCP. Low temperature baking at 120°C is carried out to
FG cavities for 48 hours. The first fabricated FG bare cavity by Group-1 and two LG bare cavities by Group-2 are
shown in Fig. 2. Some parameters such as cavity length,
field flatness, frequency can be seen in Table 2.

Figure 2: First FG cavity fabricated by Group-1 in the shipping box and two LG cavities fabricated by Goup-2 after
750℃ annealing.
In Table 2, regarding to FG cavities, after pre-tuning and
field flatness adjusted, cavity length (flange to flange)
meets the specification. Frequency at 2.0K, too. The cavities’ length of the two LG cavities are waiting for measurement after vertical testing. The field flatness of all the bare
cavities is better than 95% which meets SHINE specification.

MOP049
165

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP049

Table 2: Performance of Fabricated FG and LG Cavities
Cavity number

FG#1

FG#2

LG#1

LG#2

Cavity length @ RT & 1.0 bar (mm)

1284.55

1283.59

Not measured

Not measured

Field flatness (%)

95.0

98.0

98.4

97.4

Freq. @ RT & 1.0 bar (MHz)

1298.22

1298.17

1298.11

1298.07

Freq. @ 2K vacuum (MHz)

1300.25

1300.20

1300.38

1300.44

1.50×10

1.15×10

1.75×10

Q0 @ 16 MV/m @ 2.0K

10

10

10

1.89×1010

Q0 @ 16 MV/m @ 1.8K

/

1.31×1010

3.0×1010

3.20×1010

Maximum gradient (MV/m)

20.0

19.6

25.3

26.0

Gradient limited by

N-connector
broken

quench

LHe

quench

The Q0~Eacc performance of BCP polished cavities have
all fulfilled the specification, however, the maximum gradient is lower compared to the world level limited by
quench. It is hard to distinguish if it is a real quench without
temperature mapping system or second sound detectors.
One FG cavity has been welded with helium vessel and
vertical tested which turns out to be no performance degradation by helium vessel weldment. The Q0~Eacc curve can
be seen in Fig. 3.

CW operation. In Figure 3, we can see field emission arises
around 10 MV/m for FG #2 cavity, and it arises around
13.3 MV/m and 14.4 MV/m for two LG cavities, respectively. We suspect the time of HPR maybe not enough.
In order to find out if the performance of FG cavities are
limited by weld joints, one Kyoto type camera was used to
inspect the inner surface of FG #3 and #4 cavities, which
will be clean assembled and vertical test. From the photos,
it turns out no defects around the joints area, however, the
performance still needs vertical testing. Figure 4 shows one
photo of FG #3 cavity at one position of equator as an example.

Figure 4: Photo of inner surface at one equator of FG #3
cavity, which shows no defects.

CONSIDERATIONS OF OTHER RF
COMPONENTS
Figure 3: vertical testing results of SHINE 1.3 GHz prototype cavities at 2K. Up: FG cavities by Group-1. Bottom:
LG cavities by Group-2.
Regarding to the LG cavities, from Table 2, the ratio of
Q0 at 2.0 K and 1.8 K is about 1.7, which shows LG material can be a good candidate for high Q performance and
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SHINE machine will be operated at high repetition rate
up to 1.0 MHz and SRF cavities will be operated at CW
mode, which will not only bring challenge for high Q performance, but the HOM feedthroughs, pickup feedthroughs and HOM absorbers. The XFEL design has been
specified for HOM and pickup feedthroughs for SHINE
cavities. With 300 pC charge and 1.0 MHz repetition rate,

Cavities - Fabrication
fabrication

SRF2019, Dresden, Germany

when the bunch length is 21 μm at L3 section, the HOM
power generated by the beam at the first four crymodules
are 34.4 W, 15.9 W, 14.7 W and 14.6 W, respectively. According to the HOM absorber design and its thermal connection, the thermal connection area should be optimized,
which is similar with the results of LCLS-II [12]. Figure 5
shows the temperature distribution of a simplified absorber
model cooled by 45 K with 35 W dissipated power. The
thermal connection is selected to be 16 mm × 50 mm
which can ensure the highest temperature at the bottom of
the ceramics to be 118 K. Further simulation of the absorber including thermal stress will be carried out soon.
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SUMMARY
The 1.3 GHz 9-cell cavities prototype R&D have been
started and two FG cavities and two LG cavities have been
fabricated and vertical tested. The performance has been
reported and analyzed. The BCP treated cavities have met
SHINE prototype specification, however, it needs more diagnostic tools to tell which limits the performance. Field
emission was found which requires more tests to judge the
problem is from HPR or clean assembly.
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Abstract
The HELmholtz LInear ACcelerator (HELIAC) is being
developed by a collaboration of HIM, GSI and the IAP. It
is a superconducting (sc), continuous wave (cw) heavy ion
linac that comprises novel Crossbar H-mode (CH) cavities.
In April 2017 and November/December 2018 the first sc CHcavity of the linac was tested with beam. The first operations
of the cavity showed, that the prototype of the rf power
coupler needs to be further improved. A new version of
the coupler is being designed at the HIM. The development
will mainly be focused on the reduction of heat input into
the cryostat caused by the coupler. Also the coupler will
have a modular design. This improves the accessibility and
maintenance of the coupler. Various cryogenic- and rf tests
are foreseen to provide a reliable, fail-safe coupler for the
HELIAC. For an enhanced coupler test stand a movable
reflector has been designed and built. With its movable
semi-reflective element, it allows to operate the test stand
in a resonance mode. In addition, the movable reflector can
vary the coupling factor. This contribution discusses the
recent coupler R&D for the HELIAC.

INTRODUCTION
The UNIversal Linear ACcelerator (UNILAC) at the GSI
will be upgraded and used as an injector for the Facility for
Antiproton and Ion Research (FAIR) [1,2]. After the upgrade
the UNILAC will no longer be suitable for the Super Heavy
Element (SHE)-research program [3] and other UNILACusers as the material research at GSI.
For this purpose the sc cw HELIAC is being built at GSI,
to accelerate heavy ions up to 7.3 MeV/u [4,5]. It comprises
Crossbar-H-mode (CH) RF cavities, originally developed
at IAP [6]. The first cavity of the HELIAC (CH0) was
successfully tested with beam in summer 2017 [7, 8] and
late 2018 [9, 10] within the Demonstrator project. This is
the first sc CH-cavity worldwide tested and operated with
heavy ion beam. In the next stage an advanced cryo module
comprising three CH-cavities [11], a rebuncher [12, 13] and
two solenoids will be set up for further testing. This module
serves as a first of series for three additional similar modules
∗
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(Fig. 1) to complete the entire HELIAC [14]. The heavy ion
beam is provided by the GSI - High Charge State injector
/HochLadungsInjektor (HLI).
LEBT

RFQ

ECR

Cryomodule 1

IH

0.3 MeV/u

Cryomodule 2

1.4 MeV/u

Cryomodule 3

4.3 MeV/u
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z (m)
0
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20
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Figure 1: Recent design of the cw-LINAC at GSI made with
four standard cryomodules.

POWER COUPLERS
In previous tests with the CH0 a capacitive power coupler,
described in [15,16], was used for the HELIAC. A high static
heat load of the coupler to the cryostat has been observed,
as well as a major heat dissipation at the windows [17]. Due
to thermic stress one of the two ceramic coupler windows
was leaking.
This prompted the decision to revise the design of the
coupler.
The design criteria for the revised coupler design are:
• High reliability, especially of the windows
• Easy to clean, easy to maintain
• 5 kW maximal forward power
• Low static and dynamic heatload
• Low reflection at 216.816 MHz
The coupler design is based on a 3 18 inch rigid coaxial
line and transits to the diameter of the cavity’s coupler port
of 14 mm. Two RF windows are situated in the line.
The coupler will have a modular design, as shown in
Fig. 2. This has the advantage, that any part of the coupler
can be replaced easily and inexpensively in case of failure,
as the remaining part of the coupler stays untouched. This is
particularly true for the windows, which are the most delicate
part of the coupler. Also the assembly can be cleaned very
comfortable in the cleanroom of the HIM [18]. Each window
is integrated in a double-sided CF 100-flange (see Fig. 3).
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Figure 4: Ceramic-metal connection used for the HELIACcoupler by the GSI-workshop (left) and by Friatec (right).

Figure 2: New modular design of the power coupler with
two window-flanges.

The technological difficult connection of the ceramic to the
steel of the outer conductor is realized by an u-shaped spring.
The window houses a jack for a standard 3 81 inch connector (the connector is depicted in silver in Fig. 3) for an
attachment of the inner conductor. Mounted onto the cold
window is a cooling pipe that will be connected to the helium
shield of the cryostat, acting as a thermic intercept. Two
prototypes of these flanges are in production right now, built
by Friatec [19].

Δ

Figure 3: Window-Flange with ceramic window, u-shaped
spring and connection jack with inner conductor mounted to
one side (left side); conical adjustment of diameter transition
′′
from 3 81 to 14 mm rigid line (right side).
The diameter transition is realized by a conical adjustment.
A conical diameter transition causes a parasitic capacity.
This is canceled out by an additional inductivity, that is
induced by a shift ∆ between the diameter transition of the
inner and outer conductor (see Fig. 3).
A bellow with a stroke of 20 mm is foreseen to absorb
thermic stress and vary the coupling factor β in a wide range.
The latter is important for the commissioning process of
the HELIAC, so the stroke will possibly be changed in the
future.
To cope with the static heat input, the wall thickness of
the conductors will be decreased to the technical possible

SRF Technology - Ancillaries
power coupler / antennas

Figure 5: Cold part of the former coupler design recently
built in the GSI workshop.

minimum. The inner conductor of the previous coupler
design is made of copper. It is foreseen to change the material
to steel with a copper coating for lower heat transfer and good
RF properties. The heat dissipation of the former coupler,
described in [17], was most likely caused by the TiN-coating
of the windows. The future coupler window will not be TiN
coated, which could be added later, if necessary.
Meanwhile the GSI technological laboratory is working
on an alternative solution (Fig. 4) for the ceramic-metalconnection of the windows. In a first step the cold part of the
former coupler design [15] was recently rebuild by the GSI
workshop (Fig. 5). In a test it was cooled down to 4 K, without evincing leakage. Furthermore, it will undergo an RF
test. If this is a success, an alternative window flange will be
developed, that matches the RF reflection-coefficient of the
window-flange above. So both flanges could be interchanged
equally.

COUPLER RF DESIGN
One of the most important points of the RF design is the
optimization of the window-distance. For certain distances
the reflection is minimal. In addition, the conical diameter
adjustment of the coupler needs to be optimized. These two
design-parameters are interconnected and must be adjusted
iterativly. The dimensions of couplers have been evaluated
with CST Microwave Studio Suite [20] and cross checked
with a S-matrix calculation, using Wolfram Mathematica
[21].
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RF Design with CST Microwave Studio Suite
The design-goal of the simulation was a minimal
S11 -Parameter at the HELIAC’s resonance frequency of
216.816 MHz. For this, the window distance and the dimensions of the conical adjustment were varied.
In Fig. 6 S11 and S21 of the coupler after optimization are
depicted. At the resonance frequency S11 becomes approximately −70 dB.
Inside a range of ±45 MHz the reflection does not exceed
−20 dB.

problem can be regarded as 1-dimensional. In this approach
the windows as well as the conical adjustment are treated as
a semi-permeable mirror with a reflection-coefficient r on
an axis z. With this an S-matrix can be assigned to each element. Thus they follow the S-matrix formalism of a two-port
network:
b® = S a®

(1)

with the incoming waves described by the vector a® and the
® The coupler is represented
originating waves by the vector b.
as a system of three linked matrix-equations as in Eq. 1 with
the waves x1−8 (Fig. 7). Using the characteristics of the Smatrix and the connecting conditions, these matrices can be
written as:
−r( f ) eiφr
S= p
i 1 − r( f )2 eiφr

i

p

1 − r( f )2 eiφr
−r( f ) eiφr

!
(2)

with the frequency-dependent reflection-coefficient r( f )
and the phase at the reflecting element:
p
Figure 6: S-Parameters of the coupler after optimization.

RF studies with S-Matrices

Conical
Window 2 adjustment

Window 1
x1

x3

S 1=

x2

x5

[ ]
r1 t 1
t 1 r1

S 1=

x4

x7

[ ]
r1 t 1
t 1 r1

S 2=

x6

[ ]
r2 t2
t 2 r2
x8

ϕr = − arctan(

1 − r( f )2
).
r( f )

(3)

The reflection-coefficient-curve r( f ) of the windows and
the conical adjustment is imported from a CST Microwave
Studio simulation.
The system of equations was solved with Wolfram Mathematica. With this the resulting reflection coefficient Sc
11 of
the whole coupler at the input-port could be evaluated.
2
In Fig. 8 | Sc
11 | is compared with the results from the CSTMicrowave Studio simulation. The blue line shows the curve
evaluated by CST, the orange line the curve evaluated by
Mathematica. The curves match properly in the region of
interest (0–500 MHz).
Figure 8 shows that these S-matrix models can provide
a quick, relatively accurate result, in contrast to time consuming but more precise CST simulations. Hence the are
suitable for a first estimation.

z
z=0

z=L1

z=L1+ L2

Figure 7: Diagram of the power coupler with two RF windows and a conical diameter adjustment represented by an Smatrix calculation. An S-matrix with a reflection and a transmission coefficient is assigned to both windows (S1, r1, t1 )
and the diameter adjustment (S2, r2, t2 ). The windows are
positioned in a distance z = 0 and z = L1 , the diameter
transition at the position z = L1 + L2 .
The coupler has been also studied with an S-matrix calculation using Mathematica. Since the examined part of
the coupler is a coaxial waveguide with a TEM-mode, the
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Figure 8: Comparison of the |S11 | 2 -curve evaluated by CST
and Mathematica.
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Distance of Windows to Cavity
In order to prevent additional dielectrical losses at the
coupler windows,high electrical fields at their position have
to be avoided.
The electrical field depends strongly on external coupling
and beam loading of the cavity. The most efficient case, in
terms of rf power usage, would be a pure traveling wave.
While this is in principle the case for a matched load, the
HELIAC cavities will be overcoupled, keeping the power
necessary to compensate microphonic detuning as low as
possible [22]. This causes a standing wave in the coupler.
Until a cw injector is realized, the HELIAC uses the HLI
as injector, operated with a max. duty factor of 25 %. Since
all the HELIAC cavities are operated in cw mode, it is reasonable to optimise the coupler for a given β but no beam
load (The beam is turned off 75 % of the time).
For a first estimation of the distance between the windows
and the cavity, a model using S-matrices similar to the previous chapter is set up. The coupler is represented as before.
The S-parameters of a cavity can be expressed by [23]:
Γi
f − f0 − i Γ2
p
Γi Γ j
Si j = i
,
f − f0 − i Γ2

Sii = 1 + i

(4)

(5)

where Γ = Γ1 + Γ2 + ΓΩ + Γbeam is the resonance width of
the loaded system, Γ1 of the input coupler, Γ2 of the output
coupler, ΓΩ of the losses in the cavity and Γbeam of the beam.
f0 is the resonance frequency of the cavity.
The cavity is now placed in a distance Lc from the coupler
window. An interactive plot (Fig. 9) was created in Mathematica. The plot shows the electrical field inside the coupler
in space an time. The input field has the amplitude of 1.
By changing the distance Lc , the coupling factor β or the
beam current the electrical field is then updated interactively.
With this, a first estimation of the cavity-window-distance
can be determined. Of cause this must be verified and studied in greater detail in a CST Microwave Studio simulation.
Studies are currently ongoing.

Figure 9: Screenshot of the interactive plot depicting the
electrical field in the coupler, when attached to cavity. The
distance of the window to the cavity Lc , the beam current and
the coupling factor β can be varied. The plot automatically
updates the field distribution in the coupler.

formalism. With this, the coupler was modelled analytically
and an S11 -curve was evaluated and compared with the results of the CST Microwave Studio Suite. Both curves are
in good agreement. Also, a first estimation of the distance
of the coupler-windows to the cavity could be evaluated by
such a model. This has to be confirmed and inspected closer
with a CST simulation.

SUMMARY
An advanced coupler design for the HELIAC has been presented. The coupler consists of several modules. Thus, the
cleaning process and maintenance is eased. An RF windowflange has been designed, a double-sided CF100-flange containing a ceramic window. Two prototypes are built right
now by Friatec. The GSI workshop is working on an alternative in house design to provide for proper ceramic-metalconnection. Recently, a part of the former coupler design
was rebuilt. In future, it is foreseen to build an own version of the window-flange in parallel. Both flanges will be
designed in a way that they are interchangeable.
RF simulations have been conducted to optimize the window distance and the dimensions of the diameter translation.
Mathematical models were constructed, using the S-matrix
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OUTLOOK
It is intended to finish a first prototype of the coupler by
the end of this year. The window-flanges will undergo a
liquid helium leak test. After this, an RF power-test of the
whole coupler will be conducted.
The design of a movable reflector (MR), already successfully used at Fermilab [24], was adapted to the HELIAC’s
frequency of 217 MHz and constructed at the GSI workshop.
As proposed in [24], the MR can be used in a coupler test
stand to create a resonance condition. With this, the maximal electrical fields can be increased. Furthermore, studies
on the interaction of cavity and the movable reflector are
ongoing on at the moment.
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Abstract
The main part of the SRF linac for the Linac Coherent
Light Source II (LCLS-II) at SLAC will consist of 35 cryomodules with superconducting RF cavities operating at
1.3 GHz. In addition, two cryomodules with 3.9 GHz cavities will be installed and help to linearize the longitudinal
phase space of the beam. During the design verification
phase, four prototype 9-cell 3.9 GHz cavities had been built
by industry and then processed, including chemical surface
removal and heat treatment, and tested at Fermi National
Accelerator Laboratory. Based on the resulting cavity treatment recipe, 24 cavities (for two cryomodules to be installed
in the linac and one spare cryomodule) have been built by
industry and tested at Fermilab prior to cryomodule string
assembly. We present an overview of the cavity production and the results of the vertical acceptance tests for the
LCLS-II 3.9 GHz cavities.

INTRODUCTION

National Lab. One of the bare cavities during incoming
inspection after arrival at Fermilab is shown in Fig. 1.

Figure 1: Bare cavity during incoming inspection at Fermilab.
Performance tests in the vertical dewar (VTS) were done
before and after 120C bake and results are shown in Fig. 2.
The average Q0 at 13.4 MV/m was 3.5 · 109 pre-120C bake
and 4.5 · 109 post-120C bake. Due to the additional margin
gained in Q0 compared to the specification, 120C bake was
adopted for the production.

Fermilab is building three 3.9 GHz cryomodules for the
Linac Coherent Light Source II (LCLS-II). Two will be
installed in the accelerator and one will serve as a spare. The
surface treatment recipe for the cavities has been developed
during the design verification phase and was chosen to be
buffered chemical polish (BCP) in combination with 120 C
bake. The main production of 24 cavities is done by RI
Research Instruments (RI) and 75% complete. After delivery
to Fermilab the cavities undergo the vertical acceptance test
and if they meet the performance requirements are qualified
for string assembly.

DESIGN VERIFICATION PHASE
The design of the 3.9 GHz cavities for LCLS-II is based
on the 3rd harmonic cavity originally designed at Fermilab
for use in the FLASH accelerator at DESY [1], adapted
for CW operation. The design verification phase aimed to
validate these changes, develop the surface processing recipe
and test the cavity together with ancillaries like high power
fundamental power coupler and tuner.
Four cavities were built by RI and delivered after completion of mechanical fabrication, without chemical surface
treatment or welding to a helium vessel. Surface processing by BCP and heat treatments (800C degassing/annealing
and 120C bake) were performed at Fermilab and Argonne
∗
†

Work supported by US DOE Contract DE-AC02-766SF00515
aderhold@slac.stanford.edu
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Figure 2: Q vs E performance in VTS for the four design
verification cavities before and after 120C bake.
After being welded into a helium vessel cavity 3HRI03
was tested in the horizontal test stand (HTS). For this test the
cavity was equipped with a high power fundamental power
coupler, tuner and hybrid internal and external magnetic
shielding. The performance of all components was tested
successfully. The hybrid approach with a magnetic shield
inside the helium vessel covering the cells and external shield
caps covering the end groups worked well. In addition the
heat load limit of the helium vessel chimney was determined
to be consistent with the expectations.

MOP051
173

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

More details and results from the design verification phase
can be found in [2].

CAVITY PRODUCTION
The main production of 3.9 GHz cavities for LCLS-II
consists of 24 cavities that were ordered from RI. As for the
the LCLS-II 1.3 GHz cavity production all mechanical fabrication steps, chemical surface processing, heat treatment
and assembly for VTS are done at the vendor. The cavities
arrive at Fermilab under vacuum and ready for acceptance
testing.
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3HRI06) the overall removal amount is larger since the process parameters were still in development, including a trial
not to split the overall removal into two equal steps but into
a larger and a smaller amount. From 3HRI15 on removals
of 60 µm per step were done.

Cavity Types
One distinctive feature of the LCLS-II 3.9 GHz cryomodule is that the fundamental power couplers of neighboring
cavities are on opposite sides of the cryomodule with respect
to the beam axis. This serves the purpose of minimizing
the coupler kick. As a result the total number of cavities is
equally split into type "A" and type "B". The bare cavities
are all identical, becoming type "A" or "B" by a 180 degree
rotation along the beam axis during the step of welding to the
helium vessel, so that the power coupler flanges are on opposite sides while the chimneys on the helium vessel are all
aligned allowing for one continuous 2-phase pipe. More details about the design of the LCLS-II 3.9 GHz cryomodules
can be found in [3].

Figure 4: Bulk BCP removal by weight, cavities in chronological order of surface treatment.
The bulk BCP is followed by a three hour furnace treatment at 800 C for annealing and hydrogen degassing. Then
the final BCP of 15 µm is performed. Final preparation for
vertical acceptance testing includes installation of all flanges
and RF antennas and high pressure water rinse (HPR) with
ultra pure water in the cleanroom. Once the cavity is fully
assembled, sealed and under vacuum it is baked at 120 C
for 48 hours. Afterwards the cavity is ready for shipment to
Fermilab.

VTS ACCEPTANCE TESTING

Figure 3 shows two dressed cavities during the incoming
inspection at Fermilab. The incoming inspection includes
visual checks of the cavity and all assembled components,
RF measurements at room temperature and a vacuum leak
check of the helium space of the cavity tank. To date the
cavity production is 75% complete and 18 cavities have been
delivered to Fermilab.

After completion of the incoming inspection at Fermilab
the cavities proceed to the acceptance test in the vertical test
stand (VTS). The acceptance tests for the LCLS-II 3.9 GHz
production cavities are done in dewar VTS2. This dewar
is equipped with one radiation sensor on the bottom and
one on top, so that radiation created by field emission in the
cavity can be detected in upwards and downwards direction.
More details about the Fermilab vertical test facility can be
found in [4].
Typically three cavities are cooled down to 2 K at a time
and tested one after the other. Figure 5 shows three cavities
assembled to the test insert. All RF cables are connected and
the insert is ready to be lowered into the dewar for testing.

Cavity Surface Processing Recipe

Cavity Performance Requirements

Based on the experience in the design verification phase
the following recipe has been used for the main cavity production. After completion of the mechanical fabrication
bulk BCP of 120 µm is done to remove the damage layer
on the inside of the cavity. The total removal is split into
two steps of 60 µm each with a change of the cavity orientation by 180 degrees in-between in order to minimize
non-uniform removal. Figure 4 shows the average removal
amount, determined by weight of the cavity before and after
the BCP. Cavities are shown in chronological order of their
treatment. For the first three cavities (3HRI08, 3HRI05 and

The nominal operating gradient for the 3.9 GHz cryomodules in LCLS-II is 13.4 MV/m. Furthermore there
are potential operating modes with a maximum gradient
of 14.9 MV/m. Adding a 20 % margin to this value to account for measurement uncertainties in VTS and potential
degradation that may occur between vertical acceptance test,
cryomodule assembly and ultimately operation in the tunnel,
the acceptance limit for the gradient in VTS has been set
at 18 MV/m. The quality factor Q0 has to surpass 2·109 at
13.4 MV/m and 1.5·109 at 14.9 MV/m. Only field emission
free cavities are qualified for string assembly. No sustained

Figure 3: Two dressed cavities during incoming inspection
at Fermilab.
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Figure 6: Q0 vs E performance for all cavities that were
accepted for string assembly.
Figure 5: Three 3.9 GHz cavities assembled to the insert,
ready for testing in VTS.
detectable radiation above background is allowed. The performance requirements are summarized in Table 1.
Table 1: Performance Specification for LCLS-II 3.9 GHz
Cavities
Parameter
nominal Eacc in linac
max. Eacc in linac
min. Eacc in VTS
Q0 (at 13.4 MV/m)
Q0 (at 14.9 MV/m)
Field emission

Value

Unit

13.4
14.9
18
≥ 2 · 109
≥ 1.5 · 109
none

MV/m
MV/m
MV/m

In the beginning of the production cavities suffered from
severe field emission. 3HRI05 is one example for this. The
Q0 vs E curves for two tests, before and after re-HPR at
Fermilab, are shown in Fig. 7. In the first test radiation
onset was around 12 MV/m and the maximum radiation
detected at the bottom detector was 1.2 R/hr. After the
re-HPR the cavity tested field emission free in the second
test and ultimately quenched at 22.1 MV/m. Clean room
procedures for final assembly and the HPR setup for 3.9 GHz
cavities at RI were audited and improved.

Test Results
At the time of this conference RF acceptance testing has
been completed for 14 cavities. One more cavity had been
cooled down, but was found to have a cold leak and could
not be tested. In total of 9 cavities have been accepted for
string assembly, the other 5 need re-processing. Among the
accepted cavities 3HRI21 and 3HRI25 were close enough to
the gradient specification with 17.5 MV/m and 17.9 MV/m
to be deemed acceptable after their first test. 3HRI23 was
accepted despite its lower quench gradient of 15.5 MV/m
since it was the last cavity needed for a complete string and
string assembly would have been delayed otherwise.
The Q0 vs E curves for all accepted cavities are shown
in Fig. 6 and Table 2 summarizes their test results. The
average for the maximum Eacc is 19.7 MV/m. The median
for the quality factor Q0 is 2.8·109 at 13.4 MV/m and
2.7·109 at 14.9 MV/m.

Cavities - Fabrication
fabrication

Figure 7: Q0 vs E performance in VTS for cavity 3HRI11,
before and after re-HPR.

SUMMARY
The production of 3.9 GHz cavities for LCLS-II is ongoing at RI and 18 of the 24 cavities have been delivered to
Fermilab. Vertical acceptance testing has been completed
for 14 cavities and 9 are accepted for string assembly. Their
average for the maximum Eacc is 19.7 MV/m. The median for the quality factors Q0 is 2.8·109 at 13.4 MV/m and
2.7·109 at 14.9 MV/m.
String assembly for the first cryomodule has started at Fermilab.

MOP051
175

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP051

Table 2: Cavities Accepted for String Assembly
Cavity name
3HRI05
3HRI10
3HRI11
3HRI13
3HRI14
3HRI17
3HRI21
3HRI23
3HRI25

Cavity type
A
A
A
A
A
B
B
B
B

Eacc in VTS

Limitation

Q0 @ 13.4 MV/m

Q0 @ 14.9 MV/m

quench
quench
power
power
quench
quench
quench
quench
quench

2.4·109

2.4·109
2.7·109
3.3·109
3.1·109
2.9·109
4.0·109
1.5·109
2.6·109
2.2·109

22.1
19.3
22.6
22.6
21.3
18.6
17.5
15.5
17.9
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Abstract
We fabricated 3.0-GHz single-cell cavities with Cu and
Nb materials for testing thin-film creations on the inner
surface of the cavities in collaboration between Jefferson
Laboratory (JLab) and KEK. The cavity was designed at
JLab. According to the design of cavity, the pressforming dies and trimming fixtures for the cavity-cell
were also designed and fabricated at JLab. These dies and
trimming fixtures were transported to KEK, and the rest
of fabrication processes were done at KEK. Nine 3.0-GHz
single-cell Cu cavities and six 3.0-GHz single-cell Nb
cavities were fabricated finally. Two 3.0-GHz single-cell
Cu cavities were mechanically polished at Jlab. Three
3.0-GHz single-cell Nb cavities were transported to Jlab
for inner-surface preparation. All these Cu and Nb cavities will be utilized for the tests of various thin-film creations at JLab and KEK. This presentation describes details
of the fabrication of these cavities.

INDRODUCTION
S-I-S (Superconductor-Insulator-Superconductor) thinfilm multilayer structure has been proposed by A.
Gurevich to enhance the effective Hc1, and T. Kubo has
proceeded with an advanced theoretical study to predict
an optimum thickness of each layer which achieves the
maximum effective Hc1 [1–3]. Alternative superconductors for thin-film structure, such as NbN, NbTiN, Nb3Sn
and so on, are proposed to achieve higher gradient and/or
higher quality factor than bulk-Nb cavity. Nb thin-film on
Cu cavity will provide drastic cost-reduction of SRF accelerators. Therefore, the thin-film technology will have
an obvious and enormous impact to SRF accelerator facilities in terms of high-performance and/or cost-reduction.
And the impact might be larger if the technology is applied to large-scale facilities, for example, the International Linear Collider (ILC), Continuous Electron Beam
Accelerator Facility (CEBAF) and so on.
Series of studies have been done for the creation of
thin-film structures with Nb, NbN, NbTiN, Nb3Sn and so
on, and also the measurements of superconducting characteristics of them at JLab and KEK [4–14]. If the good
parameters of thin-film structures are found by sample
experiments, we subsequently perform tests with cavities,
which. are expensive compared with sample tests. Several
experimental trials with thin-film test-cavities might be
required to achieve the aimed extreme SRF performance.
___________________________________________
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Consequently, we considered that the small-size 3.0-GHz
cavity might be suitable for such thin-film experiments,
because the Nb material procurement, facilities of cavity
fabrication, setup of inner-surface preparation, filmcreation, and performance tests can be done and obtained
in relatively low-cost, compared with large-size 1.3-GHz
cavity of ILC and/or 1.5-GHz cavity of CEBAF. We have
good cavity-fabrication facilities at KEK and good companies for cavity fabrication in Japan in connection with
KEK and Kyoto University. We have the inner-surface
preparation and performance-test facilities for 3.0-GHz
cavity at JLab. In such situations, the design and fabrication of 3.0-GHz cavities with Nb and Cu materials were
done in collaboration between JLab and KEK.

PRESS-FORMING AND TRIMMING OF
3.0-GHz CU AND NB CUPS
The design of 3.0-GHz single-cell cavity was done at
JLab. The total length of cavity is 170.8 mm with the cell
length of 50.7 mm, and the inner equator diameter of the
cell is 90.5 mm. The outer diameter of flange is 88.9 mm
and the inner diameter of beam-pipe is 33.8 mm. The
material of flange for Cu cavity is stainless steel and that
of Nb cavity is NbTi. Cu disks were cut out from Cu
plates (C1020) and the Cu disks were annealed in vacuum
furnace (520 degrees C x 2 hours) at KEK. A picture of
the Cu (C1020) disks set in the vacuum furnace for annealing process is shown in Fig. 1.

Figure 1: A picture of Cu (C1020) disks set in the vacuum
furnace for annealing process.
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Figure 4: A picture of stainless-steel flanges and Cu
beam-pips inside the furnace before brazing process.

Figure 2: A picture of press-forming of cups at KEK.
Nb disks were cut out from Nb plates (RRR>300, Tokyo Denkai Co., Ltd.). Press-forming dies for the cups
were designed and fabricated at JLab and transported to
KEK. Using the dies, the press-forming of Cu and Nb
cups were performed at KEK. A picture of press-forming
of cups is shown in Fig. 2. Trimming fixtures were designed and fabricated at Jlab and transferred to KEK. The
trimming of Cu and Nb cups were performed at KEK.
The edge of cup at equator has the step for step-joint. The
edge of cup at iris has also a step-joint shape. A picture of
trimmed Cu and Nb cups is shown in Fig. 3.

Seven Cu cavities were assembled by the ElectronBeam-Welding (EBW) method by a NEC 6-kW EBW
machine at KEK. EBW parameters are as follows: iris (V
= 80 kV, Speed = 10 mm/sec, I1 = 15 mA, I2 = 29 - 31
mA), equator outside (V = 80 kV, Speed = 10 mm/sec, I1
= 15 mA, I2 = 23 - 25 mA), equator inside (V = 80 kV,
Speed = 10mm/sec, I = 17 - 18 mA). Pictures of assembled Cu cavities are shown in Fig. 5 and 6.

Figure 5: A picture of 3.0-GHz single-cell Cu cavities
which were assembled at KEK.

Figure 3: A picture of trimmed Cu and Nb cups.

FABRICATION OF 3.0-GHz CU CAVITIES
AT KEK AND SURFACE PREPARATION
AT JLAB
Seven 3.0-GHz single-cell Cu cavities were assembled
at KEK. Two of them were finished in April 2018 and five
of them were finished in November 2018. We used brazing method to assemble the stainless-steel flange and Cu
beam-pipe. The brazing materials were Ag (72.5 %) and
Cu (27.5%) with other material < 0.15%. A picture of
flanges and beam-pipes inside the furnace before brazing
process is shown in Fig. 4.
MOP054
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Figure 6: A size-view picture of 3.0-GHz single-cell Cu
cavity which was assembled at KEK.
The two Cu cavities which were assembled in April
2018 were immediately transported to JLab for innersurface preparation. The mechanical polishing (CBP:
Centrifugal Barrel Polishing) process was applied to the
two cavities at Jlab. Pictures of inner-surface after CBP
process are shown in Fig. 7. Plan is that we will perform
Nb-film creation on the inner-surface of Cu cavities by
KEK or Jlab. The performance tests (vertical tests) will be
performed at Jlab.
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Figure 9: Pictures of assembly of Cu cups in a company.

Figure 7: Pictures of inner-surface of 3.0-GHz single-cell
Cu cavities after CBP process at JLab.

FABRICATION OF 3.0-GHz CU CAVITIES
AT COMPANY

Figure 10: A picture of assembly of Cu cavity (left) and a
picture of assembled Cu cavity (right) at a company.

Additional two 3.0-GHz single-cell Cu cavities were
assembled at a company in August 2018. For these two
cavities, we used EBW method to assemble the stainlesssteel flange and Cu beam-pipe as well as the assembly of
cups and beam-pipes. The EBW machine that was used
for the assembly was Steiger EBOCAM KS 150G150KM-CNC. A picture of the joint seam of stainlesssteel flange and Cu beam-pipe after EBW process is
shown in Fig. 8.

FABRICATION OF 3.0-GHz NB CAVITIES
AT COMPANY
Six 3.0-GHz single-cell Nb cavities were assembled at
a company in January 2019. Before the assembly, all Nb
parts and NbTi flanges were processed by Buffered
Chemical Polishing (BCP) method to clean up the surface
of the parts at KEK. A picture of the NbTi flanges and Nb
parts which were being dried after BCP and pure water
rinsing processes in a clean room is shown in Fig. 11.

Figure 11: A picture of the NbTi flanges and Nb parts
which were being dried after BCP and pure water rinsing
processes in a clean room at KEK.
Figure 8: A picture of the joint seam of stainless-steel
flange and Cu beam-pipe after EBW process.
EBW parameters are as follows: stainless-steel flange +
Cu beam-pipe (I = 10 - 12 mA), equator inside (I = 14 17 mA), equator outside (I = 13 mA), iris (I = 26–29 mA).
Pictures of assembly of Cu cups are shown in Fig. 9. A
picture of assembly of Cu cavity and a picture of assembled Cu cavity are shown in Fig. 10.
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The dried parts were packed in plastic bags and transported from KEK to a company for EBW assembly. A
picture of packed parts is shown in Fig. 12. We used
Mitsubishi Electric Low-Voltage-type EBW machine for
the assembly at the company. EBW parameters are as
follows: NbTi flange + Nb beam-pipe (V = 60 kV, I = 12
mA), iris (V = 60 kV, I = 48 mA), equator outside (V =
60 kV, I = 27 mA), equator inside (V = 60 kV, I =
30 mA).
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Tests (VT’s) will be performed at JLab to determine the
base-performance. After observing the base-performance,
various thin-film creations on inner-surface of the Nb
cavities will be performed at Jlab and/or KEK

COUPON CAVITY

Figure 12: A picture of packed NbTi flanges and Nb parts
for a cavity at KEK.

Figure 13: A picture of the joint seam of NbTi flange and
Nb beam-pipe after EBW process at a company.

In the film-creation process of cavity, it is important to
keep the uniformity of film all over the inner surface of
cavity. To investigate the film-quality at several positions
of cavity, like beam-pipe, equator, and cell-wall, we designed the 3.0-GHz single-cell cavity with detachable
coupons. The 3D schematic view of the coupon cavity is
shown in Fig. 15. A coupon Cu-cavity is under fabrication
at Kyoto University. If it is successful, a coupon Nbcavity will be fabricated subsequently. The coupon disks
can be made of Cu or Nb, and these are set into the coupon cavities. The films created on the coupon disks can be
analyzed in various methods to test the SRF characteristics.

Figure 15: The 3D schematic view of the 3.0-GHz singlecell coupon cavity.

SUMMARY

Figure 14: A picture of assembly of 3.0-GHz single-cell
Nb cavity at a company.
A picture of the joint seam of NbTi flange and Nb
beam-pipe after EBW process is shown in Fig. 13. A
picture of EBW assembly of 3.0-GHz single-cell Nb cavity at a company is shown in Fig. 14. Six 3.0-GHz singlecell Nb cavities were completed finally. Three of them
were transported to Jlab for inner-surface preparation.
Plan is that Electro-Polishing (EP) process will be performed for the inner-surface preparation and Vertical
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We fabricated 3.0-GHz single-cell cavities with Cu and
Nb materials for testing thin-film creations on the inner
surface of the cavities in collaboration between Jefferson
Laboratory (JLab) and KEK. The cavity was designed at
JLab. According to the design of cavity, the pressforming dies and trimming fixtures for the cavity-cell
were also designed and fabricated at JLab. These dies and
trimming fixtures were transported to KEK, and the rest
of fabrication processes were done at KEK. Nine Cu
cavities and six Nb cavities were fabricated finally. Two
3.0-GHz single-cell Cu cavities were mechanically polished at Jlab. Three 3.0-GHz single-cell Nb cavities were
transported to Jlab for inner-surface preparation. All these
Cu and Nb cavities will be utilized for the tests of various
thin-film creations at JLab and KEK.
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FABRICATION AND PERFORMANCE OF SUPERCONDUCTING
QUARTER-WAVELENGTH RESONATORS FOR SRILAC
K. Suda∗ , O. Kamigaito, K. Ozeki, N. Sakamoto, Y. Watanabe, K. Yamada
RIKEN Nishina Center, Wako, Japan
E. Kako, H. Nakai, H. Sakai, K. Umemori, KEK, Tsukuba, Japan
H. Hara, A. Miyamoto, K. Sennyu, T. Yanagisawa
Mitsubishi Heavy Industries Machinery Systems, Ltd. (MHI-MS), Kobe, Japan
Abstract
A new superconducting booster linac (SRILAC) at the
RIKEN heavy-ion linac is under construction. Ten 73-MHz
low-beta quarter-wavelength resonators (QWRs) that operate
at 4 K have been fabricated from pure niobium sheets. The
cavity parts were assembled by electron beam welding. The
resonant frequency for each cavity was adjusted by changing
the lengths of the straight sections before welding. The
performance and frequency were evaluated by vertical tests.
All the cavities exceeded the design specifications of Q0 =
1 × 109 and Eacc = 6.8 MV/m. Details of the fabrication and
frequency tuning as well as the performance of the cavities
are reported.

is from 0 to −14 kHz, and the tuning sensitivity ∆ f /∆x is
−18.7 kHz, where ∆ f is the frequency shift and ∆x is the
distance between the flanges of two beam ports (Fig. 1). For
a maximum tuning of −14 kHz, each beam port experiences
a force of 7.52 kN in the direction of the beam axis into the
cavity, and the displacement of the beam port is 0.374 mm.
The sensitivity for the displacement is 20.1 kN/mm. The
stiffness of the cavity against helium pressure ∆ f /∆p is
−1.91 Hz/mbar (Fig. 1).

INTRODUCTION
The RIKEN heavy-ion linac (RILAC), consisted of normal conducting cavities [1–3], was used to accelerate intense
ion beams to synthesize super-heavy elements Nh [4]. RILAC is undergoing an upgrade to allow further investigations
of super heavy elements and production of radioactive isotopes. The acceleration voltage of RILAC will be increased
by introducing a superconducting booster linac (SRILAC).
The SRILAC has ten quarter-wavelength resonators (QWRs)
made of bulk niobium (Nb) contained in three cryomodules.
The construction status has been presented in Ref. [5,6]. The
tuning range of the tuning system used for cold operation is
relatively narrow compared to the frequency change during
the fabrication, polishing, pumping, and cooling processes.
Therefore, to ensure that all the cavities operate at the design frequency, the frequency of each cavity must be tuned
precisely during the fabrication and surface preparation processes based on a frequency tuning table. Frequency data
were obtained by a low power test in the fabrication process
and by a vertical test at a low temperature of 4.2 K.

DESIGN OF CAVITY
Table 1 summarizes the design parameters for the cavities [6]. The cavities was optimized for the acceleration of
low β ions in c.w. mode. The RF properties were designed
using the 3D simulation code of the CST Studio Suite [7].
A gap voltage of 1.2 MV is produced with a wall loss of
8 W at an operating temperature of 4.5 K. Frequency tuning
during cold operation is performed by decreasing the length
of each beam gap using a ‘dynamic tuner’. The tuning range
∗

Figure 1: Simulation results for cavity at low temperature.
Deformation by a force of 7.5 kN at each beam port in the
direction of the beam axis (left panel) and by a pressure of
1 atm on the walls of the cavity and jacket (right panel) are
shown.
Table 1: Design Parameters for Superconducting QWR
Parameter
Frequency
Duty
βopt
Inner diameter
Height
Aperture
G = Q0 · Rs
Rsh /Q0
Q0
P0
Eacc
Epeak /Eacc
Bpeak /Eacc

Value
73.0 MHz
100%
0.078
300 mm
1097 mm
40 mm
22.4 Ω
579 Ω
1.0 × 109
8W
6.75 MV/m
6.2
9.6 mT/(MV/m)
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FABRICATION
Partitioning of the cavity was optimized by considering
the welding process (Fig. 2), which is similar to that for
the 75.5-MHz prototype cavity [8] except for a reduction of
the number of ports from nine to six [6]. The major parts
were made from pure Nb sheets provided Tokyo Denkai Co.,
Ltd. (TD) with thicknesses of 3.5 mm and 4.0 mm and a
residual resistance ratio (RRR) of 250, and were shaped by
press-forming. The other parts were shaped from bulk Nb
by machinery. Pure Nb for the port pipes (RRR 250) and
grade-2 hard Nb for the port flanges and stiffening ribs were
provided by TD and ULVAC, respectively. The formed parts
were combined by electron beam welding (EBW) into four
sections, the top torus, stem, outer conductor, and bottom
dome. Three further EBW processes were used to combine
these parts together (Fig. 3). First, EBW1 welded the inner
truck of the top torus and stem. Then, EBW2 welded the
outer truck of the top torus and the upper part of the outer
conductor. Finally, EBW3 welded the lower part of the outer
conductor and the bottom dome. All the parts had short
margins in straight sections for frequency tuning during fabrication. Before EBW1 and EBW3, RF measurements were
performed to determine the cutting lengths of the straight
sections, based on a frequency tuning table.

Figure 2: Division of parts.

Figure 3: Straight sections of cavity (left panel) and locations
of three EBW processes (right panel).
for MRQ-01. The values in parentheses are expected values
for future operations. The sequence from #20 to #15 corresponds to the cutting of the straight sections and the welding
processes. ∆ f for #20 and #17 in this tuning process, as
well as that in #2 in the cooling process, were deduced from
the simulation. Then, surface treatments based on a fairly
standard procedure were performed in #14 to #12 [6]. Up to
#12, the acceleration gaps were reduced to the design value
by elastic deformation for RF measurements; however, the
jigs used could not be applied in the subsequent cooling tests.
Therefore, #11 shows a frequency shift due to an increase
in the gaps. In the pumping and cooling processes (#10 to
#8), the summed value of ∆ f is shown since these processes
were not distinguished. The frequency data in #7 and #6
were obtained by a vertical test for the bare cavity. In #5,
pre-tuning of the bare cavity was performed before jacketing,
which will be described in a later subsection. After jacketing
(#4) and attaching the fundamental power coupler (FPC), the
cavity was assembled in a cryomodule [6, 10]. The pressure
from the helium refrigerator causes a frequency shift (#2),
and the dynamic tuner reduces the cavity frequency to the
design value (#1).

Frequency Tuning Table

RF Measurement by Clamping Divided Parts

A detailed frequency tuning table was created for each
cavity, according to the lecture given by M. Kelly in 2013 [9].
The tuning table for MRQ-01, the first cavity of the production type for SRILAC, is shown in Table 2. While the table
starts at the design frequency of 73 MHz (#0: Cavity is cold
during operation), the actual process and time sequence goes
in the opposite direction, from the bottom (#20) to the top.
∆ f shows the change in frequency caused by each process
along the table from top to bottom. Note that the sign of
∆ f is reversed along the time sequence. The initial table
was composed of estimated and measured values for the
prototype cavities. However, during the fabrication process,
∆ f and the frequencies were updated to the measured data

In the first RF measurement, the four parts of the cavity
were clamped together (Fig. 4). In order to improve RF
contact and to obtain accurate results: (1) The cavity was set
upside down so that the stem was pulled down against the
top torus. After installing the outer conductor, the bottom
dome was placed on the outer conductor and pressed down
until stable frequency and Q-value data were obtained. (2)
Indium wires of 1-mm diameter were clamped between all
the parts. Before the measurement, the sum of the lengths
of the two acceleration gaps were larger than the design
value by around 0.2 mm. To adjust the gap length for the RF
measurements, the beam port flanges were pressed so that
the distance between the beam port flanges was reduced to
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Table 2: Frequency Tuning Table for MRQ-01. ∆ f is the change in frequency caused by each process. ∆ f and the
frequencies are measured values unless otherwise indicated. The values in parentheses are expected values for future
operations. The ∆ f values with (*1) are estimated by the simulation and that with (*2) is the sum of #8, #9, and #10.
#
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Fabrication, polishing, pumping, cooling processes
Cavity is cold during operation (Eacc = 6.8 MV/m at T = 4.5 K)
Dynamic tuner frequency shift (14 kHz at maximum)
Lower helium pressure from 0.13 to 0.1 MPa
Remove FPC
Remove helium jacket
Undo pre-tuning by beam port (plastic deformation)
Cavity frequency cold in vertical test (Eacc = 6.8 MV/m at T = 4.2 K)
Gap voltage 1.2 MV to 0 MV in vertical test
Warm cavity up to room temperature (4.2 K to 293 K)
Vent RF space from vacuum to 0.1 MPa
Frequency shift due to dielectric constant of air (1 atm)
Redo tuning by beam port (elastic deformation)
Add back BCP of cavity surface (BCP2: 18.2 µm )
Undo annealing (750◦ C, 3 h)
Add back BCP of cavity surface (BCP1: 114.3 µm )
Add weld shrinkage for bottom dome (0.737 mm)
Add gap between center conductor and bottom dome (0.0175 mm)
Add back cut of the straight section of bottom dome (6.038 mm)
Add weld shrinkage for center/outer conductors and top torus (0.7 mm)
Add indium wire clamping center/outer conductor and top torus (0.4 mm)
Add back center/outer conductor cuts (10.918/10.097 mm)

∆ f (kHz)

Frequency (kHz)

(0.765)
0.573(∗1)
1.453
4.649
8.702
0.039

(73 000.000)
(73 000.765)
(73 001.338)
73 002.791
73 007.440
73 016.142
73 016.142
73 016.180

−136.037(∗2)
-4.067
-7.484
-2.346
-26.688

72 880.444
72 876.377
72 868.893
72 866.547
72 839.859

40.609(∗1)

72 876.047

−598.077(∗1)

72 213.256

320.5 mm at room temperature (RT), which corresponds to
the design value of 320 mm at 4.2 K. The temperature of
the cavity was also measured and was used to correct the
frequency to that at a temperature of 293 K for normalization.
For the second measurement after EBW1 and EBW2, the
outer conductor and bottom dome were clamped without
using indium wire because a good RF contact was obtained
just by pressing the bottom dome.

Frequency Tuning by Adjusting Straight Sections
As mentioned above, frequency tuning was performed
by adjusting the straight sections of the cavity. The cutting
lengths for the straight sections were determined by the measured frequency and sensitivity obtained by the simulation.
The parameters used for MRQ-01 are summarized in Table 3.
There are two sensitivities for the coarse tuning: (1) stem and
outer conductor, and (2) stem only. Sensitivity (2) is higher
than (1) by 14%, and was used when the cutting lengths
for the stem and outer conductor were different, in order
to align a drift tube and end drift tubes. The alignment of
the drift tube was checked before welding the bottom dome
(EBW3) by inserting an MC nylon shaft (ϕ 39.4) into the
drift tubes. The change in frequency ∆ fcalc was estimated
by multiplying the sensitivity and the cutting length. On the
other hand, ∆ fmeas is the actual difference, where the small
contributions of the weld shrinkage and indium wire thicknesses were subtracted using the sensitivities. The deviation
(∆ fmeas − ∆ fcalc ) in Table 3 shows that the error for the fine
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Figure 4: RF measurement by clamping the four parts together. (A) RF test stand. (B) Bottom dome. (C) Outer
conductor and stem (drift tubes). (D) Stem clamped against
top torus. Indium wires were clamped between the parts.
(E) Bottom dome placed on outer conductor and pressed
down until stable data were obtained. The jigs for adjusting
the two acceleration gaps are also shown.

tuning by the bottom dome is larger than that for the coarse
tuning. In order to compensate for this error, the thickness
of BCP1 was reduced from the initial value of 130 µm to
110 µm for seven cavities. Although revised sensitivities between −5.2 to −5.3 kHz/mm were used for better estimation
for the last three cavities, the thickness of BCP1 was kept
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Table 3: Parameters for Frequency Tuning at Straight Sections
Straight section

Tuning Sensitivity Cutting length
(kHz/mm)
(mm)

∆ fcalc
(kHz)

sum
∆ fcalc
(kHz)

(∗1)
Welding ∆ fmeas
Deviation
(kHz)
(kHz)

Stem and outer conductor Coarse
54.2
10.097
547.257
EBW1 &
598.077
603.2
5.1
Stem only
Coarse
61.9
0.821
50.820
EBW2
Bottom dome
Fine
−6.73
6.034
−40.609
←
EBW3 −31.1
9.5
(*1) Contributions of weld shrinkage and indium wire thicknesses were subtracted using calculated sensitivities.
at 110 µm because conditions for the polishing were well
established for the reduced thickness and no deterioration
of the cavity performance was observed.
The error for the fine tuning was due to the position dependence of the sensitivity. Figure 5 shows the sensitivities
at the straight sections of the top torus and the bottom dome.
The straight sections had excess lengths of a few millimeters, and the coefficient of the sensitivity against the length
is 3.1 times larger for the bottom dome than the top torus.
Therefore, for the fine tuning, the sensitivity for the length
before cutting should have been used instead of that at the
design length.

an acceleration gradient of Eacc = 6.8 MV/m with no field
emission. However, after jacketing, two of the four cavities

Figure 6: Results of vertical tests for bare cavities at 4.2 K.
Q0 plotted as function of Eacc . The green star shows the goal
of the SRILAC.
showed serious field emission (Fig. 7). These deteriorations
seemed to be caused by particulates entering during a slow
leak procedure in the clean room at RIKEN, which was required to exchange vacuum flanges before jacketing [6]. To
remove the particulates, high pressure rinsing and baking at
120◦ C for 48 h were performed for the two cavities. For the
other six cavities, the performance after jacketing was not
tested due to restrictions of the construction schedule. Therefore, the same surface treatment was carried out because of
the possibility of particulate contamination.

Frequency Tuning before Jacketing

Figure 5: Tuning sensitivities at the straight sections of the
top torus (upper panel) and the bottom dome (lower panel).
The solid lines show the simulation results and the circles
show the measured data.

Vertical Test and Performance of Cavity
The performance of the cavities was tested using the vertical test stand constructed at the RIKEN campus [5, 6, 11].
The results for bare cavities are shown in Fig. 6. The unloaded Q-factors Q0 for all the cavities exceeded the goal at
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Following the vertical test on a bare cavity, the frequency
was tuned by plastic deformation around the beam port at
RT and 1 atm. This process was performed before welding a
rigid titanium jacket using the same jigs used for gap adjustment (see Fig. 4 (E)). Figure 8 shows the tuning result for
MRQ-06. In one cycle, each beam port flange was pressed by
two M8 bolts (pitch of 1.25 mm) and then released. The cycle was repeated, increasing the rotation angle of the bolts by
steps of 60◦ or 30◦ until the cavity was plastically deformed.
Typically, 240◦ was sufficient for tuning.
Frequency data for the ten cavities are shown in Fig. 9.
Based on the frequency of the bare cavities at 4.2 K, the
required frequency change by plastic deformation was determined. The target was 73009.1 kHz, taking into account the
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Figure 7: Performance test for jacketed cavity of MRQ-04,
which had serious field emission. The level of X-rays is
shown by purple circles, and was measured near the beam
axis. The results for the bare cavity are also plotted for
comparison.

Figure 9: Frequency change by plastic deformation and
jacketing. The upper panel shows the measured data at 4.2 K
for the bare and jacketed cavity. The lower panel shows the
data at RT before and after plastic deformation.

Figure 8: Frequency tuning by plastic deformation for MRQ06.
remaining processes in the frequency tuning table. The tuning by plastic deformation was effective, though the effects
of jacketing were larger than expected by ∼ 4 kHz except
for MRQ-03. Although the frequency decreased due to the
large jacketing effect, the frequency was still in the range of
the dynamic tuner.

Figure 10: Test results for dynamic tuner for SRILAC.

TEST OF DYNAMIC TUNER
The dynamic tuner for SRILAC has an improved design
with reduced mechanical loss in the driving system compared with the original design developed for the 75.5-MHz
prototype cavity [10]. The mechanism was designed to
press the beam ports by pulling surrounding wires around
the cavity. Operation tests at RT and 1 atm were successfully
performed, as shown in Fig. 10.

SUMMARY AND PERSPECTIVE
Ten QWRs for SRILAC have been fabricated successfully.
The frequency of each cavity was tuned during fabrication
based on a detailed frequency tuning table. The cavity performances exceeded the design specifications in vertical tests.
A cooling test of the cryomodules is scheduled for September
2019.
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Abstract
The surface treatment of ESS 704.42 MHz medium beta
cavities consists of a bulk BCP 200 micron removal, a 10 h
600 ◦C heat treatment and a final 20 micron BCP performed
after tank integration. The facility currently employed for
the BCP treatment, settled in Ettore Zanon S.p.A., is here
presented, together with the results so far obtained on the
first series cavities in terms of frequency sensitivity, removal
rate and surface external temperature. The optimization
of BCP treatment by a preliminary fluid-dynamical finite
element model is also discussed. Some details about the
visual inspection procedure and the furnace qualification are
also presented.

INTRODUCTION
INFN-LASA is currently involved in the series production
of 36 β = 0.67 704.42 MHz cavities for the ESS medium
beta section. ESS specifations for medium beta cavities are
Eacc = 16.7MV/m with a Q0 > 5 · 109 [1]. Given such
moderate values, Buffered Chemical Polishing has been the
natural choice as bulk and final surface treatment for the
series production for ESS medium beta cavities. Due to
their shape and size, a careful optimization of cavity treatment parameters has been necessary. The production of 2
prototype cavities allowed to check the process quality using
the infrastructure provided by Ettore Zanon S.p.A. [2] After
the bulk BCP treatment, the cavity undergoes a 600 ◦C 10
hours heat treatment for hydrogen degassing and a final flash
BCP after the tank integration. Two optical inspections, one
immediately after the electron beam welding and one after
the bulk BCP, are performed to check the presence of defects
at equators that could limit the cavity performance. In case
of presence of defects, a grinding procedure followed by a
light BCP treatment allows their complete removal of the
defects. If defect size is too big to be grinded, the cavity is
tested without tank in order to verify its impact on cavity
performances.

turned upside-down at the end of the first treatment so to
compensate the asymmetry in the removal rate [3]. A 2 kW
heat exchanger costantly cools the acid in the tank, therefore
keeping acid inlet temperature below 6 ◦C and the outlet
temperature below 15 ◦C.

Process Experimental Analysis
The chemical reaction rate critically depends on acid temperature, and even a modest increase of temperature could
locally result in a remarkable enhancement of etching rate,
in its turn heating the cavity walls and increasing the Nb
temperature. For this reason, the acid inlet and outlet temperature are continuously monitored during the treatment. 8
fast reading thermocouples are installed on cavity external
surface, 3 on the bottom cell, 3 on the top cell, 2 on the beam
tubes. In order to control the etching rate during the process,
a ultrasound transducer probe is placed in contact with cavity
surface and the thickness is continuously read during the
process by Olympus 38DL-plus Gage with a µm resolution.
A Nb sample is inserted inside the main coupler to evaluate the material removal by the difference of weight before
and after the treatment and to monitor potential surface contaminations. Figure 1 shows the position of thermocouples,
niobium sample and ultrasound probe during the treatment.

BULK BCP
Cavities are treated in the Ettore Zanon Spa BCP facility
located in a ISO7 clean room. The employed acid mixture
is H3 PO4 + HNO3 + HF in 2:1:1 ratio. On the whole,
in order to get rid of the damaged layer, 200 µm have to
be removed by the bulk BCP treatment. The treatment is
divided in two batches of 90 µm and 110 µm, with the cavity
∗
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Figure 1: Position of thermocouple sensors, ultrasound
probe and Nb sample during a BCP treatment.
Figure 2 shows a typical registration of thermocouple
readout during a BCP process. As already noticed in [4],
temperatures remains nearly constant during the treatment,
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so that a constant removal is measured by the US probe during the process. However, considering different points on the
same cell, temperature is higher on the face opposite to acid
flow. Moreover, considering points with same orientation
on different cells, temperature is considerably higher on the
cell closer to the acid outlet.

Figure 2: Temperature registration during the first bulk BCP
of series cavity M001. The thermocouple labels are the same
as for Fig. 1.
Such a different temperature behavior results in a not
uniform removal on cavity inner surface, as confirmed by
thickness measurements before and after the treatment. As
an instance, Fig. 3 shows the thickness variation on several
cavity points (near equator, on cell upper side, on cell lower
side) for the first BCP treatment of cavity M007. Removal
is higher on top cells and on the cell side opposite to acid
flow, as expected by the measured temperature trend.
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it also equalizes the removal difference on opposite sides of
the same cell.

BCP Fluid Simulation
The strong and unexpected asymmetry in wall temperature
profile and removal rate can be due to local variations of
fluid velocity and temperature. As shown in [5], etching
rate at different fluid velocity can be fitted with a power law:
as the velocity increases the etching rate increases. Same
results have been observed with temperature changes. To
better understand this behaviour, we performed a series of
fluid dynamic simulations whose purpose is to reproduce
the velocity field inside the cavity during a BCP treatment.
Starting from this very first results, one can start to argue
about more complex behaviours observed during the real
processes.
The key parameter needed to define the fluid behavior
inside the cavity is the Reynolds Number, Re = ρvD
ν , where
ρ is the acid density, v is the acid velocity at the inlet, D
is inlet diameter and ν is the acid viscosity. Density and
viscosity are calculated by weighing the single component
values on the concentration in the mixture, considering also
their temperature dependence. Inlet diameter and liquid
velocity are calculated from the characteristics of the plant
and from process throughput. A value Re = 706 is obtained,
which corresponds to laminar flow. However, as stated in [6],
the heat of reaction is dissipated in the BCP fluid through
convective motions. Therefore, a transition from laminar to
turbulent flow takes place near the cavity wall and a suitable
turbulent model has to be employed.
Fluid simulations have been performed with the fluid
solver Ansys Fluent. The first trial has been done with
costant temperature, and therefore also BCP fluid viscosity,
by assuming adiabatic walls. Simulation results highlight
three different fluid-dynamical regimes:
• the fluid velocity field on cavity axis remains laminar, so that the fluid column coming out from the inlet
doesn’t break as would happen in turbulent flow. Instead, it slowly increases its diameter as it proceeds
towards the outlet and its average velocity (of the order
of 10−1 m/s) slowly decreases. From now we will call
main column this flow region.

Figure 3: Thickness variation after M007 1st BCP (90 min.)
measured with US probe. The acquisiton points are marked
on cavity surface.
According to these experimental data, the spread in cell
removal at equators is approximately 20 µm, and is considerably lower than difference in removal between opposite sides
on the same cell, that reaches in this case even more than
100 µm. Hence, the cavity reversal has a double beneficial
effect. Besides correcting the cell to cell removal asymmetry,
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• Once the fluid arrives at the cavity outlet, the increase
in diameter of the main column leads to a subdivision
of the flux: part of it flows through the outlet, while
the remaining part hit the upper flange and reverses
its direction. Here is the main place where the fresh
mixture is mixed with the old one. A secondary motion
arises: between the main column and the cavity irises
there is a recirculation that affects the entire length of
the cavity. This motion laps the cells whitout entering.
Iris works as nozzle increasing the velocity of this recirculation. In this region the velocity is in the order
of 10−2 m/s. From now we will call main recirculation
this flow region.
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• Inside each cells a third different motion takes place.
The velocity is in the order of 10−3 m/s. From now
we will call cell recirculation this flow region. The
transition between the main recirculation and the cell
recirculation takes place at the lower part of each cell.
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that the main heat exchange take place at the iris, so the
heat flux is better modeled by a sinusoidal profile with maximum at irises position. Figure 5 shows the reconstructed
temperature profile on cavity surface.

The main column flows from the lower part of the cavity
towards the upper part. The main recirculation flows counterclockwise while the cell recirculation flows clockwise. A
typical reconstruction of path lines in laminar regime is
shown in Fig. 4

Figure 5: Cavity (blue) and temperature profile (red) assuming a sinusoidal profile for heat flux. Acid enters from left
side.
Figure 4: Path line in laminar solution. Main column, main
recirculation and cell recirculation zones can be noticed.
As second step, the thermal behavior of the system is considered. A complex series of strongly exothermic chemical
reactions took place at cavity surface. As first attempt, we
simulate this reaction as a constant heat flux over the cavity
W
wall. A q = 960 m
2 value is assumed as heat of reaction [7].
Simulation results highlight that:
• As for the velocity field, the same three different zones
can be identified even for temperature. Velocity is overall higher both in the main and the cell recirculation,
which also have different average temperatures. In the
main column the temperature remains almost constant
and equal to inlet temperature. This correnspondance
is probably due to the low thermal conductivity and
velocity of the BCP fluid which prevents any mixing.
• At the iris, where velocity is higher, temperature is
lower than any other part of the cavity surface. Here all
the heat flux is extracted by the fast stream and used to
heat the whole main recirculation. The same behaviour
is observed inside the cell, where the temperature is
lower and the velocity higher.
• The upper part of the cells is hotter than the lower part,
as expected from experimental data. However the lower
cells are on average hotter than the higher, in contrast
with experimental data.
• Difference of temperature between inlet and outlet is
evaluated as ∆T = 2.87K, in agreement with experimental results.
The constant heat flux model is obviously an oversimplified picture. Since the cell recirculation is closed inside the
cell while at the iris we always have a fast flow, we imposed
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Again we obtain lower cells hotter than the higher cells.
This is probably due to the fact that upper cells are actually
reacting with a fresher acid mixture. It is known that kinetics of reaction is also influenced by the concentration of
dissolved NO x species that are by-products of the etching
reaction and may partially inhibit the reaction at the end of
the recirculation, namely at lower cells. In the future the
model will be extended also taking into account this effect.

Analysis of Series Production
At the present time, 18 ESS medium β cavities have been
fully BCP treated at the Zanon facility. As already stated,
the foreseen average removal is 200 µm. This value can be
anyhow partially changed in order to adjust the overall cavity
frequency variation, in the case of a cavity frequency after
EBW significantly different from the nominal value. The
lower limit we assumed for a safe surface removal of damaged layer is 180 µm. Conversely, the overall BCP removal
can be deliberately increased without any concern. On the
whole, such modifications of treatment baseline recipe has
been adopted two times:
• In the case of cavity M004, a preliminary grinding
has been performed in order to remove imperfections
produced during EBW, followed by a longer BCP stage
(340 µm), needed to get rid of grinding residuals.
• cavity M007 frequency after 1st BCP was lower than
expected. In order to get as closest as possible to the
goal value, the second BCP stage has been reduced to
70 µm.
Table 1 shows the average values of the characteristic
treatment parameters for the standard bulk BCP process.
The average surface removal is evaluated from the difference
of cavity weight before and after the treatment. Excluded
from this evaluation are the two previously mentioned cases.

Cavities - Fabrication
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Table 1: Average Values of Characteristic Treatment Parameters for the 2 BCP Steps
Item
removal (µm)
frequency shift (kHz)
etching rate (µm min−1 )
sensitivity (kHz µm−1 )

JACoW Publishing
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1st step BCP

2nd step BCP

96 ± 7
283 ± 22
1.08 ± 0.06
2.98 ± 0.24

107 ± 11
307 ± 38
1.05 ± 0.04
2.86 ± 0.23

Figure 6 shows the overall frequency sensitivity and the
average surface removal for the two treatment steps. Relative
variation is below 10% for frequency sensitivity and below
5% for etching rate. This means that the procedure so far
employed grants enough reproducibility of cavity surface
treatment. The marginally higher spread in frequency sensitivity is due to slight differences in the iris-equator etching
ratio which cannot be directly measured by US probe due
to the presence of stiffening rings in irises. No direct relationship between sensitivity variations and temperature
readings during the process can be noticed. It must be however stressed that this secondary effect has no impact on
cavity production.

fect grinding, the inspection is repeated until a satisfactory
surface condition is reached.
The optical inspection has been succesful in detecting surface defects in many cases. The most common issue so far
encountered is the presence of local pitting after the BCP
treatment. As an instance, Fig. 7 shows one defect found on
cavity M008. Its characteristic size is of the order of 1 mm.

Figure 7: Optical inspection image of cavity M008 at eq.1.
As first attempt of restoring the surface, we proceeded
with an intensive local grinding. But such procedure has
been uneffective and the defects were still present even after
several hours of grinding, meaning that such pits were too
deep to be easily removed mechanically. Some replicas
have been taken, in order to reconstruct the 3D profile of
the defect. The replica have been then analyzed with a 3D
digital microscope with a 200X magnification. The 3D
reconstruction of one of the defects is shown in Fig. 8, with
an evaluation of Z profile at the maximum height. The
defect depth is of the order of 100 µm. This explains why
the grinding procedure has not been incisive.

Figure 6: Measured sensitivity and removal rate for the two
BCP steps of the first 18 series production cavities.

ANALYSIS OF CAVITY SURFACE
An optical inspection tool has been developed so to inspect the inner cavity surface at irises and equators. The
setup employs a monochrome autofocus camera with 8 MP
resolution and interchangeable M12-mount lenses, therefore
adapting to different object distances. In the ESS cavity
case, a 12 mm focal length lens is employed for the equator
surface inspection, which corresponds to a 27° field of view
on cavity equator direction and allows enough depth of field
to keep the image focused on the cavity axis direction. With
this configuration, the device is able to identify geometric
features of 50 µm size. If necessary, this limit can be pushed
down to 30 µm by mounting a 16 mm lens. The visual inspection is performed immediately after the EBW and after
the bulk BCP treatment. In case a cavity needs a local de-
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Figure 8: 3D microscope image of a defect in cavity M008.
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Being aware that such defects could limit the cavity performance through a premature thermal breakdown mechanism,
we decided to test, before the tank integration, two of the
series which exhibited the most pronounced pitting, namely
cavity M006 and M010. Indeed, both cavities quenched at
a field slightly lower than the average value of series production [8], but well above the specification value of ESS
medium beta cavities. In the meantime, an in-depth quality
control of the production steps - from cavity assembly to
EBW - has been performed. Thanks to the intensification of
such control procedure, the pitting phenomenon after BCP
is almost disappeared on the last series cavities.

FURNACE QUALIFICATION
After an accidental venting event occurred at high temperature, the inner surface of E. Zanon furnace underwent a
sudden oxydization reaction. A long decontamination procedure has then been necessary to recover the vacuum conditions needed for the safe heat treatment of ESS medium-beta
cavities, namely a pressure below 3 · 10−5 mbar in the oven
with a low content of hydrocarbons - as detected by RGA
spectrometer - during the whole thermal cycle.
Once these conditions were met, a further qualification test
has been performed by heat treating some niobium samples
obtained from the sheets of ESS cavity production. Different
thermal cycles (10 h at 600 ◦C, 2 h at 800 ◦C, 2 h at 1000 ◦C)
have been checked. Adopting a conservative approach, we
assumed 800 ◦C as qualification temperature, although the
heat treatment for ESS cavity is planned at 600 ◦C.
As first check, RRR is measured on different samples
before and after the treatment. On average, RRR decreases
of 7% after the treatment. The maximum variation registered
is of 13%. Such values are in line with typical variations
registered in other furnaces [9], and are well within the RRR
measurement reproducibilty.
After the bulk, the surface state of the samples is analyzed.
Many residual gases in furnace are expected to diffuse only
in the first µm of niobium, and such surface segregation is
not expected to produce any significative variation in RRR.
Hence, the sample surface is anayzed by SEM-EDX and
the depth profile on the first 10 µm for several elements is
acquired by means of GDOES (Glow Discharge Optical
Emission Spectroscopy) technique. SEM-EDX analysis detected some minor and sporadic surface contaminations (max
20 µm size), which are equally present on both blank and
heat treated samples. This means that no new surface impurities have been produced by the treatment. From GDOES
side, the only substantial difference in depth profile were
detected for:

Figure 9: Depth profile by GDOES for hydrogen and carbon
on the first µm. Intensity is in a.u.
Such profiles are shown in Fig. 9. Carbon diffusion length
is less than 1 µm. One can therefore assume that, after the
final BCP removal (20 µm), the optimal surface condition is
again restored. This behavior is consistent with the increase
of carbon diffusivity with temperature, but also with the
RGA data acquired at 800 ◦C, that displayed a background
of hydrocarbons slightly higher than the one at 600 ◦C.
Given these considerations, we consider the fornace again
qualified to perform the heat treatment of ESS medium beta
cavities. In the next weeks, cavity M013 will undergo the
standard 600 ◦C heat treatment in Zanon and will be then
tested without tank at the LASA vertical test facility.

CONCLUSION
The acvity of INFN-LASA on surface treatments for the
series production of ESS medium-beta cavites is presented.
The bulk BCP recipe has proven to provide stable and reliable
results in terms of removal rate and frequency variation. The
final surface quality has been remarkably improved thanks
to an effort in optiimizing the quality of the production cycle.
The furnace for cavity treatment underwent a qualification
procedure by means of bulk and surface analysis of Nb samples. This facility is now ready for the annealing of series
production cavities. On the whole, the series production is
at the turning point, with 18 cavities already treated and as
many to be treated in the next weeks.
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Abstract
We present the upgrade of the EP facility for the surface
treatment of PIP-II low beta cavities. The main process parameters, such as voltage, treatment time, acid throughput
and cathode geometry, already optimized on the previous
experience of 1.3 GHz Tesla-shape cavities, are discussed
taking into account the different cavity size and geometry.
The first surface treatments have been performed at Ettore
Zanon SpA on single cell cavity prototypes in order to reach
good final surface finishing and the required thickness removal. In the meantime, the upgrade of the system for the
treatment of multicell PIP-II prototype cavities is presented.

INTRODUCTION
INFN-LASA joined the international effort for the PIP-II
project in Fermilab and it is expected to build the 650 MHz
superconducting cavities required by the low 𝛽 section of
the 800 MeV front-end proton linac.
PIP-II specifications for the low-beta linac section are
𝐸𝑎𝑐𝑐 = 16.9 MV m−1 with a 𝑄0 ≥ 2.15 ⋅ 1010 (that may be
extended to 3⋅1010 ) [1]. This ambitious target for Q-value is
unlikely to be reached with a BCP treatment, given the characteristic medium field Q-slope of BCP-treated cavities. For
this reason, the Electropolishing treatment has been chosen
as baseline. Such treatment has been routinely employed in
the past as the main surface treatment for 1.3 GHz cavities.
The great experience acquired during the series production
of E-XFEL and LCLS-II allowed a full optimization of the
process on the traditional geometry of Tesla-shaped 1.3 GHz
cavities, so that it is nowadays commonly considered as
the most effective surface treatment for the achievement of
higher cavity performances.
Now, facing the upcoming PIP-II series production of lowbeta cavities, no equivalent experience on electropolishing
is available, due to the different cavity shape and size. Many
process features are expected to change due to the different cavity geometry. It is therefore important to develop a
tailored electropolishing process by a clever optimization
of treatment parameters, along the same lines of the efforts
done by FNAL and ANL in the adaption of the Argonne
EP plant for the treatment of 𝛽 = 0.91 multicell prototype
cavities [2].
∗

michele.bertucci@mi.infn.it
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EP DEVELOPMENT STRATEGY: FROM
SINGLE TO MULTICELL PROTOTYPES
Besides two dressable multicell cavity prototypes, which
are currently under fabrication, 3 single-cell cavities have
been already manufactured and 2 more are under production.
These prototype resonators are made by two end cells from
the multicell cavity end-groups and already allowed at first
the qualification of the deep-drawing die for this specific
design and thickness [3].
The EP plant currently operating in Zanon S.p.A, developed for the treatment of E-XFEL 1.3 GHz cavities [4],
would require a subtantial refurbishment to allow the processing of a multicell PIP-II low beta cavity. Conversely, the
plant is able to host the single cell cavities through the introduction of minimal modifications of the structure. Figure 1
shows the EP facility adapted for the processing of PIP-II
single cell cavities.

Figure 1: The EP plant at Zanon S.p.A, adapted to host a
single cell low beta PIP-II cavity
The main modifications introduced are:
• cavity length (0.506 m) is adapted to the EP rotating
frame - previously developed for 1 m long XFEL cavities - by employing 2 polypropylene cylinders
• the cathode (30 mm diameter ) is completely shielded
by a PTFE tape in correspondence of cylindrical
adapters. The holes on cathode at beam tube position are closed, so that the acid enters inside the cavity
volume only trough the hole at equator position.
• Aiming to obtain a more uniform temperature distribution, an external water cooling system is installed on
the beam tubes.
• An ultrasound (US) probe for online thickness measurement is installed on cavity surface. In the future, the
system will be upgraded so to allow a multi-probe thickCavities - Fabrication
fabrication
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ness reading (by a proper multiplexing of signal readout
and sensors) in different points of cavity surface.
• In order to increase the cathode surface in correspondence of cavity inner volume, a cylindrical enlargement
made of ultra-pure Al is now under fabrication. As rule
of thumb a 10:1 cavity:electrode surface ratio is needed
to achieve the best polishing conditions [5].
Besides structural modifications in the infrastructure, a
proper optimization of electropolishing for low 𝛽 650 MHz
resonators requires a careful review of all treatment parameters (current, voltage, chatode geometry, acid troughput,
temperature). The bigger cavity size and more squeezed
cell length are expected to significantly change the process
behavior. The goal is to find the right balance among the
many process parameters, so to obtain a good smoothing
(sub μm roughness) on all inner surface and achieve at least
1:2 of equator/iris removal ratio. Given the complexity of
the task, we decided to exploit a single cell PIP-II prototype
cavity made in fine grain niobium (FG001) for experimentally optimize the procedure. Once the recipe will be ready
on single cell cavities, we will discuss the strategy for the
refurbishment of the EP plant for the treatment of multicell
prototype PIP-II cavities.

OPTIMIZATION OF THE EP
PARAMETERS
In order to achieve the best polishing conditions, the anode
voltage must be set so to place all the cavity surface in the
limiting current plateau. This means that no significant
current increase must be noticed by increasing the anode
voltage. As preliminary measurement, the voltage has been
ramped from 0 V to 20 V continuously acquiring the current.
Acid inlet and outlet temperature (respectively 12 ∘C and
15 ∘C) and the thermocouple readings during the treatment
remain constant during the ramp so that one can assume
no change in reaction rate due to heating. Figure 2 shows
the polarization curve. The three typical regimes of etching,
current oscillation and polishing can be clearly identified. A
modest increase of current with voltage can be noticed even
in the polishing region.
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oscillation zone, we restrict the usable voltage in the 13 V to
20 V interval. This region is expected to yied the best surface
finishing after the treatment [6]. Given the process total
current, one can calculate the removal rate from equation:
𝑟[μm min−1 ] = 0.123

𝑖[A]
𝑆[dm2 ]

(1)

where 𝑖 is the current and 𝑆 is cavity inner surface [4].
Employing the PIP-II single cell value of 43 dm2 , one obtains
a removal rate of 0.127 μm min−1 for an average current of
40 A. A 200 μm removal would therefore require approx.
27 hours of treatment. The removal rate will be increased by
the foreseen installation of the Al cylindrical enlargement
that is expected to extend the cathode active surface .
Moreover, one has to consider the temperature dependence of removal rate. The EP reaction is exothermic so
that the circulating acid gets warmer as the treatment goes
forward. Within certain limits, one can benefit of this reaction enhancement to shorten the treatment duration, but
it is necessary to control the temperatures on beam tubes
so to locally limit the reaction, which would risk to be too
aggressive if compared to the cell inner surface. The external water cooling system does this task very effectively.
Figure 3 show the temperature and current registration for a
short treatment trial (2 h at 15 V). The temperature on beam
tube dramatically increases in the first 30 minutes, reaching 25 ∘C, while at equators temperature remains stable at
around 17 ∘C. Once the external water cooling is turned on,
the temperature on beam tubes immediately decreases, and
a more uniform temperature distribution on cavity surface
is established. The modest reduction of current is caused by
the partial inhibition of EP reaction at beam tubes.

Figure 3: Temperatures and current during 2h, 𝑉 = 15 V
treatment, with and without external water cooling.

FIRST TREATMENT TRIAL
Figure 2: The polarization curve for cavity FG001 in the
0-20 V interval
According to the polarization curve, the polishing zone
starts at about 8 V. In order to stay not too close to current
Cavities - Fabrication
fabrication

The previous experimental data, obtained thanks to a series of short EP treatments, represented a starting point for
attempting a longer electropolishing on cavity FG001. This
treatment has been then performed employing a 15 V voltage for a 1200 kC total charge removal, which correponds
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to a 60 μm removal in approximately 8 hours if an average
current of 40 A is assumed. Set point for acid cooling is
25 ∘C as maximum temperature on cavity surface.
The US probe is installed on cavity walls, as shown in
Fig. 4, so to be as near as possible to the equator zone. The
external water cooling has been activated during the whole
EP treatment.
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45 A. Immediately after the water cooling turning on, the
removal rate suddenly dropped down to 0.06 μm min−1 . Basically, the EP process has been almost completely inhibited
at the inner cell position. This is probably due to the lowest
temperature of acid, but a simple explanation is still not
available because the mechanism is probably influenced also
by other process parameters, like the acid velocity and the
thickness of the diffusion layer [7].

Figure 4: The US probe during the treatment.
The temperature and current readout for the whole treatment is shown in Fig. 5. The action of external cooling
induced a very slow drift of temperatures and current towards the equilibrium value (approx. 48 A with 22 ∘C on
cavity surface). There is a very small temperature difference between equator and beam tubes, meaning that the
reaction has been enhanced in correspondence of equator.
After 300 minutes, the acid chiller has been automatically
turned on because the maximum temperature of inlet acid
was reached. As a consequence, temperature and current
slightly decreased.

Figure 6: Thickness (in blue) and inlet acid temperature (in
red) vs treatment time
At the end of treatment, the following parameters are
measured:
• the average removed thickness is 63 μm, as evaluated
from the difference of cavity weight before and after
the treatment. This corresponds to a 0.13 μm min−1
average removal rate.
• the measured frequency shift is 51 kHz. This corresponds to a 0.81 kHz μm−1 sensitivity.
• the local thickness removal is measured by means of US
probe on several points of cavity surface and compared
with the values before treatment. The results are shown
in Fig. 7.
• surface roughness (𝑅𝑎 and 𝑅𝑧 ) is measured inside cavity
volume with a compact roughness tester. The evolution
of 𝑅𝑎 in some significant points of cavity inner surface
are reported in Table 1. The last row is the treatment
here discussed.
Table 1: Evolution of 𝑅𝑎 [μm] After Some EP Treatments
in Three Characteristic Cavity Points
Step

Figure 5: temperature and current readout during the 480
min. treatment
The consequence of the acid cooling becomes more dramatic when looking to the US thickness probe readout, which
is shown if Fig. 6. In the first 330 minutes the removal is
linear with time, and a removal rate of 0.136 μm min−1 is
obtained by linear fitting. This value is in line with what
expected from equation (1) assuming an average current of
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Not treated
After 2h @ 13 V
After 4h @ 15 V
After 8h @ 15 V

Beam tube

Iris

Near equator

0.74
0.51
0.24
0.26

0.95
0.51
0.49
0.40

0.99
1.39
1.39
1.12

These experimental results deserve some comment. The
average 63 μm corresponds to about 40 μm removed near the
equator and 80 μm removed on average from beam tubes and
irises, as it is evident from Fig. 7. The iris/equator removal
Cavities - Fabrication
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assumed as true local values for the process removal. As first
approximation, a symmetrical removal rate with respect to
the cavity equator is considered. For that reason we averaged
the final thickness of the corresponding symmetric points.
Then, starting from the control points defined by Δ𝑖 for
i=1,2..., we calculated the removal all over the cavity walls
by means of a b-spline interpolation , so that the local Δ(𝑧))
function is built, where 𝑧 is the axial coordinate. The resulting removal function is plotted in Fig. 8, compared with the
cavity profile.

Figure 7: average removal as measured by US probe. On
top side, the position of measured points.
ratio must be therefore larger than 2. This is the cause of
the low frequency sensitivity value - 0.81 kHz μm−1 - which
is remarkably less than the one measured for BCP-treated
low beta cavities [8]. There is an apparent asymmetry in the
removal on the two cavity sides, probably due to the different
fluid-dynamical conditions experienced by the two cavity
sides, which can be also noticed by the slightly different
temperatures on beam tubes.
Surface smoothness on beam tubes and irises improves
with material removal, in line with the experimental observations reported in [9]. There is almost no change in roughness
near the equator for the first treatments, and only a modest
decrease after the last treatment, in spite of a 40 μm removal,
as also witnessed by the cavity frequency change.
According to these observations, the choice of 15 V grants
a good surface smoothening on irises and beam tubes, but
not on equator. This is in line with the observation that
electrolyte resistance 𝑅𝑒𝑙 is locally increased because of the
longer anode-cathode distance at equator. Assuming at first
order constant anode (𝑉𝑎 ) and cathode (𝑉𝑐 ) potentials, from
the expression of voltage drop 𝑉 = 𝑉𝑎 − 𝑉𝑐 + 𝑅𝑒𝑙 ⋅ 𝑖 one can
𝑉 −(𝑉𝑎 −𝑉𝑐 )
evaluate the current as 𝑖 =
. Hence, the higher
𝑅𝑒𝑙
electrolyte resistance results in a lower current. The foreseen
installation of a cathode enlargement will therefore raise the
removal at equator both by increasing the active cathode
surface and by locally reducing the cathode-anode distance
Besides the cathode enlargement, a further increase of voltage to 17 V is also planned, and also an higher setpoint of
inlet acid temperature that will also favor a quicker reaction.

ELECTROPOLISHING REMOVAL
MODEL
The experimental data of frequency shift, average removal
and local removal by US probe allowed to have a first evaluation of the removal dynamics. In order to check the autoconsistency of the measured values, we developed a simple
model to simulate the removal during an Electropolishing
treatment on the PIP-II single cell.
First of all, the local thickness variations measured by the
US thickness gage reported in Fig. 7 (Δ𝑖 for i=1,2...) are
Cavities - Fabrication
fabrication

Figure 8: removal profile Δ(𝑧) as obtained by b-spline interpolation (in red) and cavity profile (in blue). The control
points Δ𝑖 obtained by US measurements are marked.
The averaged removal is defined as the ratio of cavity
volume variation and inner surface. It can be then obtained
analytically from the interpolation as:
Δ=

1
2𝜋
∫ 𝑑𝑣 ≈
∫ 𝑓 (𝑧)Δ(𝑧)𝑑𝑧
𝑆𝑖𝑛𝑡
𝑆𝑖𝑛𝑡

(2)

where 𝑆𝑖𝑛𝑡 is cavity inner surface, Δ(𝑧) is the removal profile,
𝑓 (𝑧) is the cavity profile function.
Since the variation in the geometry shape is small with
respect to the overall geometry, the frequency shift can be
evaluated by Slater Theorem:
(𝜇0 𝐻 2 − 𝜀0 𝐸 2 )
Δ𝑓
=∫
𝑑𝑣
Δ𝑉
𝑓
4𝑈

(3)

where 𝐸 and 𝐻 are the electric and magnetic electric field
on cavity wall, 𝑈 is the stored energy, 𝑓 is cavity nominal
frequency and Δ𝑉 is the deformation volume.
Average thickness can be numerically calculated from
Eq. (2) and frequency shift can be calculated from Eq. (3)
by means of a 2D axially simmetric electromagnetic model
of the single cell developed in SuperFish. Table 2 shows
the reconstructed and measured values of frequency shift,
average removal and frequency sensitivity.
The calculated values match very well the experimental results, meaning that the model here proposed is autoconsistent and that the experimental strategy so far adopted
MOP057
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Table 2: Comparison of Experimental and Calculated Parameters for the 8h 15 V EP on Cavity FG001
Item

Exp.

Calc.

Frequency variation [kHz]
Average removal
[μm]
Sensitivity
[kHz μm−1 ]
Iris/equator removal ratio

-51
63
0.80
>2

-53
67
0.79
≈ 2.6

allows with a good accuracy to predict the real behavior of
cavity during the treatment. The removal at equator position
is difficult to be measured by US thickness gage because of
the irregularity of inner surface nearby the welding. The
calculation gives in this case a 30 μm removal value, which
is consistent with the modest gain in surface roughness reported in Table 1.

CONCLUSIONS
The LASA-INFN activities on the optimization of the
Electropolishing process for low-beta PIP-II 650 MHz cavities are well underway. A first trial adopting conservative
parameters (15 V, 25 ∘C temperature max. set point, 8 hours
treatment) has been performed. Results are promising, but a
further effort has to be done in order to maximize the removal
on cavity equator and then improve the surface smoothness.
In the next future, the cathode surface will be increased by
the introduction of the Al enlargement.
In the mean time, the process control strategy has been
fully optimized and checked. The online measurements
(thickness and temperatures) allows a continuous monitoring
of treatment conditions. The set of post-treatment measurements (weighing, frequency shift, thickness removal by US
probe) is enough to analytically reconstruct the evolution of
cavity inner profile and therefore evaluate many important
process parameters.
A new treatment trial is foreseen in the next month. The
goal is to achieve a full process optimization with no more
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than 2 further treatment trials. By the end of the Year, cavity
FG001 will undergo a full bulk EP treatment and will be
then tested a both LASA and FNAL vertical test facilities.
The results will serve as a starting point for the joint FNALINFN effort in defining the full cavity surface processing
strategy.
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Abstract
The industrial production of the 36 resonators (plus 2
spares) for the ESS linac is steadily progressing. Cavities
are delivered by industry as fully surface-treated and dressed
to AMTF facility at DESY for their qualification via vertical
cold-test. This paper reports the current status of the manufacturing process from subcomponents to processing of
the complete cavity inner surface. It also reviews the cavity
performances demonstrated so far as well as the documental
control strategy deployed to preserve the fulfillment of ESS
requirements.

INTRODUCTION
The European Spallation Source (ESS), now in the installation phase at Lund in Sweden, will accelerate high current
proton beams up to 2.0 GeV to produce, by the spallation
process, neutrons to investigate fundamental process ranging
from material science to basic physics research.
The ESS Linac accelerator complex is composed of different sections and the INFN LASA contribution is focused
on the Medium Beta (MB, 𝛽 = 0.67) cavities [1], used to
accelerate the proton beam from 216 to 571 MeV. In collaboration with CEA Saclay, our cavities will be integrated
into cryomodules in France before being delivered to ESS
for the installation into the tunnel.
INFN LASA has started working on the ESS MB cavity
by developing its electromagnetic and mechanical design.
The rationale of our design has been to improve the cell-tocell coupling factor to improve HOM extraction and mode
separation at the expense of a slightly higher Epeak /Eacc and
reductions of R/Q [2]. Moreover, an extensive work has also
been done to identify trapped monopoles modes below the
cut-off frequency of the beam pipes, not having this type of
cavity any HOM absorber [3].
Based on our studies, a prototype has been fabricated
in collaboration with the industry to establish a validated
procedure for the upcoming series production. The results
obtained have been extremely encouraging, largely overcoming the ESS specifications [4]. The prototype has been afterwards integrated, together with other three CEA designed

cavity prototypes, in the demonstrator module M-ECCTD
assembled and successfully tested at CEA [5].
In 2016, we have launched the international call for tenders for the procurement of the Niobium materials and for
the cavities fabrication. The tenders were selected and the
contracts awarded about six months after tenders issue. Hereafter, we report on the status of the production and test of
cavities and related components fabricated up to time of the
Conference.

NIOBIUM
All the Niobium components needed for the fabrication of
the ESS cavities have been delivered by OTIC Ningxia. 482
sheets have been delivered in three lots for the production
of the 38 cavities plus spares for contingency.
All Nb sheets have been eddy current scanned at DESY
to detect mainly inclusions of foreign materials but also geometrical imperfections (scratches, thinner sheets, etc.). An
important outcome of this analysis has been the determination of the best side to be exposed to RF during the Half Cell
fabrication process.
Figure 1 reports the results of the overall scanning, with
indication of the causes of sheets non-conformities and their
percentage on the total. None of the sheets have inclusions,
few of them have some geometrical scratches and only one
was thinner than the requested tolerances. More than 80 %
of the sheets have been accepted after the scan of the first
side only. The remaning sheets needed the analysis of the
second side and few of them further analysis (3D microscope
and SEM analysis) to exclude presence of foreign materials.
The overall acceptance level (i.e. one sheet side good for
RF) is larger than 98 %, above our expectations. The sheets
that have geometrical imperfections have been recovered by
proper grinding. At the end only one sheet was not usable
being too thin.

CAVITY FABRICATION
Fabrication and Preparation for Vertical Test

daniele.sertore@mi.infn.it

Based on the experience of the European XFEL (E-XFEL)
series cavities, a “built to print” process has been chosen also
for the ESS MB cavities production. This process consists
in setting stringent requirements on the specifications for the
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Figure 1: Niobium Sheets eddy current results.
cavity production while not claiming granted performances
from the producer. The tender for the cavity fabrication
was won by Ettore Zanon S.p.A., a company with a long
and solid experience in fabrication of Superconducing RF
accelerating structures, already qualified for E-XFEL cavity
production.
The cavity fabrication process starts by water jet cutting
the square sheets to circular shape and then deep drawing
them to form the half cells. Our cavity design foresees three
types of Half Cells (HCs), namely Inner (IC), Pen (PC) and
End (EC).
The HCs are then electron beam welded (EBW) to form
Inner (ID) and Terminal Dumb Bell. The End Cells are
EBW to the end tube group to form the End Group. See
Ref. [6] for a more detailed description of the cavity assembly process. After mechanical and RF measurements, every
component is trimmed to ensure reaching the proper frequency and length of the final cavity. The present status of
the subcomponents mechanical fabrication and cavities after
welding is summarized in Table 1.

the chemical process of the ESS MB cavity are presented at
this conference (see Ref. [7, 8]).
Figure 2 reports a typical frequency variation along the
full cavity preparation cycle. The high frequency of the
cavity after mechanical production is needed to compensate
for the “bulk BCP” process that reduces consistently the
cavity frequency (sensitivity 2.9 kHz/μm). The final Field
Flatness of the cavity is required to be larger than 93 % as
requested from ESS specifications.

Figure 2: Frequency evolution during the cavity production
cycle. The large variation at the beginning is due to the “bulk
BCP” process.
At present all the six lots of subcomponents (corresponding to parts for 32 cavities) have been produced. Figure 3
shows the frequency evolution and distribution for the PCs
of the whole production. The distribution mode is only less
than 200 kHz distant from the expected value.

Table 1: Present Status Of The Mechanical Production From
Subcomponents to Cavities
Component

Produced

Expected

Half Cells
Pen Cells
End Cells
Inner DB
Terminal DB
End Groups
Cavities

304
76
76
72
48
61
21

304
76
76
114
76
76
38

Percentage
100 %
100 %
100 %
50 %
63 %
80 %
55 %

After mechanical fabrication, the cavity is chemically
etched to remove the damage layer of the inner cavity surface.
The treatment consists of a total of 200 μm “bulk BCP” etch,
90 μm with the coupler down and the remaining with the
coupler up to reduce the asymmetry due to the different
chemical etching of the acid while flowing in the cavity.
Afterwards, the cavity is heat treated in vacuum at 600 ∘C
for 10 h. It is then tuned to the proper frequency and field
flatness before being integrated into the He-tank. The final
step is a “final BCP” of 20 μm to prepare the cavity for the
test and then the installation of the accessories (pick antenna,
main coupler high Q antenna, flanges, etc.). More details on
MOP058
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Figure 3: Frequency evolution and distribution for the Pen
Cells of the whole ESS MB cavities production.
21 cavities have been EBW and 15 of these have been
treated up to the “bulk BCP” stage. Up to now, eight cavities
have reached the “final BCP” and they have prepared for to
the following test phase at cold at DESY.

CAVITY SHIPPING TO DESY
Cavity transportation from Zanon to DESY is a key topic
because we need to preserve the cavity vacuum and avoid
production and/or motion of particles.
Cavities - Fabrication
fabrication
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We ship the cavity with a dedicated (point-to-point) transportation. To avoid damages during this transportation, a
proper box with foam absorbers and provided with soft rubber dumpers supporting the cavity, has been studied and
realized. To monitor the cavity during transportation, shock
loggers are installed in the box and on the cavity, before
starting the shipping, to register eventual shocks above 3 g.
A picture of the M001 cavity prepared for leaving Zanon
towards DESY is shown in Figure 4.
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frequencies of the first monopole passband mode at cold and
the HOM spectra are measured as part of the qualification
before installation.
Four dressed cavities have been successfully qualified
at DESY up to now (four more expected by end of July).
We have also tested naked cavities if subject to operations
outside from the standard production cycle [13]. The first
ESS series cavity test was in November 2018 and it was
cavity M001 installed on the insert with MBLG002 large
grain prototype cavity without tank, which already sustained
many tests and acted as a reference. In Figure 5 (left) cavities
M001 and MBLG002 are installed on the DESY vertical
insert, while M003 and M005 are shown on the insert on
the right side.

Figure 4: M001 cavity prepared for leaving Zanon. A shock
logger (purple box) is visible on the top of the He-tank, above
the orange security strap.
Moreover, we issued a detailed protocol that the sender
(Zanon) and the receiver (DESY) must accomplish every
time a cavity is shipped and/or received. It consists of cavity
inspections and testing and compilation of two reports, one
with mechanical and inspection measurements and the comparison with reference values, the second with RF measurements. In particular, with regards to the RF measurement,
the company before shipping the cavity has to measure, at
room temperature, the frequency and the transmission values
of the six modes of TM010 band and to acquire the spectrum
of the 1720 to 1770 MHz band (Outgoing Inspection). This
room temperature test has to be repeated by DESY at the
cavity arrival (Incoming Inspection) and compared to the
Zanon values ensuring that the following acceptance criteria
are fulfilled [9]:
• Max 𝜋 mode frequency difference = ± 0.1 MHz.
• Max 𝜋 mode RF power transmission value = −100 dB
• Min 𝜋 mode RF power transmission value = −130 dB
• Max Mean Spectrum Freq. Deviation = 10 kHz
If any of these acceptance criteria is not met, a nonconformity procedure must be issued and a decision about
further actions is taken by LASA experts.

VERTICAL TEST AT DESY
After successful incoming inspection, the cavity is prepared for its qualification in cryogenic conditions at AMTF
at DESY [10–12]. A vertical insert allows to test a pair of
cavities. Each single cavity is tested up to its limits in order
to assess the performances at the ESS working point and the
maximum accelerating gradient attainable. Moreover, the
Cavities - Fabrication
fabrication

Figure 5: M001 and MBLG002 (left) and M003 and M005
(right) installed on vertical insert at DESY.
The four cavities performances were well above the ESS
requirements. ESS specification are summarized in Table
2, where they are compared to cavity performances. Test
values column shows the min-max measured values for each
parameter in the four tests.
Table 2: First Four MB Cavity Performances And ESS Requirements
f𝜋 [MHz]
f𝜋 closest f [MHz]
Max Eacc [MV/m]
Q0 @ ESS Eacc
Q0 @ Max Eacc
QI (input QExt )
QT (PU QExt )
F.E. [mGray/min]

ESS Spec.

Test Values

+0.1
704.15−0.15
f𝜋 ± 0.45
> 16.7
> 5 109

704.19 – 704.23
703.45 – 703.49
23.5 – 24.1
1.6 1010 - 2 1010
6 109 - 8 109
6 109
3.5 1011 - 5 1011
< 8.4 10−4

2 1011

Figure 6 summarizes the results of the dressed cavity tested up to now. Note that all cavities largely overcame 20 MV/m gradient. Cavity M001, M002 and M003
quenched at maximum field, while cavity M005 reached
input power limit.
We recorded limited field emission for Eacc values between 9 to 11 MV/m, typical multipacting region for these
MOP058
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Figure 6: Summary of ”dressed” MB cavity vertical test performances at T=2 K. The emitted radiation scale is reported
on the right vertical axis.
kind of cavities [14], which disappeared after some minutes of conditioning and was again visible, though modest,
towards maximum gradient, except for cavity M005 that
showed no radiation.
Along the production, few cavities have shown some not
negligible defects on the inner walls. In these cases, either
if they are removed or not, we decided to test them without
tank and to proceed to tank integration only if project specifications were met. For example, we tested at LASA cavity
M006 undressed. This cavity had local grinding of the inner
cavity equatorial regions due to round spots (pits) in the region between the cavity weld area and the heat affected zone.
M004 undressed has been instead tested at DESY. This cavity was grinded locally for a not-full penetrated equatorial
welding. Finally, undressed cavity M010, showing spots of
smaller size w.r.t. the latter two, has been tested at DESY
without having been grinded, reaching Eacc = 20 MV/m.
These cavities vertical test results are shown in Figure 7,
where it is shown that their performances also overcome
ESS requirements and so they are going to be integrated in
the He tank.
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5 MHz away from machine lines (i.e. harmonics of beam
bunch frequency, 352.2 MHz). If a monopole mode is resonantly excited by lying on a machine line, the induced voltage
can degrade the beam quality and also increase the cryogenic
losses. The ESS elliptical cavities have no HOM damping
antennas so, for a reliable machine operation, it is mandatory to have a cavity design where HOMs are not only away
from machine lines by design but also where the fabrication
tolerances will not shift HOMs near to these lines. Table
3 [3] shows nominal frequencies (CST simulations) of the
5𝜋/6 mode (of the first cavity passband), accelerating mode
and the closest cavity modes to ESS machine lines which
have probability of being trapped inside the cavity due to
end tubes and iris dimensions. The most probable dangerous
HOM is a monopole mode of 3rd passband which ideally
it is supposed to be at 1742.5 MHz, 19 MHz away from 5th
machine line, namely 1761.05 MHz. The position of this
mode is tracked at ambient temperature after cavity tuning
and after final BCP treatment, even if the detection of this
mode, poorly coupled, is challenging. The accurate measurement of this frequency is done during cold test, where
the spectrum of the 1720-1770 MHz band is acquired at 2 K
temperature.
Table 3: Cavity Dangerous HOMs Close To Machine Lines
(ML) And Related Comments
Freq.
[MHz]

Comments

703.61
704.42
1029.6
1376.7
1742.5

> 0.8 MHz from 𝜋 mode (5/6𝜋 mode)
Accelerating mode (𝜋 mode)
> 26 MHz from 3rd ML, dipole mode
> 32 MHz from 4th ML, quadrupole mode
> 19 MHz from 5th ML, monopole mode

For the first four MB cavities there is no evidence of this
mode in the region ± 5 MHz from the 5th machine line harmonic frequency. In Figure 8, we show the HOM spectrum
of M005 cavity, as an example. This monopole mode is
indicated by the red arrow in Figure 8.

Figure 7: Performances of M004, M006 and M010 undressed cavities.

Cavity High Order Modes
To fulfil the ESS performance requirements, the MB cavity needs to be designed such that all HOMs are at least
MOP058
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Figure 8: M005 cavity HOM spectrum at 2 K, typical for
the four cavities of the series. The “red zone” represents the
dangerous area where no monopoles have to show up.
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CAVITY SHIPPING TO CEA
As for the transportation from Zanon to DESY, the final
transportation from DESY to CEA follows the same strategy concerning the transportation issues (vibration control,
damping, etc.) as well as reports preparation. In particular,
to guarantee a safe transportation the RF cavity parameters
are measured at room temperature before shipping the cavity
and checked again at the cavity reception at CEA. Here, a
full check is done on the cavity (mechanical, vacuum, RF)
and, if successful, the cavity proceeds to integration into the
cryomodule.

QUALITY ASSURANCE AND CONTROL
(QA/QC)
The production of the ESS MB cavities needs the supervision and quality control of many components. A critical
task is assuring and controlling the production from the Half
Cells to the final cavity ready to be delivered for test and
installation. For this purpose, we have developed specific
procedures and tools to monitor the evolution of the production and to follow single components.
In Ref. [9], we have already reported on the strategy we
have developed and applied to ensure proper QA/QC of the
production process and how we have extended it also to the
test phase at DESY and to the delivery at CEA. To briefly
summarize it, we have developed control sheets and detailed
reports that the company and the involved laboratories needs
to fill and follow that allow cross checking different phases of
the cavity cycle. Five acceptance levels (ALs) correspond to
hold points where the results and the related documentation
is controlled and, if they are conform to specifications the
cavity proceeds to the next level. Table 4 reports the ALs
and the corresponding cavity delivery phases.

Figure 9: ESS dashboard with detailed information about
the status of the cavities.

change of the dies used for these subcomponents deep drawing. After this change, the components are now within the
expected tolerances (yellow band) except for few components that have been accepted only after the notification of
non-conformity reports (NCRs) and a more detailed analysis on the possible consequences in using these items for
the cavity composition. Up to now, about hundred NCRs
have been issued during the production process but only few
were related to the cavity/cryomodule interfaces as agreed
with ESS/CEA and hence might have impact on the cavity
installation. All of them have been positively resolved and
accepted by ESS after discussion with our colleagues at CEA
allowing installation of these cavities.

Table 4: Acceptance Levels For The ESS MB Cavities
AL

Description

AL1
AL2
AL3
AL4
AL5

Cavity after EBW welding, ready for treatments
Cavity after tuning, ready for integration
Cavity fully assembled, ready for shipment to DESY
Cavity after successful VT test and ready for shipment to CEA
Cavity accepted and ready for installation at CEA

The most significant information contained in the control
sheets are afterwards extracted and collected into a database.
A graphical interface (ESS Dashboard [15]) allows having
an overview of the production process at a glance both for
subcomponents and for cavities. Figure 9 shows an example
of the cavity summary panel where the status of the cavity
with respect to its advance in the production process is shown
as well as its AL status.
The database allows also the analysis of the production
nearly on-line to monitor trends and, eventually, a deviation
with respect to the standards. As an example, Figure 10
reports the evolution of the length of the ICs before the final trimming. The large step of ID lengths is due to the
Cavities - Fabrication
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Figure 10: Example of scatter of measurements on length
of Inner Dumb Bell before trimming. This is a typical plot
available on the ESS Dashboard.

CONCLUSIONS
We have presented the status of the ESS Medium Beta
cavity production. We have produced so far mechanical
subcomponents for more than half of the full production and
half of the cavities. The treatment process has highlighted
some defects that have been cured and preventive actions
have been identified. Before summer, eight more cavities
will be tested and delivered to CEA as foreseen by the ESS
schedule and the other are expected to be on time.
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Abstract
INFN-LASA joined the international effort for the PIPII project in Fermilab to build the 650 MHz superconducting cavities realizing the low-beta section of the 830 MeV
proton linac.
After developing the electro-magnetic and mechanical
design, INFN-LASA started the prototyping phase by producing five single-cells and two complete five-cells cavities.
This paper reports the status of PIP-II activities at INFNLASA summarizing manufacturing experience and preliminary experimental results.

INFN-LASA CONTRIBUTION
The Fermilab Proton Improvement Plan II (PIP-II) Linac
[1] is designed to deliver an average H- beam current of
2 mA at a final kinetic energy of 800 MeV, thus doubling
the injection energy into the Booster Ring. The beam will
be then injected into the Main Injector Ring to finally serve
the Fermilab’s flagship LBNF/DUNE neutrino program.
The PIP-II linac features a flexible time structure for its
0.55 ms beam pulse in order to satisfy different experimental needs, with RF spanning from 20 Hz pulsed to continuous-wave (CW).
One key section of the linac is the second-to-last
650 MHz superconducting part with geometric beta factor
of 0.61 that currently encloses 36 five-cell elliptical cavities, accelerating beam from 185 MeV to 530 MeV (named
as low-beta section or LB). Target cavity accelerating gradient is set at 16.9 MV/m with a quality factor of 2.15 1010.
INFN-LASA provided a novel design for the LB650 cavities [2], fully plug compatible with the technical interfaces
posed by Fermilab: beam pipes and flanges, power coupler,
helium tank, tuner.
On December 4th, 2018, the U.S. Department of Energy
(DOE) and Italy’s Ministry of Education, Universities and
Research (MIUR) signed an agreement to collaborate on
the development and production of technical components
for PIP-II.
Following this milestone, INFN-LASA is expected to inkind contribute to the PIP-II covering the full cavity need
of the LB650 section of the linac, namely:
 40 SC cavities (36 plus contingency) delivered as
ready for string assembly, equipping a total of 9 cryomodules.

† rocco.paparella@mi.infn.it
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 Qualification via vertical cold-test provided by INFN
through a qualified cold-testing infrastructure acting
as a subcontractor. Following ongoing experience with
AMTF at DESY providing qualification tests for
INFN cavities for the ESS project
 Compliance to the PIP-II Technical Review Plan, the
procedure issued by Fermilab in order to meet PIP-II
technical, schedule and budget commitments.
 Engagement of INFN-LASA and Fermilab technical
teams to ensure that final cavity design properly interfaces with all external components.

ELECTROMAGNETIC DESIGN
Seeking for a high energetic efficiency, as expressed by
the R/Q ratio, is always crucial in view of a CW operational
mode. A high R/Q principally requires small iris aperture
and small wall-angle; this may lead to difficulties in field
flatness tuning, cleaning and cavity surface treatment.
Therefore, the RF design of INFN-LASA cavity has
been primarily driven by the pursue of the optimal tradeoff on a wider range: balancing shunt resistance, electromagnetic performances and formability/tunability of the final resonator according to INFN experience in the field.
Rationales for the key design features of the INFN
LB650 cavity can be then outlined as follows:
 Cell coupling kcc driven by the optimization, assuming
TESLA-type cavity as a reference [3], of the quantity
N2/(βkcc). N being the number of cells and β the relative
velocity.
 End Cell frequency tuning achieved by increasing the
diameter of the whole terminal cell thus preserving its
round shape and symmetry (as done for the SNS cavities).
 Maximize G factor while preserving sidewall angle at
2° avoiding potentially negative value during the cavity field flatness tuning stage.
 Achieve a large frequency separation between π and
4/5 π modes.
Table 1 finally resumes main RF parameters for the resulting cavity design.
To complete the electromagnetic design, the HOM spectra and sensitivity to geometry as well as the multipacting
have been addressed in detailed simulations [2].

MECHANICAL ANALYSES
In order to swiftly converge to a functional LB650 prototype, INFN-LASA and Fermilab agreed to adopt for helium tank the design originally developed by Fermilab for
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the high-beta cavity. As a consequence, the mechanical design of INFN-LASA cavity addressed mostly the RF part
of the resonator.
Starting from 4.4 mm sheets, the cavity wall thickness
after treatments has been set for simulations at 4.2 mm assuming Niobium material mechanical parameters well-established from previous projects. This is meant as a convenient balance between cavity stiffness and heat conduction toward Helium bath.
The relatively small beam current of PIP-II results in an
external Q of the cavity as high as 107 that in turns implies
a narrow bandwidth of the accelerating mode. In order to
have a stable beam acceleration, an extremely strict control
of the Lorentz Force Detuning (LFD, or pulsed RF) and
microphonic is required: the PIP-II operational scenario reveals to be an uncharted territory in terms of detuning control, as expressed by the ratio LFD/bandwidth [4].
We apply single stiffening rings both at end cells and at
inner cells to provide enough suppression of detuning. The
double stiffening rings option for the inner cells has been
discarded due to the substantial negative impact of such
choice on manufacturing quality and tunability.
Table 1: RF Design Parameters of INFN LB650 Cavity
Parameters
INFN LB650
βgeometric
0.61
Frequency
650 MHz
Number of cells
5
Iris diameter
88 mm
Cell-to-cell coupling, kcc
0.95 %
Frequency separation π-4π/5
0.57 MHz
Eq. diameter - IC
389.8 mm
Eq. diameter - EC
392.1 mm
Wall angle – Inner & End cells
2°
Effective length (10*Lhc)
704 mm
Optimum beta βopt
0.65
Epeak/Eacc @ βopt
2.40
Bpeak/Eacc @ βopt
4.48 mT/(MV/m)
R/Q @ βopt
340 Ω
G @ βopt
193 Ω
Table 2: Mechanical Parameters of INFN LB650 Cavity

The mechanical design parameters for the cold cavity geometry, based on the previous discussed considerations, are
summarized in Table 2.
For the Niobium Young’s module, a about 10% increase
is assumed for the cold state, leading to the final value used
in simulation of 118 GPa.
For what concerns instead elastoplastic limit of the cavity the ranges, both in strain and pressure, are computed as
a reference to a Von Mises (VM) stress of 50 MPa where a
safety coefficient of 2/3 is applied to the typical value of 70
MPa. It’s although assessed that Niobium yield limit at
cold extends by a factor of 6 to 8 at cryogenic temperature
thus values shown in Table 2 are meant as a limit to room
temperature operations on cavity (tuning, pressure tests
etc.).
A key role on final figures is played by the effective
spring rate of the whole cavity mechanical constraint,
external stiffness or kext, that is generated by the series of
elements in the helium jacket and the interfaces to cavity.
The impact of final external stiffness on two crucial cavity mechanical figures, the vacuum sensitivity 𝑘 in terms
of Hz/mbar and the frequency shift due to Lorentz Force
detuning (LFD) fLFD is shown in Fig. 1 for a range spanning across the design value of 40 kN/mm.

Parameters
INFN LB650
Longitudinal stiffness
1.8 kN/mm
Longitudinal
250 kHz/mm
frequency sensitivity
LFD coefficient
-1.4 Hz/(MV/m)2
kext at 40 kN/mm
Pressure sensitivity
-11 Hz/mbar
kext at 40 kN/mm
Maximum Pressure
2.9 bar
VM stress at 50 MPa
Maximum Displacement
1.5 mm
VM stress at 50 MPa
The study conducted [5] highlighted the interplay among
geometrical parameters, a trade-off must be found between
mutual minimization of LFD and pressure sensitivity coefficients, with the latter requiring larger stiffening rings radius. Finally, a radius of 90 mm is chosen.

Figure 1: LFD frequency shift (blue) and pressure coefficient (red) as a function of external cavity stiffness for a
cold cavity.
Values reported in the plots above are computed by two
different means: the solid dots are the results of a direct
electromagnetic and mechanical simulation while the solid
line results from a more general analytical approach employing the following Eq. (1) for the LFD detuning:
Δ𝑓 = 𝑘 −
𝐸
(1)
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While Eq. (2) is used for the pressure sensitivity:
𝑘 =𝑘 −

(2)

In the above equations:
 𝑘 is the cavity stiffness
 𝑘 external stiffness
 𝑘 tuning sensitivity
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𝑘
limit vacuum sensitivity related to a fully constrained cavity in terms of Hz/mbar
 𝑅 constraint reaction related to 𝑘
 𝑘 limit LFD coefficient related to a fully constrained
cavity in terms of Hz/(MV/m)2
 𝑅 constraint reaction related to 𝑘
In order to anticipate any potential issue generated by the
final helium jacket design missing its target stiffness value,
further mechanical analyses are ongoing for cavity interfaces to helium vessel.
Focusing only on key components, the cavity external
stiffness is determined by the series of the extremely rigid
tank tube itself with the frequency tuner, on pick-upside,
and with the transition spool ring on the main-coupler side.
While cavity tuner effective stiffness is under evaluation
at Fermilab [4], results of cavity-to-tank interface study are
shown here below.
An infinitely stiff constrain has been set at the end of the
round end cap in order to evaluate the reaction of this cavity section individually to the compressing reaction force
of the radiation pressure. Results are visually summarized
in Fig. 2 and highlight how the spool transition ring rigidly
rotate (visual magnification factor of 30000 in the picture),
increasing internal stresses at pivot points.
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case these ribs are extended up to the tank round end-cap,
but this would imply a re-design of most of the cavity tools
and frames.

SINGLE-CELL PROTOTYPES
In order start validating cavity design, fabrication procedures and surface treatments, 3 single-cell cavities have
been already manufactured (Fig. 3) and 2 more are under
production. These prototype resonators are made by two
end cells from the multi-cell cavity end-groups and allowed
at first the qualification of the deep-drawing die for this
specific design and thickness.

Figure 3: PIP-II LG002 single-cell.
The higher effort is now set on the optimization of the
electro-polishing surface finishing that is expected to be the
baseline treatment for LB650 cavities. The large cavity size
and its squeezed cell shape are expected to significantly
change the process behaviour.
Specific tools are being developed and the process recipe, mostly used in the past for XFEL and LCLS-II 1.3 GHz
cavities, is being optimized for the steeper geometry. For
this to occur, produced prototypes are going to be shared
with Fermilab for their experts to proceed in parallel with
INFN staff and industrial partners.
Successful experimental results have been already
achieved on a PIP-II single-cell at the EP plant at the E.
Zanon (Fig. 4) [6].

Figure 2: FEM analysis (strain on the right, VM stress on
the left) of the spool transition ring while withstanding the
reaction force of 10 MV/m cavity field. Peak values in the
colour code are 0.25 m and 0.03 MPa, respectively.
The stiffness of this specific part of the interface resulted
to be about 60 kN/mm. To mitigate the worsening of LFD
coefficient in case the series of this section to the tank and
the tuner generates a final external stiffness lower than design value, a few options could be considered.
Reinforcing ribs could be welded between beam pipe
and the upper part of the spool ring and in this case the
benefit in terms of LFD sensitivity is estimated in about
10%. Up to 20 % reduction could be instead achieved in
Cavities - Fabrication
fabrication

Figure 4: PIP-II FG001 single-cell during preliminary EP
treatment at E. Zanon.
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Once surface treatment technique is established, singlecell prototypes are going to be qualified by vertical test at
both INFN and FNAL VTS test stands.

MULTI-CELL PROTOTYPES
Two completely dressable prototypes are also currently
under fabrication (Fig. 5), fully compliant to the current
state of cavity interfaces as per Fermilab specifications.
These cavities will be delivered tuned to frequency and
field-flatness, thus allowing the qualification of all manufacturing intermediate steps and tools:
 Half-cells and dumb-bells deep-drawing, RF
measurement and machining.
 EB welding and ancillary tools
 Tuning machine for cavity preparation at the required frequency and field-flatness
The two prototypes will help completing the development of surface treatments for the PIP-II goals and will be
vertical-test qualified independently at Fermilab and
INFN. Its then expected to proceed with jacketing and
dressing up of at least one of these cavities so to conclude
this prototyping phase with the qualification via horizontal
test of a dressed cavity (with power coupler) in STC at Fermilab.

NIOBIUM MATERIAL SPECS
INFN is involved with the project community in the ongoing joint effort to issue the optimal Niobium material
specifications for the PIP-II specifications and thus commence as soon as possible the related procurements.
A first set of specifications has been issued for the ongoing manufacturing of prototypes. It’s still widely based on
assessed physical and chemical values from E-XFEL and
ESS productions but it’s introducing, for the first time, a
harder constrain in the allowed ASTM grain size. Each Niobium sheet shall still be fully recrystallized, exhibit uniform size and equal axed grains with predominant size
ASTM 5 (0.065 mm) but it’s requested to have no grains
larger than ASTM 4 (0.090 mm) as well as no grains
smaller than ASTM 6 (0.045 mm).
The first test bench for these specifications will be the
cold qualification test of INFN-LASA prototypes at the
VTS facility at Fermilab [7]. With its state-of-the-art active
cancelation of residual magnetic field and fast cooldown
capabilities VTS will allow for the in-depth characterization of magnetic flux expulsion performances of the Niobium material.
The two additional single-cell cavities currently under
production will feature the same Niobium specifications of
the incoming multi-cell prototypes. These results will serve
as a basis for the joint definitions of the material parameters
for the production.

Figure 5: View of the prototype cavity under production
The minimization of the residual magnetic field in the
existing cryostat has been firstly addressed. As of today, a
typical value of 8 mGauss is measured at cavity level with
limited variation around equators of each cell (Fig. 6).
A cylindrical cryo-perm shield, placed inside the cryostat, is under procurement and it will aside the existing one
that is installed outside the vessel. It’s expected this new
shielding geometry to halve the residual field value in the
cavity axis direction and furthermore reduce orthogonal
components.

INFRASTRUCTURES UPGRADE
INFN-LASA activities for PIP-II will benefit from the
modifications and upgrades to LASA vertical cold test infrastructure that are taking place.
MOP060
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Figure 6: Measurement of the vector amplitude of residual
magnetic field in the vertical cryostat at LASA. Horizontal
axis starts at cryostat bottom, green dots visually report the
heights of each cavity equator.
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In this upcoming scenario, the exact cancelling of remnant longitudinal field component might be achieved by active compensation through Helmholtz’s coils around the
cavity. Such local compensation would be then driven via
closed loop by fluxgate sensors installed at cavity equators
so that magnetic field is vanishing when SC transition occurs.
Additionally, in the next months, current cryogenic capabilities of LASA facility will be expanded on different
fronts the goal being a more efficient, CW capable cold
measurement strategy with less downtimes.
 Higher cryogenic power for CW operation, now limited to 40 W @ 2 K: redesign of cryostat pumping elements and vacuum chain is under studying in order
to push it to about 70 W @ 2.0 K
 Cryostat filling at 2.0 K – 32 mbar: this will allow
shortening the amount of time used for liquid helium
accumulation while also extending, when needed, the
cavity testing time. The setup under development
makes use of a counterflow heat-exchanger followed
by a Joule-Thomson expander (Fig. 7), both installed
below the last copper thermal shield of the vertical insert.
 Faster cooldown rate, now at 0.5 K/min at SC transition: the cryostat and the process lines will be redesigned in order to allow for a short transient of high
mass flow and gas throughput.
In view of the qualification of a larger series of cavities
with higher test rate required, a third qualified infrastructure (aside LASA and FNAL VTS) that could be potentially
selected as partner is being discussed. This goes along the
successful strategy put in place by INFN for the ESS series
cavity procurement through a contract with DESY for the
use of the excellent AMTF facility [8].
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CONCLUSIONS
INFN is shaping its contribution to the US flagship project PIP-II at Fermilab based on the ongoing activity at
LASA.
First single and multi-cell prototypes are being delivered
thus concluding the preparation phase in view of the final
DOE approval. They will serve as basis for the development of the optimal surface treatment recipe tailored to the
challenging PIP-II specifications as well as for the qualification of involved test infrastructures.
The detailed strategy for the close-out of the prototyping
phase toward the start of procurement of jacketed and qualified LB650 series cavity is being issued in a joint effort of
INFN, Fermilab and all the international partners of the
PIP-II project.
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STATE OF THE ART OF NIOBIUM MACHINING
FOR SRF APPLICATIONS
P. Naisson†, S. Atieh, K. Scibor, P. Trubacova, CERN, Geneva, Switzerland
F. Dumont, D. Fabre, F. Valiorgue, ENISE, LTDS, Saint-Etienne, France
In the frame of the HL-LHC project, high purity niobium
machining has to be mastered to achieve high shape accuracy and surface quality requested. Niobium machining
could start from bulks or previously formed sheets. CERN
developed both practical and advanced specific knowledge
about niobium processing. Especially, the on-going fabrication requires high-quality cutting tools, state of the art
machines, both in term of precision and stability, efficient
programming solutions, and adequate lubrication mode.
The present paper will be based on the manufacturing of
CRAB cavities, with a focus on the machining issues (3D
shapes, surface roughness). Then, we will introduce the approach used at CERN: first, the ability of the studied parameters to allow efficient machining, secondly the qualification and understanding of the technologies. We would
take as an example the cutting fluid selection. After comparing three cutting fluid, we will introduce elementary
friction tests carried out to identify the frictional behaviour
and its impact over the resulting surface, in terms of surface
quality (roughness, shape) and characteristics (thermal history of the finished surface). Finally, we will discuss the
on-going research for advance niobium machining, including cryogenic machining, and the opportunities given by
modern machining strategies.

NIOBIUM MACHINING AND DEMANDS
Machining of niobium is known since the 1950s especially in nuclear and physics applications. At the time, it
has been found that this pure material behaves like soft annealed copper, by its tendency to gall and form long chips.
Constant flood cooling, sharp cutting edge and low cutting
speed were then the adequate solution for producing parts.
Its application in SRF cavities fabrication increased. Parts
that are more complex had to be machined and assembled.
Electron beam welding is the only joining technology able
to produce clean and structured connections but requires
precise alignment and surface preparation in order to ensure high-quality parts. Also, SRF parts shape goes from
elliptical [1] to quasi asymmetrical [2, 3] (Fig. 1) and thus
implies sheet metal forming as the first process. Machining
is then the key process to transform a near net shape to the
electron-beam welding requirement, in terms of connection
shape joint configuration and accuracy.

___________________________________________
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Figure 1: Evolution of SRF cavities produced at CERN, increasing in quality and complexity.
Machining wise, niobium is difficult because of its refractory behaviour, abrasive, low yield stress, and high
density. This leads to a difficult adiabatic shearing process,
which is the base of the high-speed machining technologies. Moreover, parts are even more complex, from their
intrinsic shape (not circular nor prismatic) and quality requirements, such as surface roughness and shape accuracy.
This lead CERN main workshop to investigate niobium
machining, on one hand, to be able to process current and
future demands, and on the other hand to better understand
material, tool, coolant and machine behaviour.

ENVIRONMENT MASTERING
The first step of machining optimisation relies on a stable environment. In this particular case, the machine tool
has to be sufficiently stiff to avoid bending and vibration
during the machining process and has to be precise enough
to achieve requested shape accuracies. CERN main
workshop is thus equipped with state of the art of machine
tool, with regular geometrical accuracy controls. The complex shape also requires an efficient CAD/CAM (computer-assisted design/manufacture) workflow. By working
directly on the 3D model, hence the exactly designed surface and programming smooth toolpath, the geometrical
accuracy and the surface quality can be achieved.
Most of the cavity subcomponents are obtained at CERN
through sheet metal processing, such as deep drawing,
Cavities - Fabrication
fabrication

SRF2019, Dresden, Germany

electrohydrofoming [4], bending and stamping. These processes result in highly stressed parts, with a large variation
of shape in the extra length left for the forming process
(Fig. 2). This extra length has to be trimmed and prepared
for electron beam welding, without a scratch or damage the
RF surface.
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the 10 micrometres range on the whole part volume. In addition, new tools development and machining strategy are
evaluated for SRF applications.

PROCESS OPTIMISATION
As mentioned previously, the state of the art relies on
high-speed steel tools and constant flood coolant. With
modern machining strategy, carbide tool and optimized
coolant could be assessed through machinability aspect and
surface integrity.
The tool material pair method [5] is a way to optimize
the cutting tool use by minimizing the required energy versus material removal rate. It has been applied to finish turning application. By measuring the cutting forces, one can
calculate the specific pressure, which indicates the optimal
cutting condition. It is the perfect method to compare
swiftly tool geometry or lubrication performance (Fig. 4).

Figure 2: DQW crab cavity subcomponent before first machining, after the deep drawing process. See wrinkles on
the top side.
Therefore, CERN tackles these issues with specific
clamping systems, with metrology alignment of the part
mounted on the fixture, and stress limitation during tightening of the component onto the fixture. The key step in
this approach is the transfer of the metrology measurements into actual machining referencing (Fig.3), and an adaptation of the toolpath to the exact material to be removed.
A four stages approach is used: the part is measured in a
Coordinate Measuring Machine (CMM) at its free stress
state. Then the part is mounted and clamped in the fixturing
jigs. A new CMM control is realised, plus including some
reference points of the fixturing device. Finally, geometrical transformation is applied in order to compensate misalignment of the part on the fixture directly on the machining machine controller.

Figure 3: DQW crab cavity subcomponent during machining, with an optimized clamping system.
Because of the increasing complexity of parts (deeper
machining, long overhang tools, surface quality), CERN
aims to integrate also machine volumetric error compensation, which would allow reaching a global accuracy with

Cavities - Fabrication
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Figure 4: Specific pressure comparison for two tools geometry and according to optimal feed rate.
Concerning finishing operation, surface roughness is a
very sensitive parameter for SRF application. Lubrication
is a well-known key parameter. CERN has analysed various cutting fluid performance on surface roughness, as
shown in the picture below (Fig. 5). Three identical parts,
representative selection of the hook of the HOM coupler of
the DQW crab cavity, have been milled. This complex
T shape implies the use of 5- axis simultaneous machining.
Same cutting parameters, tools and CNC machine program
have been used.

Figure 5: Surface roughness measurement on the T-shape
representative test part regarding three cutting fluid.
The Blasocut™ fluid is a water-based coolant, applied
through flooding the cutting zone, and is the standard coolant for all CERN applications (copper, stainless steel.).
Vascomill™ and Halocarbon™ are straight mineral-based
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oil, applied by spraying the part and cutting edge, especially applicable in difficult to machine material. Vascomill™ expose the best surface finish, by a factor 4 over
standard Blasocut™. Halocarbon™ is also a possible solution, but more complex to use widely due to its safety issues. Finally, CERN has demonstrated that Vascomill™ is
also the lubricant that leaves minimal surface pollution.
Vascomill™ is nowadays the reference lubricant for Niobium finish machining at CERN main workshop.
Cryogenic CO2 as cutting fluid is on-going development.
CO2 allows better surface roughness, without any surface
pollution. Moreover, it enhances chip fragmentation,
avoiding scratch issue due to normal long chips of niobium.

MEASURE AND UNDERSTAND
All the previously exposed test and optimisation have
been done on past or currently produced parts. But the aim
is to understand more into detail the link between machining and surface integrity. This aspect is at the heart of current research both in the industry (aeronautics, energy, automotive…) and in laboratories. It has been shown that the
macroscopic friction coefficient between tool substrate and
work material has a direct impact over surface integrity [6],
such as grain size, heat affected layer [7] or damaged layer
occurring. Impact of copper machining over niobium
coated cavity performance has been started [8], and show
that the right cutting condition could lead to limitation of
surface and sub-surface degradation.
As a first approach, cutting force and temperature inside
the niobium has been measured in an elementary cutting
test. In the same time, tribological tests [9] have identified
friction behaviour of the cutting oils (Fig. 6). Vascomill™
oil exposes a very low friction coefficient for low sliding
speed, which could be found around the cutting edge of the
tool. The shearing process might be easier thanks to lowering induced forces.

Figure 6: Evolution of apparent friction coefficient for
three cutting fluid and tribometer apparatus.
Both cutting forces and friction coefficient are used to
feed a numerical modelling of the mechanical and heat flux
moving on the finished surface. Thus, the temperature at
the surface during cutting can be estimated, including the
multiple passes required to cut the entire surface (Fig. 7).
MOP061
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Figure 7: Evaluation of surface temperature cycles occurring during machining with multiple passes.
It appears that the niobium can locally reach up to
350 °C, and above 150 °C for around 35 µs. These first
results have to be confirmed and compared to metallurgical
analysis.

CONCLUSIONS
CERN has developed over the past few years extensive
knowledge of niobium processing for SRF application. For
the machining point-of-view, new tools and lubricant has
been found and already used. Further investigation has
shown the impact of lubrication mode on surface quality.
At a later stage, the influence of cutting conditions over the
affected surface and sub-surface would have to be tackled,
based on the used methodology of coupled physical tests
and numerical simulations.
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FABRICATION OF SRF CAVITY
K. Kanaoka†, A. Miyamoto, H. Hara, K.Sennyu, T. Yanagisawa,
Mitsubishi Heavy Industries Machinery Systems, Ltd, Kobe, Japan
E. Kako, K. Umemori, KEK, Tsukuba, Japan
Abstract
Mitsubishi Heavy industries Machinery System (MHIMS) have developed manufacturing process of superconducting cavities for a long time. In this presentation, recent progress is reported.

INTRODUCTION
MHI-MS has supplied the superconducting RF cavities
and the cryomodules for various electron accelerator
projects, such as a STF and c-ERL project at KEK [1]
since 1977. Moreover, MHI-MS supplied 73MHz superconducting quarter-wavelength resonator (QWR) for
superconducting linear ion accelerator project for RIKEN
Nishina Center.
Meanwhile, MHI-MS have been contributing to study
the various vacuum seal methods with KEK. MHI-MS
presented regarding the development plan of changing
from the bolts jointed seal to the quick coupling seal in
SRF2013. In this paper, MHI-MS report the progress of
the joint research of the quick coupling seal with KEK.

seal is composed of the aluminium edge seal and the
stainless steel clump. The acceptable operating temperature of the seal and the clump is -270degC to +150degC
and -270degC to +350degC. The pressure limit is <10-9Pa.
We selected NW16 and NW40 for this test.

Preparations for the Heat Cycle Test
The heat cycle test for the quick coupling seal was performed using the vacuum vessel which has the NbTi
flanges and the Nb beam pipe, the NbTi blank flanges and
the SUS316L cross pipe. (See Figure 2).

DEVELOPMENT OF FLANGE SEALING
MHI-MS have designed and fabricated some kind of
the flanges for SRF cavities with the cooperation of KEK.
In this section, we introduced some flanges which had
been manufactured and adopted for SRF cavities.

TEST FOR QUICK COUPLING SEAL
MHI-MS have been testing for the quick coupling seal
in the joint research with KEK. We estimate this seal
enable to decrease time the cavity is open during the assembly of the cavities and reduce the risk of the contamination. Our future plan of the pick-up port with the quick
coupling seal is shown in Figure 1 which MHI-MS presented in SRF2013 [2].

Figure 2: Preparations for the heat cycle test.

Procedure of the Clumping
The procedure of clumping is shown in Figure 3. It is
possible to assemble quickly. For tool reason, we selected
the tightening torque 4[N㺃m] (Standard torque:2.5[N㺃m])
for NW16. The tighten torque for NW40 flange is the
standard torque 4.5[N㺃m].

Figure 3: Procedure of the clumping.

Procedure of the Heat Cycle Test
Figure 1: Future plan of the pick-up port with the quick
coupling seal.
The specification satisfies the requests for the cryogenic temperature seal of SRF cavities. This quick coupling
____________________________________________
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The procedure of the heat cycle test is consisted of 3
steps. Firstly, the vacuum vessel sealed by the quick coupling is immersed in LN2 for 30min. Then, the vessel is
heated by a heat gun. After the temperature rising to the
room temperature, the helium leakage test is performed.
(See Figure 4).
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Figure 4: Procedure of the heat cycle test.
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Figure 7: Result of Vacuum degree (NW16).

Five Times Heat Cycle Test
The five times heat cycle test was carried out for the NW
16 and NW40 blank flanges made of NbTi. The results of
the helium leak rate are shown in Figure 5 and 6, and the
results of the vacuum degree are shown in Figure 7 and 8
during the five times heat cycle test. No helium leak was
found. However, there was the deterioration of the vacuum degree after the first heat cycle in the test for NW40.
Therefore, the flange was tightened additionally after the
third heat cycle test and found the vacuum degree recovered.

Figure 8: Result of Vacuum degree (NW40).

Flange and Seal after the Heat Cycle Test
After the heat cycle test, the flange and the seal are disassembled. There are no deformation, depression and
aluminium remaining visually on the flanges. (See Figure
9). The edge of the aluminium seal have the tendency
which indicate the clumping bolt side is strongly pressed.
(See Figure 10).

Figure 5: Result of helium leak rate (NW16).

Figure 6: Result of helium leak rate (NW40).
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Figure 9: NbTi blank flange (NW16) after of the test.
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Figure 10: Aluminium edge seal (Before and before use).

CONCLUSION
Our recent progress of the joint research for the quick
coupling seal with KEK is reported in this paper.
- No helium leakage was found from the quick coupling seal after the heat cycle test.
- There was the deterioration of the vacuum degree
after the first heat cycle in the test for NbTi flange.
The vacuum degree recovered after the additional
tightening.
- There are no deformation, depression and aluminium remaining visually on the flanges.

FUTURE PLAN
MHI-MS is performing the heat cycle test by using
Liquid helium for cooling with KEK (Figure 11).

Figure 11: Test flanges installed into the helium vessel.
MHI-MS is planning following researches with KEK.
- Heat cycle test by using other material flanges
(e.g., Gr-2 Niobium flange applied to QWR for
SRILAC in RIKEN RIBF)
- Heat cycle test by using other size flanges (e.g.,
NW80 flange)
- Measurement of the particle during the work of
clumping and dismantle
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BEAM LOADING IN THE BESSY VSR SRF CAVITIES
A. Tsakanian†, H.-W. Glock, A. Velez, J. Knobloch
Helmholtz-Zentrum Berlin, Berlin, Germany
Abstract
In this paper the results on the beam loading analyses for
BESSY VSR SRF cavities are presented. Based on
wakefield theory a technique is developed to calculate the
beam loading for different bunch filling pattern of the
BESSY II storage ring. The beam loading for parked
cavities as well as for VSR operation mode are discussed.

INTRODUCTION
The BESSY Variable pulse length Storage Ring (VSR)
project [1-3] is a future upgrade of the 3rd generation
BESSY II light source. This challenging goal requires
installation of four new 4-cell SRF cavities (2x1.5GHz and
2x1.75GHz) in one module for installation in a single
straight. As far as the authors are aware of, this is the first
installation of multi-cell L-Band cavities in a CW highcurrent storage ring. These cavities [4-8] are equipped with
newly developed waveguide HOM dampers necessary for
stable operation. Up to 2 kW of HOM power must be
absorbed [6,7,9]. Operating two SRF cavities for each
frequency will also enable transparent parking of the
cavities for the beam.
The application of the SRF cavities in the storage ring
requires special attention on the low level RF system to
ensure the stable operation. One of the important aspects
here is the transient and steady state beam loading [10,11]
at different operation regimes and bunch filling patterns to
be stored in the ring. In order to evaluate the beam loading
a technique based on wakefield theory [12,13] is
developed. It implies analytical calculation of induced
voltage in the cavity resonant mode by the periodically
circulating single bunches. The resulting voltage contains
the complete time structure in terms of amplitude and
phases. Then the beam loading for arbitrary bunch train is
obtained by sum of the individual bunch contributions.
Furthermore this technique was applied to study the beam
loading for transparent parked cavities and VSR modes. As
a result important aspects like the restriction in the tuning
range during operation of those SRF cavities are discussed.

BESSY VSR SRF CAVITIES & FILLING
PATTERNS
The realisation of the BESSY VSR project implies
installation of a single superconducting module with four
SRF cavities in one of the low beta straight sections of the
existing BESSY II ring (Table 1).
Each of those superconducting 4-cell elliptical cavities
[4-8] are equipped with five waveguide dampers and one
coaxial fundamental power coupler (FPC) [14,15] as
depicted in Fig. 1.
___________________________________________
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Table 1: BESSY II Storage Ring Parameters
Lattice
Circumference
Energy
Current
RF Frequency
Bunch Length
Revolution Time
Number of RF buckets
Emmitance

DBA
240 m
1.7 GeV
300 mA
500 MHz
15 ps
800 ns
400
6 nm rad

The cross sections of the waveguide dampers are design
to have cut-off frequencies above the fundamental TM010
mode frequencies (1.5 GHz & 1.75 GHz) and the different
orientations ensures optimum HOM damping for different
polarisations. The coupler has a power overhead of 16 kW,
the main fraction of which is taken by any deviation of the
estimated reactive beam loading compensation from the
real beam current and cavity voltage.

Figure 1: BESSY VSR SRF cavity layout.
In Table 2 the accelerating mode properties are
summarized.
Table 2: RF Properties of SRF Cavities
Cavity type (TM010 π-mode)
Number of cells
Active length
Frequency [GHz]
Qext
Geometry factor – G [Ω]
Epeak / Eacc
Bpeak / Eacc [mT/(MV/m)]
R/Q [Ω]
Field flatness - µff

1.5 GHz

1.75 GHz
4

0.4 m
1.4990
5*107
277
2.32
5.05
386
97 %

0.344 m
1.7489
4.3*107
275
2.30
5.23
380
99 %
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Figure 2: BESSY VSR filling pattern including short (blue) and long (red) bunches.
Since the cavities will operate in a storage ring, the cavity
HOM spectrum was designed to fulfil off-resonance
condition with respect to the circulating beam harmonics
located at multiples of 1.25 MHz revolution frequency [37].

Where ω is the resonant mode angular frequency,
2 2
1
and QL are the
𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ∙ 𝑅𝑅/𝑄𝑄 ∙ 𝜔𝜔 ∙ 𝑒𝑒 −0.5∙𝜔𝜔 𝜎𝜎𝑡𝑡
4
corresponding loss factor and loaded quality factor. The
formula is then rewritten in more convenient terms for
storage ring application, i.e. impedance 𝑍𝑍 = 𝑅𝑅/𝑄𝑄 ∙ 𝑄𝑄𝐿𝐿 and
bunch current 𝐼𝐼𝑏𝑏 = 𝑞𝑞0 /𝑇𝑇 with T revolution time of the ring.
Note that in this paper linac definition is used for
impedance and resonant mode parameters, i.e. 𝑃𝑃 =
𝑉𝑉 2 /(𝑅𝑅/𝑄𝑄 ∗ 𝑄𝑄𝐿𝐿 ).

Figure 3: Standard BESSY II filling pattern.
The BESSY VSR filling pattern of the 240m
circumference ring is shown in Fig. 2 where the short and
long bunches will be stored simultaneously. In total 400 RF
buckets with 2ns bunch spacing are available. Two type of
bunch filling patterns are considered: the so-called
“extended” shown in Fig. 2 and the “baseline” with
omission of 150 short-pulse, low-charge bunches. The
repetition rates of 500MHz and 250MHz are defined by the
bunch spacing in each pattern, respectively.
In order to enable the standard BESSY II mode (Fig. 3)
operation the SRF cavities will be parked being transparent
for the beam. This requires to have pairs of cavities of the
same frequency symmetrically detuned in a range of ± 350
kHz to ensure beam stability. The computation of the beam
loading and analyses of parking regime are discussed in the
sections bellow.

APPLICATION OF WAKEFIELD THEORY
FOR BEAM LOADING CALCULATIONS
Following wakefield theory [12,13] the voltage excited
in cavity resonant mode by the ultra-relativistic Gaussian
bunch with charge q0 and r.m.s. length of σt is given as
𝑽𝑽𝒔𝒔 (𝝎𝝎, 𝒕𝒕) = 𝒒𝒒𝟎𝟎 ∙ 𝟐𝟐 ∙ 𝑲𝑲𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 ∙ 𝒄𝒄𝒄𝒄𝒄𝒄[𝝎𝝎 ∙ 𝒕𝒕] ∙ 𝒆𝒆
= 𝒁𝒁 ∙ 𝑰𝑰𝒃𝒃 𝒆𝒆
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Figure 4: Periodic bunches.
In case of periodic bunch excitation shown in Fig. 4 the
steady state cavity voltage read as
𝑽𝑽(𝝎𝝎, 𝒕𝒕) = ∑∞
𝒏𝒏=𝟎𝟎 𝑽𝑽𝒔𝒔 (𝝎𝝎, 𝒕𝒕 + 𝒏𝒏 ∙ 𝑻𝑻) = 𝑽𝑽𝒔𝒔 (𝝎𝝎, 𝒕𝒕) ∙
∙ 𝑹𝑹𝑹𝑹 ��𝟏𝟏 +

𝝎𝝎
−
𝑻𝑻
𝒆𝒆 𝟐𝟐∗𝑸𝑸𝑳𝑳
𝝎𝝎
−
𝑻𝑻
𝒆𝒆𝒊𝒊 𝝎𝝎 𝑻𝑻 −𝒆𝒆 𝟐𝟐∗𝑸𝑸𝑳𝑳

+

𝒆𝒆𝟐𝟐 𝒊𝒊 𝝎𝝎 𝒕𝒕

𝝎𝝎
𝒊𝒊 𝝎𝝎 𝑻𝑻 − 𝟐𝟐∗𝑸𝑸 𝑻𝑻
𝑳𝑳
𝟏𝟏−𝒆𝒆

(2)

� /(𝟏𝟏 + 𝒆𝒆𝟐𝟐 𝒊𝒊 𝝎𝝎 𝒕𝒕 )�

In case the cavity resonant frequency coincides with one
of the harmonics of the revolution frequency this formula
simplifies to
𝝎𝝎 𝑻𝑻 = 𝟐𝟐 𝝅𝝅 𝑵𝑵

𝑽𝑽(𝝎𝝎, 𝒕𝒕) �⎯⎯⎯⎯⎯⎯⎯� 𝑽𝑽𝒔𝒔 (𝝎𝝎, 𝒕𝒕) ∙

𝟏𝟏

𝝎𝝎
−
𝑻𝑻
𝟏𝟏−𝒆𝒆 𝟐𝟐∗𝑸𝑸𝑳𝑳

,

where N is integer.
The periodic bunch excitation (Eq. 2) can be represented
by single bunch formula (Eq. 1) when 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 ≪ 𝑓𝑓/(2 ∙ 𝑄𝑄𝐿𝐿 )
condition is fulfilled. Typically this is the case for normal
conducting cavities in the large storage rings where the
excited fields in the cavities are damped during one
revolution period. For high Q superconducting cavities this
is typically not the case. In further calculations the BESSY
II machine parameters given in Table 1 are used.
In the following example VSR 1.5 GHz cavity parameters
(Table 2) are taken with lower 𝑄𝑄𝐿𝐿 = 104 which is typical
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value for the cavities in the normal conducting state and is
determined mainly by cavity wall losses. This particular
case is chosen to illustrate the decay of the cavity voltage
during one revolution time.
In Fig. 5 the time-profile of the steady state voltage
excited by periodic single bunch located at the central RF
bucket is presented. It represents the fine structure of the
induced voltage and respective damping defined by loaded
quality factor. The voltage amplitudes and phases can be
easily extracted as well.
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BEAM LOADING FOR PARKED
CAVITIES
In this section the transparent parking of SRF cavities is
discussed. Here only pair of 1.5 GHz cavities are
considered. Since for parked cavities the machine will
operate in the standard BESY II mode the respective bunch
filling (Fig. 3) in beam loading calculations is used.

Figure 5: The time-profile of cavity (𝑄𝑄𝐿𝐿 = 104 ) voltage
induced by periodic single bunch.

Then the cavity peak voltage versus resonant frequency
detuning is illustrated in Fig. 6. Here the peak voltage is
defined as the maximum of the steady state voltage profile
within time window of one ring revolution (Fig. 5).

Figure 7: Peak voltage versus detuning (bottom) and
voltage time-profiles at detuned ± 350 kHz frequencies
(top).
The parking of the cavity implies detuning the pair of
cavities in opposite directions by +350 kHz and -350 kHz
respectively. In Fig. 7 the calculated steady state voltage
induced in the cavity by the circulating BESSY II bunch
filling pattern for different cavity detuning is presented.

Figure 6: Peak voltage versus frequency detuning.
As was expected the resonances are located exactly at
harmonics of revolution frequency. The introduced
technique of beam loading calculations based on wakefield
theory is identical to the commonly used equivalent circuit
approach [10-12].
Further the introduced technique is used to evaluate the
induced cavity voltage for arbitrary bunch filling pattern by
superposing the voltages excited by individual bunches (2)
in the train.
Figure 8: The time-profile of the net voltage seen by the
beam (bottom) and the BESSY II filling pattern (top).
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As can be seen at ± 350 kHz detuned frequencies the peak
voltage of 250 kV will be induced. Although the voltage
amplitude and time profile seems to be identical at those
both detuned frequencies, the phases seen by the bunch are
near opposite leading to a significant degree of
compensation.
The net voltage of both detuned cavities seen by the beam
is presented in Fig. 8. As can be seen the net voltage
amplitude is significantly decreased in comparison with
individual cavity voltages. Nevertheless, the time profile of
the residual net voltage indicates that the individual
bunches in the train will see different RF voltages and
should be considered for beam dynamic studies.
Particularly it may lead to shortening of the certain bunches
in the train and reduction of the lifetime.

BEAM LOADING IN BESSY VSR
OPERATION MODE
For stable operation of the storage ring strong HOM
damping must obtained from the design of the BESSY
VSR SRF cavities. In order to handle the effects caused by
higher order modes with currently operating BESSY II
feedback system, the cavity HOM impedances should not
exceed the measured impedance threshold of the machine.
The mode atlas of 1.5 GHz SRF cavity is presents in
Fig. 9.

Figure 9: Mode atlas of 1.5 GHz SRF cavity (blue) and
feedback threshold (black) of BESSY II storage ring.
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As was expected only four monopole band modes with
high QL are exceeding impedance threshold and can’t be
handled by active feedback system. Thus those modes
should be considered for beam loading. The RF properties
of those monopole modes are summarised in Table 3.
Table 3: The Properties of Monopole Band Modes of
1.5 GHz Cavities
Frequency
R/Q
Mode
Qext
[GHz]
[Ω]
Type
1.49866
1.49134
1.47424
1.45785

386
0.41
0.09
0.05

5.00∙10
2.98∙10
4.74∙10
1.60∙10

7

π

7

2π/3

7

π/2

8

2π

In Fig. 10 the induced voltages of cavity monopole band
modes versus frequency detuning is presented. In this case
the beam loading is evaluated for BESSY VSR filling
pattern (Fig. 2). As can be seen the first three monopole
modes have asymmetric behavior with respect to the
detuning range of the frequency defined by accelerating
mode. At about -180 kHz frequency detuning of the cavity
the 2π/3 mode will hit one of the beam harmonics and
induce about 335 kV voltage being on comparable level
with accelerating mode voltage. Due to the asymmetric
character of the 2π/3 mode in respect to the direction of
cavity detuning no compensation is possible. Thus the
detuning range of ± 20 kHz around the 2π/3 mode
resonance will be excluded during normal operations.
Another exception in the tuning range lays within ± 10 kHz
range which is defined by the maximum allowed gradient
of 20MV/m for the fundamental mode. The latest requires
special attention for the cavity control system, since at zero
detuning even 1mA beam current will exceed the cavity
threshold gradient.
In the VSR operation mode the cavity will be actively
controlled by external source providing 16 kW RF power
through the CW high power fundamental coupler [14, 15].
It will be used also to control transient beam loading during
injection and ramp up of the storage ring current.

Figure 10: Induced peak voltages versus frequency detuning of 1.5 GHz SRF cavity monopole band modes.
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CONCLUSIONS
In this paper the beam loading computation technique
based on wakefield theory is presented. This technique was
used to analyse the beam loading effects for the BESSY
VSR superconducting cavities. As a result some dangerous
zones in the cavity tuning range should be excluded to
ensure stable operation of the BESSY II storage ring. The
presented results are corresponding to the passive cavity
control and does not reflect the transient beam loading
effects. Nevertheless, the described technique can be
applied also to analyse transient beam loading.
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Abstract
The first multi-cell LSF shape prototype cavity was built
using the standard forming and welding techniques at
JLAB. RF tests have been carried out at JLAB, following
processing and treatment at KEK using the standard ILC
TDR baseline recipe. Three out of five cells achieved Bpk
values corresponding to Eacc 50 MV/m. The current limit is
the field emission (FE) in end cells and several measures
are being taken for its suppression. Instrumented testing
with Kyoto University’s sX-mapping system was carried
out at JLAB for FE studies. We will present detailed experimental results and preparation procedures and next steps
toward the first 9-cell LSF prototype cavity.

INTRODUCTION
The idea of cavity shaping for higher ultimate acceleration gradients has been proposed for some time, KEK’s
Low Loss/Ichiro and Cornell’s Re-entrant being examples,
both seeking a lower Bpk/Eacc at the expense of a higher
Epk/Eacc [1-4]. Experimental verification in 1-cell cavities
of those shapes was very successful including record Eacc
of 59 MV/m [5]. That success established a path forward
for achieving higher Eacc well beyond 35 MV/m, and it was
captured in the ILC TDR [6]. Pushing multi-cell cavities of
those shapes was however blocked by FE - a bottle neck
although not a fundamental limit. The best result achieved
in a 9-cell ICHIRO shape cavity was 40 MV/m [7].
The Low-Surface-Field (LSF) shape, conceived at
SLAC [8], seeks not only a lower Bpk/Eacc but also a lower
Epk/Eacc, therefore it has the advantage of raising ultimate
Eacc at reduced FE.
Test results of LSF shape single-cell prototype cavities
have been previously reported [9]. In this contribution, we
present detailed experimental results and preparation procedures of the first multi-cell LSF shape cavity LSF5-1. We
will also give an update on our next steps toward the first
9-cell LSF prototype cavity which was re-started now since
the completion of its half-cells in 2012 [10].

DESIGN
As an intermediate step from single-cell to the first fullscale 9-cell LSF shape cavities, a 3-cell or 5-cell LSF cavity was considered a useful effort in addressing the unique
challenge imposed by the small cell-to-cell coupling of the
LSF shape. We ended up with a 5-cell cavity design as a
compromise of several technical and financial factors.
___________________________________________

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract No. DE-AC05-06OR23177. Supplemental support by US-Japan Cooperation in High Energy Physics.
† geng@jlab.org
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For a multi-cell cavity, an important design feature is the
cell wall stiffening scheme. In view of lessons learned from
cavity shapes close to that of LSF, namely ICHIRO shape
and CEBAF 12 GeV Upgrade LL shape, we put a premium
on the cavity mechanical stability. This must be achieved
without sacrificing the Lorentz detuning coefficient as is
important for the goal gradient of 50 MV/m. Optimization
work done by Zaplatin [11] and Posen [12] provided useful
inputs. For the LSF shape multi-cell cavity, we choose a
ratio of 0.64 for the stiffening radius to the equator radius.
Another consideration is to control the cell shape deviation
from welding of the stiffening pieces. We achieve this by
selecting a three-arc-piece design as shown in Fig. 1, which
differs from the ordinary two-half-ring design. This approach has the advantage of minimizing heat deposition
from the electron beam welding of the stiffening components (by a factor of ~4) therefore greatly reducing shape
deviations. Moreover, the arc piece location and partial
penetration weld provide a further advantage. The key parameters for multi-cell LSF cavities are given in Table 1.

Figure 1: Three-arc-piece design for cell wall stiffening.
Two pieces are visible in the 3D dumb-cell model (L). Location of each piece relative to cell walls is shown also (R).
Table 1: Key Parameters of Multi-Cell LSF Cavity

Parameter
Frequency
Iris radius
Stiff. radius
Eq. radius
Epk/Eacc
Bpk/Eacc
G
R/Q
Cell-cell coupling

Unit
MHz
mm
mm
mm
mT/(MV/m)
Ω
Ω
%

5-cell
1300
30
63
99
2.03
3.78
282
628
1.27

9-cell
1300
30
63
99
1.98
3.71
279
1158
1.27
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FABRICATION AND PROCESSING
Fabrication
The 5-cell LSF shape cavity LSF5-1 was made from
RRR 300 fine-grain niobium sheets supplied by Wah
Chang. All fabrication steps were carried out with JLAB
in-house machines. Half cells were deep drawn by using a
150-ton press. The equator and iris edges were milling machined to a wall thickness of 0.063 inch (1.66 mm) for butt
welding at both places. The weld prep cleaning and stacking procedures, previously developed based on microscopic studies [13] and verified in building several single
cell cavities, were used here as well. Iris-to-iris joints were
electron beam welded from both inside and outside with
partial penetration only. Stiffening pieces were electron
beam welded with partial penetration as well. The finished
dumb-bells were directly etched at equator edges, followed
by equator-to-equator electron beam welding with full penetration from outside. No forced shape correction against
dumb-bell or any additional equator edge machining were
necessary. Figure 2 shows a photo of the completed cavity.
The field flatness of the completed cavity LSF5-1 was
33%. This was lower than expected and was attributed to
the larger than expected weld shrinkage at the iris and at
the stiffening pieces. High resolution optical inspection
with a Kyoto camera was carried out. The overall impression of the electron beam weld at iris and equator regions
was good. Notable features were documented.
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Ultrasonic cleaning with FM-20 detergent and
HPR with ultra-pure water.
 Vacuum furnace annealing at 800 ºC for 3 hours.
 Field flatness tuning to 97%.
 Optical inspection of the inner surface at iris and
equator weld regions.
The overall impression of the inner surface of the cavity
after KEK treatment and processing was good. Some notable features documented initially at JLAB were still observable after treatment and processing at KEK. An example is given in Fig. 4, showing the survival of a twin spots
close to the weld prep machining line in the equator region
of the centre cell of LSF5-1.

Figure 3: LSF5-1 tuning (L) and EP (R) at KEK STF.

(a)
Before

(b)
Figure 2: 5-cell LSF shape cavity LSF5-1 as completed
electron beam weldment at JLAB.

Treatment, Processing, and Optical Inspection
The cavity was then shipped from JLAB to KEK for
post-fabrication treatment and surface processing according to KEK’s standard ILC TDR baseline style procedure
and specification [6].
 Field flatness tuning to 95% using KEK’s standard automatic tuning machine with modified
tuning jaws and blades (Fig. 3).
 Pre-EP 5 µm with no acid circulation.
 Bulk EP 100 µm (Fig. 3).
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After
Figure 4: Comparison of optical inspection results at JLAB
(a) and at KEK (b) of the same equator region of the center
cell at 54º angle orientation.
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After the cavity returned to JLAB in January 2018, the
final surface processing was carried out for RF testing. The
JLAB high gradient procedures [14] were optimized and
verified with 122 9-cell cavity EP cycles and 187 9-cell
cavity vertical tests over the period of 2006 – 2012. The
key steps are final EP, post-EP cleaning and handling, and
slow pump down. With their successful applications, JLAB
demonstrated a 90% yield at 38 MV/m gradient in the year
of 2010, on the basis of ten full scale ILC baseline cavities
fabricated by experienced industrial vendors [15].
Re-establishing these high gradient procedures at JLAB
in present day has proven to be a challenge as a result of
the Test Lab renovation project carried out in 2012. That
project resulted in a major interruption to SRF facilities,
including relocation of the EP machine, construction of a
new clean room, and later on installation of a new high
pressure rinsing machine etc. The initial high gradient cavity test results in using those new SRF facilities were mixed
[10]. It was not until February 2014 when we were able to
re-establish high gradient single-cell cavity test results [9].
Extension from single-cell thereafter to multi-cell was
hampered by re-direction of JLAB priority to LCLS-II SRF
production. Although large quantities of 9-cell cavities
were still tested at JLAB for LCLS-II performance qualification, they were processed and assembled at vendor facilities instead of JLAB’s and all were tested to gradients below the ILC specification. As a result, the capability of
JLAB’s new SRF facilities for high gradient multi-cell processing and handling remained an open question in February 2018 when the processing of cavity LSF5-1 began [16].
For reasons given above, re-establishing in-house high
gradient multi-cell cavity processing and handling capability at JLAB has been a necessary part of our effort in advancing the cavity LSF5-1 toward the goal gradient of 50
MV/m. So far, 3 final EP cycles and 7 RF test cycles have
been completed. Table 2 gives a summary of technical issues encountered and their subsequent resolutions.
A new advance beyond the standard procedure for cavity
handling reported in Ref. [14] is an automated slow pump
down device. Another new advance is the introduction of
the solvent 3M Novec 7200 for iris and end-group wiping.
A new HPR wand head has been made with a nozzle orifice
selected for optimal “cleaning distance” tailored for radius
from 30 – 35 mm, the proper range for a LSF shape cavity.
The water jet angle is chosen to be 90 degree from the wand
axis for maximum cleaning effect.

RESULTS
The best performance of cavity LSF5-1 was achieved in
its 6th RF test as shown in Fig. 5, following a light EP of 20
µm according to the standard procedure [14] and a standard
48-hour low temperature bake at 120 ºC. It reached a maximum π–mode Eacc of 32 MV/m at 2K. The ordinary multipacting barrier ~ 20 MV/m was observed. The Bpk reached
in 3 mid-cells was 189 mT as determined by passband
mode measurements. This corresponds to an attainable Eacc
of 50 MV/m in 3 out of 5 cells. The gradient limit was FE
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in the end cells (cell #1&5) at Epk ~ 100 MV/m. The 7th RF
test was carried out with Kyoto sX-mapping system aiming
for studies of FE in the limiting end cells. Unfortunately,
cavity and test stand were contaminated due to unexpected
pump failures resulting in 61 g of air entered into the cavity.
The cavity performance was severely degraded. The sXmapping was tested successfully [17].
The measured Lorentz force detuning coefficient of
LSF5-1 is -4.6 ± 0.2 Hz/(MV/m)2. The field flatness was
preserved within a few percent over various cavity handlings.
Table 2: Summary of RF Test Results and Issues
Test
#
1

Max.
Eacc
[MV/m]
21

2

24

3

30

4

8

FE, 4/5-Pi mode
excitation
Low Q0, Slow
pump down failure

5

32

Small FE

6

32

Test stand high
AMU contamination

7

7

Turbo pump loss
to power, scroll
pump failure

Issues met

Solutions
&
Actions
Pump and fill D6

Ran out LHe,
D6 too short
Low Q0,
multipacting

EP 20µm, NbTi
flange, Deeper
dewar D3/4
Re-HPR
Beam tube
length addition,
3rd EP 20 µm,
ethanol rinse
Cavity low temperature bake at
120 ºCx48h
Iris wiping, HPR
with new nozzle;
Automatic slow
pump down
Re-clean cavity
and re-clean test
stand

Eacc [MV/m]
0
10

10

20

30

40

50

60

11

250
Q0 - Pi mode
Q0 - 2Pi/5 mode
Q0 - Pi/5 mode

X-ray Dose Rate - Pi mode
X-ray Dose Rate - 2Pi/5 mode
X-ray Dose Rate - Pi/5 mode

200

Cell 3

150
cable heating

Q0

Final Surface Processing
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Figure 5: Best performance achieved so far by the cavity
LSF5-1 at 2K.
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Figure 6: Today’s landscape of gradient in SRF niobium cavities and the first sight of 50 MV/m in a multi-cell cavity.

CONCLUSION
The first multi-cell LSF shape prototype cavity was built
using the standard forming and welding techniques at
JLAB. RF tests have been carried out at JLAB, following
processing and treatment at KEK using the standard ILC
TDR baseline recipe. Three out of five cells achieved Bpk
values corresponding to Eacc = 50 MV/m. The current limit
is the FE in end cells and several measures are being taken
for its suppression. Instrumented testing with Kyoto University’s sX-mapping system was carried out at JLAB for
pin-pointing the source of FE in the end cells at an Epk of ~
100 MV/m. The average Lorentz force detuning coefficient
for LSF5-1 is -4.6 ± 0.2 Hz/(MV/m)2. It is slightly (10%)
better than that for ICHIRO shape cavity ICHRO7 which
is -4.9 ± 0.2 Hz/(MV/m)2 as measured previously at JLAB
in a comparable configuration [7]. Moreover, the field flatness was preserved within a few percent over the course of
various cavity handling processes. This confirmed our design in cell stiffening.
We are currently in the process of recovering from contamination due to pump failures. The plan is to re-test later
this year for RF performance evaluation as well as for studies of FE using Kyoto’s sX-mapping system.
In the meantime, the first 9-cell prototype LSF shape
cavity LSF9-1 is in the process of in-house fabrication. The
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half cells were already made a few years ago [10] and by
now we have essentially all the needed parts at hand. Our
plan is to complete it in a couple of months and start processing and testing thereafter.
Although the cavity LSF5-1 has given us the first sight
of Eacc = 50 MV/m in a multi-cell cavity in today’s landscape of SRF gradients (Fig. 6), we face a challenge in FE
suppression for reliable high gradient in multi-cell cavities.
To that end, we continue to test new techniques such as iris
wiping and remain open in seeking novel cleaning technologies beyond high pressure water rinsing.
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Abstract
The superconducting injector section of the S-DALINAC (superconducting Darmstadt linear electron accelerator) [1] constists of two cryomodules with three 3-GHz
SRF cavities in total. The first cavity of this pre-accelerator is currently a 5-cell structure designed for relativistic
particle velocities. Since the gun delivers a 250 keV beam
(β=0.74), this cavity is not suited for an efficient capture
of the low-energy electron bunches provided by the normal-conducting section of the injector. Beam dynamics
simulations and operational experience have shown a
large low-energy tail in the phase-space distribution of the
bunch downstream of the injector, which arises from the
large phase-slippage during the capture in the 5-cell. It is
therefore intended to replace the cavity with a β-adapted
6-cell, re-using most of the cryostat parts. This contribution presents the status of the injector upgrade and the
layout and manufacturing status of the new cavity.

10 MeV in the superconducting part of the injector before
entering the main LINAC. In its current state, the superconducting injector consists of two cryomodules containing a 5-cell and two 20-cell cavities, all with a geometrical β of 1. Operational experience as well as longitudinal beam dynamics simulations show that the energy
spread of the beam is increased by phase slippage in the
5-cell due to the β-mismatch of the entering beam (β =
0.74) and the geometry of the cavity. In order to improve
this capture of the electron bunches from both guns, a
dedicated 6-cell capture cavity featuring a β of 0.86 was
designed [6, 7]. It was decided to keep the overall length
of the cavity fixed in order to re-use the existing cryostat.
Surrounding components were adapted to the new geometry (Fig. 2) [8]. After finishing the design of the new
cavity and ensuring the compatibility with the adapted
cryomodule components, it was ordered from the manufacturer.

INTRODUCTION
The S-DALINAC (Fig. 1) [1] is a thrice-recirculating
electron linear accelerator with a design energy of
130 MeV and a design beam current of 20 µA. It is operated in cw mode using elliptical 3-GHz 20-cell Niobium
RF cavities at 2 K for acceleration. Recently, an ERL
mode was implemented at the S-DALINAC using a
path-length adjustment system in two of the recirculations
[2, 3]. The beam is produced in a 250 keV thermionic
gun. Additionally, a spin-polarized photo-gun is installed
[4], this gun is currently being prepared for an upgrade to
an acceleration voltage of 200 kV [5]. Downstream of the
gun section, the beam is first shaped according to the
3 GHz time structure using a normal-conducting chopper
and pre-buncher. The bunches are then accelerated up to

Figure 2: CAD model of the new 6-cell capture cavity
with its surrounding components. More details on the adapted tuner frame can be found in [8].

CAVITY MANUFACTURING
Cavity Dimensions

Figure 1: The S-DALINAC with indicated locations of
the injector sections. The position of the superconducting
capture structure is marked in green.
______________________________________________
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Prior to the mechanical manufacturing of the cavity
parts, the cavity dimensions had to be corrected to compensate the expected cool-down shrinkage as well as the
material thickness planned to be removed from the inner
surface during later BCP treatments (150 µm). Since only
one cavity will be fabricated, there is no prototype cavity
available for test measurements. The frequency shifts induced by the two processes thus had to be estimated. The
considered values for the frequency shift estimations are
summarized in Tables 1 and 2. For the cool-down shrinkage, the values available from the latest cavity production
for the S-DALINAC are consistent with the measured freMOP065
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quency shift for 3.9 GHz XFEL cavities [9] scaled to
3 GHz. A theoretical calculation using the integrated
thermal contraction coefficient of niobium confirms the
frequency shift. Therefore a reliable estimate of 4.5 MHz
Table 1: Considered Values for the Cool-down Frequency
Shift Estimation From 300 K to 2 K
Method / Cavity Type

Δf (MHz)

Calculated from thermal contraction

4.3

3.9 GHz XFEL cavities [9], scaled to 3 GHz

4.7

S-DALINAC 20-cells (RI series) [10]

4.5

Average
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wards the desired target frequency in order to ensure the
correct resonance frequency of the assembled cavity in
the end. For the preparation of this process, the trimming
sensitivities and the influence of the welding preparation
were simulated using CST microwave studio [12]. Figure 3 shows the simulated trimming sensitivity for a regular dumbbell which was determined to 18.3 MHz/mm.
From the simulations, target frequencies for the trimming
process were derived. A similar simulation was conducted
for the endgroups. The dumbbell trimming is expected to
be performed in summer 2019.

4.5 ± 0.3

Table 2: Considered Values for the Estimation of the Frequency Shift Induced by a 150 µm BCP Treatment
Cavity Type

Δf (MHz)

S-DALINAC 20-cells (Dornier series)

-3.8 MHz

S-DALINAC 20-cells (RI series)

-3.4 MHz

Average

-3.6 ± 0.2

can be obtained. 150 µm BCP correspond to an average
frequency shift of -3.6 MHz using data from different
series of S-DALINAC 20-cells. However, the considered
cavity types feature slightly different cell geometries
compared to the new 6-cell, whose cell shape [7] is adapted from the TESLA-type. Recently produced 3 GHz
single-cell test cavities [11] show a much higher BCP
sensitivity of -5.6 MHz for 150 µm, but again the cell
shape is different since thiese cavities are made from two
endgroups. Because no 6-cell cavity with similar layout to
the new structure is available for comparison, the estimated value is not reliable. However, it was concluded that
the cool-down and BCP frequency shift approximately
compensate each other. Therefore it was decided to use
the inner dimensions of the design model (2 K, with final
dimensions after BCP) as starting point for the mechanical manufacturing. The target resonance frequency in the
warm state of the cavity before BCP then corresponds to
the operational target frequency of 2.9972 GHz, accordingly. In order to ensure the correct target frequency after
the surface treatment, the BCP will be conducted in two
steps with an intermediate field-flatness tuning and cooldown test in the vertical test cryostat at S-DALINAC
[11]. The final amount of material to be removed can than
be determined from the measured cool-down frequency
shift together with the obtained BCP sensitivity.

Dumbbell Trimming
After the mechanical manufacturing of the single cavity
components, dumbbells and endgroups are produced by
electron-beam welding. These parts are manufactured
with an overlength and then successively trimmed toMOP065
228

Figure 3: Simulated trimming frequency sensitivity for a
regular dumbbell of the new 6-cell structure. A gradient
of 18.3 MHz/mm was obtained. The dashed lines indicate
the target length of the dumbbell with (43.9 mm) and
without (43.5 mm) additional material for weld shrinkage
compensation and the corresponding target frequencies.

DIAGNOSTICS UPGRADE
Beam dynamics simulations of the injector beam have
shown that the energy spread induced in the capture structure strongly depends on the input bunch length. It is
therefore foreseen to add a diagnostics section in front of
the superconducting injector for a better characterization
of the beam downstream the chopper and prebuncher section. An existing vertical bamline can be re-used for this
purpose. Figure 4 shows the concept of this setup. In the
first stage, it consists of a vertical bending dipole and a
diagnostics chamber for profile and current measurements
located in the dispersive region after some drift space. A
quadrupole (or triplet) could be added later to manipulate
the dispersion variably. From the energy-spread measurement the velocity difference between the head and tail of
the bunch can be derived, which enables an estimate for
the bunched beam length at the capture structure entry. In
addition, it is planned to install a normal-conducting
transverse deflecting cavity to the diagnostics section later
to obtain a dedicated bunch-length measurement setup.
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CONCLUSION AND OUTLOOK
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A superconducting 6-cell reduced-β capture cavity is
currently being manufactured for the S-DALINAC capture section. The new structure will improve the injector
beam quality and is suited for both the 250 keV thermionic gun and the spin-polarized photo-gun after its upgrade to 200 keV. For the cavity manufacturing, cooldown and BCP frequency shifts were estimated. Dumbbell and endgroup trimming sensitivity simulations were
conducted and target frequencies obtained. Additionally, a
new diagnostics setup is planned to improve the characterization of the beam downstream the chopper/prebuncher section. This setup is expected to be used for an
optimization of the bunch length at the capture section
entry during operation, which will be highly beneficial for
the commissioning of the upgraded injector. The cavity
delivery is expected end of 2019. After a final surface
preparation, the cavity would then be ready for installation during the maintenance shut-down early 2020. In parallel to the cavity manufacturing, the diagnostics setup
will be installed.
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Abstract
To optimise the length of the drift tube of a superconducting cavity (SC), it is required to know the critical value
of the RF fields to prevent a potential early quench at the
flange connection in case of a drift tube length reduction.
To avoid changes on the SC which has been used for the
tests, all RF cryogenic experiments have been carried out by
using a cylinder in the center of a 1-cell cavity drift tube to
increase the field magnitude at the connection. This cylinder has been designed and optimised by RF simulations to
provide a field density at the connection twice as high as
at a chosen reference point near the iris. Hence also a test
SC with a comparatively low gradient can be used without
causing field restrictions. In this contribution an approach
to investigate the field limitations of 1.3 GHz TESLA-Shape
SC connections and thereby the minimal drift tube length
based on simulations will be presented.

conducting vacuum gasket would yield at some point to a
premature quench in the connection region.
To avoid any changes on the test cavity, a cylinder in
the center of the drift tube has been used to turn it into a
coaxial line. By this modification the field density at the
connection can be increased and the connection can be virtually displaced. In this way the drift tube length limitation
can be found by increasing the RF power stepwise until the
breakdown occurs in the connection region. A subsequent
comparison of the measurements with an appropriate simulation model will yield to the desired critical field magnitudes
as well as the minimal distance between the connection and
the iris.
current connection position
iris position
field evaluation line

INTRODUCTION
For the development of future accelerator components the
ongoing work investigates the field limitation for commonly
used connections shown in Fig. 1 originally designed for low
field areas as well as cost efficient approaches to increase the
critical magnitudes in the connection region. Since the cutoff frequency of the drift tube is higher than its fundamental
mode frequency, the electromagnetic field along the drift
tube decreases exponentially as shown in Fig. 2. Due to the
low field magnitude at the current position of the connection
there are just marginal and hence uncritical losses.

|H| [normalised]
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Figure 2: Exponential decay along the drift tube.

Figure 1: Commonly used connection design for low field
areas.
In case of a stepwise drift tube length reduction the field
strength increases and therefore the losses in the normal
∗
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Field limitations for different vacuum gasket types and
materials had allready been previously investigated in 1976
at the Kernforschungszentrum Karlsruhe as an attempt to
develop a superconducting connection for the use in a SRF
particle separator for CERN. Ring-shaped gaskets made of
niobium or lead had been tested, but showed either high
losses or caused grooves on the connection surfaces. At last
a design separating the functions of the RF contacting and
the UHV-tightness could be successfully tested at a magnetic
flux of ∼ 3 − 5 mT [1]. A good RF contact had been established by special shaped “lips“ to break through the oxyde
layer of the flange surfaces during the mounting process.
UHV-tightness had been ensured by indium wires between
each flange and the niobium gasket [2].
Later attempts for connections able to withstand a magnetic flux of up to 30 mT (for the use in a superstructure
configuration) had been developed at DESY and JefferCavities - Design
elliptical
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son Lab. Since commonly used NbTi55 (according to
XFEL specification [3]) flanges have a low critcal flux of
∼ 10 mT [4] and a comparatively low thermal conductivity
of ∼ 0.05 W m−1 K−1 [5] a Nb-1Zr alloy had been considered for the flanges together with a vacuum gasket made of
ultra pure niobium to realise the connection [1, 6].

DESIGN DEVELOPMENT
The coaxial line has been designed to provide a field
density at the connection gap twice as high as at a chosen
reference point 30 mm afar from the iris marked in Fig. 2.
This reference point should represent a realistic minimum for
the flange position because for the mounting process some
additional space is needed to avoid a possible damage of the
nearby cell. By choosing a higher field density also a test
cavity with a comparatively low gradient can be used. To
preserve the possibility of a later upgrade to a double-walled
and thereby actively helium cooled version for the cylinder
insert a inner diameter of 21 mm and a material thickness
of 3 mm has been chosen.
Due to axial symmetry, the LAACG Poisson Superfish
group of codes has been used for the development. The
optimal cylinder length was found by the bisection method
implemented in an external C-program. This program automatised the numerous geometry changes and the related
data evaluation. By analysing the field distribution at the
inner surface of the drift tube alongside the cavity’s axis, an
unwanted impact on the distribution at the power couplers
drift tube and the cells field could be ruled out as shown in
Fig. 3. Due to the more descriptive images, an appropriate
CST Microwave Studio model was used for the field visualisation. The cylinder was made of niobium with a residual
resistance ratio (RRR) of 47. A CAD model and the finished
cylinder manufactured by Ettore Zanon S.p.A. is shown in
Fig. 4. Since for the flange socket a higher material hardness
is required, a NbTi55 alloy was used.

(a)

Figure 4: CAD model of the cylinder insert (a), finished
cylinder insert before the assembly (b).

MODEL VALIDATION
Due to the differences of the field distribution in a coaxial
line and a wave guide driven below its cut-off frequency,
possible deviations had to be investigated, to ensure that the
model maps the behavior at different connection positions
correctly. It could be shown, that the radial magnetic field
distribution in the connection gap is almost identical for both
propagation cases (Fig. 5).
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Figure 3: Impact on the cavity’s field distribution by different
lengths lc of the added coaxial line.
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Figure 5: Field deviations inside of the connection gap.
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Figure 6: Proportional surface losses for each surface region.
We investigated the proportional surface losses for each
region (Reg.) of the connection shown in Fig. 7 as well.
Thus, the impact on the quality factor by different gasketand flange materials can be determined and potential quench
causing regions may be spotted. An investigation of the impact on the quality factor is especially important for the use of
normal conducting aluminium gaskets (Fig. 7 Reg. 3), since
a high surface impedance may suppress impedance matching
within the input coupler’s antenna adjustment range.

Figure 7: Regions of the connection gap assigned in dependence of the particular materials.

var. antenna

l

10

Qext

The density decays largely linear alongside the gap except
for areas close to the flange surfaces in the gap entrance.
This effect has been taken into account by the positioning
of the reference points. By setting them to the center of
the gap entrance, an error caused by these non linearities
could be avoided. In a simulation results comparison of an
empty (reference) cavity and a model including the coaxial
line the relative error for the TM010 resonant frequency and
field magnitudes were < 0.1 % and hence neglectable for
this application.
After altering the field distribution in the drift tube by
the coaxial line, the distribution of the proportional losses
(prob. l.) changed for the surface Segments (Seg.) in Fig. 6.
The recorded changes allowed an investigation of the impact
on the cavity’s quality factor. Furthermore the losses on the
cylinder surface were studied since they may limit the maximum field density. In an empty cavity the inner drift tube
surface (Segment A) has proportional losses of ∼ 0.1528 %
of the total setup’s power losses.
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Figure 8: Qext of the input antenna as a function of its penetration depth.
Low deviations between the simulation and the measurements are especially important for the development of a new
field probe antenna design. Since the inner cylinder diameter is extensively smaller than the drift tube’s diameter, the
exponential decay of the field density is respectively higher.
Therefore the normally used probe antenna had to be replaced by a new design to achieve a desired quality factor
of 2.5 · 1012 . This value is a compromise between a higher
impact of the background noise to the measured signal and
preferably low power losses and thereby a low influence on
the setup’s field distribution.
thin probe antenna

thin probe antenna
data fit
thick probe antenna
data fit
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Qext
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Figure 9: Qext of the field probe antenna as a function of the
penetration depth.
For the field prope antenna two approaches have been
investigated (Fig. 9). The first one, the “thin probe antenna“,
has been designed to provide a low sensitivity on length
aberrations. The second one, the “thick probe antenna“ is
a shortened version of the adjustable antenna for the power
coupling and therefore a cost efficient approach. Since the
sensitivity differences between both designs are low, the
thick version has been produced at DESY.

VERTICAL TESTING
POWER COUPLING
To ensure that impedance matching can be established
for all vertical tests, the external quality factor has been
simulated by CST Microwave Studio as a function of the
antenna penetration depth. The simulation results have been
verified by comparing them with the measurements. As
shown in Fig. 8 there is just a small deviation between the
simulation and the measurements.
MOP070
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A first vertical test investigated the field limitation for
normal conducting aluminium gaskets. As shown in the Q0
vs. Eacc curve in Fig. 10, the losses at the gaskets surface
led to a significant decrease of the quality factor in comparison to an empty cavity and the quench occurred already at
∼ 4 MV/m.
During the vertical tests a direct measurement of the field
magnitude in the connection gap was not possible. Therefore
Cavities - Design
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Figure 10: Q0 vs. Eacc curve.

Figure 11: Hcon as a function of Emax .

the field magnitude had to be calculated on basis of the
effective accelerating field Eacc measured as specified in [7]
and the simulation model as follows. For the simulations
Eacc can be computed by:

field evaluation line in Fig. 2 normalised by the product
of 1/Emax_simulation and the ratio Ebreakdown /Emax_measurement .
Whereat Ebreakdown equates the maximum possible E-field
density of the test cavity depending on the individual gradient. For the presented case and a known value Ebreakdown the
minimal drift tube length can be read from the plot in Fig.
12. For a critical magnetic flux of ∼ 1.2 mT this leads to a
minimal distance of ∼ 65.6 mm.

∫

lcell

Ez (z) cos(ϕ)dz,
lcell 0
ω·z
− ϕ0
where ϕ =
c0

(1)

The offset ϕ0 represents the time an accelerated electron
needs for the distance between the flange and the center of
the cell to experience the maximum possible acceleration
under the simplified assumption the electron travels with
the vacuum speed of light c0 . We can simplify the analysis
by operating with the simulated maximal electric field in
the cavity Emax . Both, Eacc and Emax depend on the stored
energy in the cavity. Therefore the ratio between Emax and
Eacc does not depend on the normalisation and can be found
by:
Emax
(2)
Eacc
For the used model: W = 48.7 mJ, Eacc = 2.03 MV/m
and Emax = 3.55 MV/m a factor k = 1.75 has been calculated. Hence Emax of the vertical test is ∼ 7 MV/m.
Then the critical magnetic field density in the center of
the gap entrance can be calculated by a factor p depending on the length of the coaxial line (In the presented case
p = 1.368 · 10−4 Ω−1 ) as follows:
k=

Hcon [A/m] = Emax [V/m] · p[Ω−1 ]

(3)

This approach leads to a critical magnetic field density of
∼ 9.576 · 102 A/m and a critical magnetic flux of ∼ 1.2 mT.
The dependence of Emax and Hcon or Bcon is shown Fig. 11.
The minimal distance between the iris and the connection gap (ldrift tube ) can be found by an iterativ comparison
of p with the particular element of the H-value array of the
Cavities - Design
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Figure 12: Hcon as a function of ldrift tube .
As an attempt to detect an asymmetrical temperature increase a thermometry system as described in [8] based on
calibrated carbon resistors has been used. Fig. 13 shows the
mounted sensors on the blind flange in vicinity of the vacuum
gaskets. Due to the high material thickness of both flanges
and the low gradient no temperature changes above the mean
measurement error of ∼ 3.7 mK could be measured. Only
by increasing the input power by almost 20 times a small
temperature change of ∼ 6 mK could be measured with two
sensors close to the probe antenna’s gasket.
Especially for superconducting connections which are
able to withstand remarkably higher fields it cannot be ruled
MOP070
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power and the high material thickness of the flanges no signal ahead of the parasitic error could be measured.
As an approach to spot the quench region and thereby
hopefully rule out that the cylinder surface is the limiting
factor a second sound quench detection system will be used.
To increase the critical fields in the connection gap an
attempt to shield the gap by a niobium RF seal will be tested
in the near future.
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Abstract
FRIB cryomodule design has a feature: solenoid package(s) and local magnetic shields in the cryomodule. In this
design, exposing SRF cavities to a very strong fringe field
from the solenoid is concerned. A tangled issue between
solenoid package design and magnetic shield one has to
be resolved. FRIB made intensive studies, designed, prototyped, validated the solenoid packages and magnetic shields,
and finally certified them in the bunker test. This paper reports the activity results, and LS1 commission-ing results
in FRIB tunnel. This is a FRIB success story.

pachage. When cavity quenched, serious Q-drop could happen by the flux trapping. FRIB employs the local magnetic
shield close to the cavity in order to mitigate this problem
as shown in Figs. 1 and 3. This scheme can also reduce
the shield material cost. However, what the remnant field
strength in the shield produces how much Q-drop at cavity
quench was unknown. We needed the information to make
the FRIB shield design and solenoid design.

FEATURE OF FRIB CRYOMODULE
DESIGN AND CONCERNS
FRIB cryomodule design has a feature: 8 T superconducting solenoid package(s) in the cryomodule [1]. This is
to have frequent strong focussing heavy ion beams with a
high space efficiency. One example of the FRIB cryomodules is shown in Fig. 1 for β=0.041 quarter wave resonators
(QWRs). The original solenoid field design was 9 T but it is
so critical for NbTi superconducting wire at 4.5 K operation,
which was pointed out in the cryomodule workshop at MSU
[2]. As illustrated in Fig. 2, FRIB beam optics was revised
from the constant beta lattice (9 T) scheme to the constant
beam size optics (8 T) in order to mitigate this issue. The
solenoid design field was reduced to 8 T by this new optics.

Figure 2: FRIB beam ophitic change from the constant beta
scheme to constant beam size, which reduces the solenoid
field from 9 T to 8 T.

Figure 1: FRIB cryomodule design example for 0.041QWR
coldmass. Two SC magnet packages and local magnetic
shield around cavity are seen.
Another concern in this cryomodule design is to expose
SRF cavities to a strong fringe field from the solenoid
∗
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Figure 3: Cavity fringe field exposure during solenoid operation, left (Blue Square) is the global magnetic shied and
right local shield (blue square).
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Q-DROP AT CAVITY QUENCH
DUE TO FLUX TRAPPING
One β=0.53 (322MHz) half-wave resonator (HWR) was
quench tested energizing a superconducting solenoid close to
the short area of the cavity as seen in Fig. 4 top. The solenoid
fringe field was measure on the short area of the cavity.
The cavity was quenched under a solenoid fringe field, then
measured the Q-drop still under the field, and measured
Qo switching off the solenoid. This procedure was repeated
from 2.5 G to 50 G (Fig. 4 bottom). The residual Q-drop: Qo
(before solenoid energizing) — Qo (after quench but solenoid
switched off) is estimated about 10% degradation at 1 G
(Fig. 4 bottom). This degree of degradation is manageable in
the machine operation. So one criteria for solenoid/magnetic
shield design was set that the remnant field in the magnetic
shield by the penetrated fringe field through magnetic shield
should be less than 1 G.
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shield. The result is shown in Fig. 5. The onset penetration
field is observed at around 390 G (RT) and 300 G (10 K).
Here, the second criteria for the solenoid design was made
clear: fringe field strength <300 G on the outer magnetic
surface at cold.

Figure 5: FRIB SRF cavity families with helium jacket.

FRIB SOLENOID PACKAGE DESIGN

Figure 4: HWR cavity quench test operating solenoid. The
cavity was quenched under a solenoid field and confirmed
Q-drop (bottom).

FLUX PENETRATION
INTO MAGNETIC SHIELD
For the solenoid design, we need to know the onset field
of which the fringe field starts to penetrate remarkably into
the magnetic shield. It was initially measured at a room
temperature (RT) using a normal conducting solenoid, and
then at 10 K using a superconducting solenoid [3]. The
magnetic shield was made of A4K or Cryoperm. The fringe
field was measured on the outer and inner surfaces of the

FRIB needs two types of solenoid package: 25 cm packages for 0.041QWR CMs and 50 cm ones for 0.085QWR
CMs, 0.29HWR CMs, and 0.53HWR CMs. Those packages
consist of one solenoid and two sets of dipoles for beam
steering. The specifications are listed in Table 1. The interface between the solenoid and the local magnetic shield had
already fixed in the cryomodule design [1]. For instance, the
distance between the 50 cm solenoid centre in longitudinal
and the magnetic shield surface was 39 cm for the 0.53 HWR
cryomodule. These solenoid packages were designed under
the second criteria and the space configuration: fringe field
<300 G on the magnetic shield. POASON and finally CST
code were utilized to calculate magnetic field [4]. Bucking
coils were employed at both solenoid ends to reduce the
fringe field. Figure 6 shows the modelling of the solenoid
package for CST. Figure 7 shows the 2D field distribution by
POASON. We could successfully make the solenoid package
design to meet the criteria. In this design, the maximum
fringe field is 270 G at the magnetic shield 39 cm far from
the solenoid centre (50 cm).
Table 1: FRIB Solenoid Package Specification
Packages
25 cm solenoid
25 cm dipoles
50 cm solenoid
50 cm dipoles
Aperture

Maximum Integrated
Current
field on axis
field
8T
0.12 T
8T
0.12 T

13.87 T2 m
0.03 Tm
28.48 T2 m
0.06 Tm

< 100 A
< 20 A
< 100 A
< 20 A

40 mm for both solenoids

Error between mechanical
centre and field centre

< 0.3 mm
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Figure 6: 50 cm solenoid package modelling for CST.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP072

Figure 9: 50 cm solenoid package coldmass (left) with the
stacked diodes for quench protection. A completed 50 cm
solenoid package at MSU with dressed stainless helium
jacket (right).
our designs. Before delivery, they made on-site cold test
at 4 K, measured field distribution and the machine/field
centre error (< 0.3 mm) at cold for every solenoid package.
Solenoid quench happened in the vendor cold test at the
frequency of 30% with 25 cm packages and 15% with 50 cm
ones, however any quench happened in the bunker tests at
FRIB.

LOCAL MAGNET SHIELD VALDATION
Figure 7: 2D field distribution by POASSON code.

SOLENOID PACKAGE PROTOTYPING
Based on the design, solenoid packages were successfully
prototyped and cold tested at KEK for 25 cm package (just
one piece) and at FRIB for 50 cm ones (four pieces). KEK
applied dry winding based on their solenoid production experience, while MSU applied wet winding with Stycast based
on their experience (Fig. 8). For the quench protection, KEK
employed stainless coils, while MSU utilized diodes. Figure
9 (left) shows the 50 cm solenoid coldmass with diodes and
the right is the package completed at MSU. The detail report
of MSU prototyping is in the reference [4].

Figure 8: Solenoid winding, dry winding at KEK (left), and
wet winding at MSU (right).
These solenoids were successfully validated the performance at both KEK (25 cm package) and MSU (50 cm packages). The result of 25 cm solenoid package cold test is
reported in the reference [5, 6]. The result of 50 cm ones is
in the reference [4].
FRIB ordered nine 25 cm solenoid packages and seventytwo 50 cm ones including spares to a solenoid production
vendor. They successfully produced the packages based on

As the next step, we needed to validate the local magnetic
shield concept. The validation was carried out using the
0.085QWR development cryomodule and a 50 cm MSU
prototyped superconducting solenoid package. One solenoid
package was placed between two 0.085QWRs at one end of
the cryomodule as seen in Fig. 10.

Figure 10: Coldmass on the cryomodule baseplate for the
local magnetic shield design validation. Two cavities surrounded magnetic shield and one solenoid are seen.
The local magnetic shields were made of A4K. Flux
gauges were located on the outer/inner shield surface. Two
temperature sensors were put on the outer shield surface.
During cool down the remnant field was 2.5 mG at the shield
top-inside where the QWR is sensitive with the remnant
field. It was 160 mG during the magnet operation: solenoid
8 T and dipoles 0.06 Tm. After degaussing, it decreased to
3.6 mG (FRIB goal < 15 mG). The shield temperature was
20–30 K during the cold test. Table 2 summarizes information of the field strength at top and bottom inside/outside
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shield. The local shield concept was successful validated
for the 8 T solenoid package operation.
Table 2: Field Information at the Local Magnetic Shield
Validation Test

MAGNETIC SHIELD MATERIAL AND
SHIELD DESIGN OPTIMIZATION
We found that the magnetic shield temperature is 20–30 K
at CM cooled. KEK colleagues measured the permeability
(µ) under external fields with several shield materials at 20 K
(Fig. 11).

Figure 11: Field dependence of permeability at 20 K.
They compared cryogenic material (Cryoperm) and PCPermalloy (a kind of conventional Mu-metal) and concluded
that the benefit of µ in the cryogenic material is only 10–
20% at 500 mG (Earth magnetic field). µ > 10000 @ 20 K is
available with PC-Permalloy.
Magnetic shield design was carefully optimized. Magnetic shield fabrication should be cost-effective for multicavities in one shield. Example is illustrated for 0.085QWR
shield in Fig. 12. In this case, if no plate between cavities,
µ needs 16000 to meet FRIB spec (15 mG), while adding a
plate µ=9000 meets the requirement. Similar optimization
also took place for HWR cryomodules. Thus we confirmed
that PC-Permalloy with µ > 9000 is usable. We finally confirm this by validation test in the cryomodule as reported
next. The FRIB magnetic shield specification is in Table 4.

MAGNETIC SHIELD VALIDATION
The magnetic shield design validation with Mu-metal was
done using the FRIB first 0.085QWR production cryomodule (Fig. 13), which employs the magnetic shields design
optimized. Both end cavities utilize single shield and other
three cavities group uses one shield (multiple shield). In the

Figure 12: Example of magnetic shield optimization,
0.085 QWR CM case. If add plates between cavities,
µ = 9000 meets the FRIB requirement (< 15 mG in the
shield).
mirror symmetry in Fig. 13, left side was used Mu-metal
shields and right side utilized A4K shields.

Figure 13: FRIB first 0.085QWR production cryomodule.
In the left (one cavity and other three cavies group) in the
mirror symmetry PC Permalloy was used and right Mu-metal
was used for magnetic shield material.
Table 3: Comparison of the Dynamic Load at 2 K Between
Mu-metal and A4K Shields

Table 3 compares the 2 K cavity dynamic load in the
bunker test between Mu-meatal and A4K shields. The cavity
performance in the VTA is also compared to the bunker
test. In the bunker test Mu-metal shield looks worse in total
cavity loss (12.1 W) comparing to that of the A4K shield
(9.9 W), but it is due to the cavity performance. If compared
the cavity loss between bunker test and VTA, both shields
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have similar results to VTA test within measurement error
10–20%. As the conclusion, Mu-metal shield has similar
cryogenic shield performance to the A4K material. Thus,
we decided to employ the PC-Permalloy instead cryogenic
material for all FRIB cryomodules except for 0.085QWR
CMs, which was already ordered due to the long lead term
delivery.
FRIB magnetic shield specification is summarized in Table 4. The µ > 9000 specification looks tight but it is not true.
The remnant magnetic shield was measured in the FRIB
cryomodule vacuum chamber made of carbon steel and was
250 mG thanks to the shielding effect of the carbon steel. As
seen in Fig. 10, the value of µ under the external field around
250 mG µ is > 20000 with PC-Permalloy, which brings a big
margin for the shield performance.
Table 4: CFRIB Magnetic Shield Specification
CFRIB Magnetic Shield 0.041QWR
HWR
Specification
Cryomodule Cryomodule
Permeability
Thickness [mm]

> 9000
1.00
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> 9000
2.00

FRIB SOLENOID BUNKER TEST
As date of mid-June 2019, FRIB has completed cryomodule bunker tests: four 0.041QWR CMs, eleven 0.085QWR
CMs, twelve 0.29HWR CMs, and eight 0.53HWR CMs,
which corresponds to 76% of the FRIB need. An example
of the solenoid package bunker test (SCM509, β=0.53 9th
cryomodule) is shown in Fig. 14. The test consists of four

against Lorentz forces from the other magnet fields. Step
3) is to investigate the potential flux trapping issue. When
cavity operation faces unstable for example, multipacting,
field emission or quench under the solenoid package fields,
the cavity performance might be degraded by the flux trapping. In these test, any quenches happened with all solenoid
packages.
Step 4 which is the end of solenoid package operation test
is to degauss magnetized components by solenoid package
operation. We control all components in FRIB cryomodules with magnetization. We concern the magnetization
in random direction. We measure magnetization of all the
components, and which are demagnetized using a degasser
if observed magnetization. Components in the cryomodule
should be not magnetized before the bunker test. The magnetization caused by solenoid package operation, it can be demagnetized by the degaussing cycle (amplitude is decreased
by 25% in each cycle) of the solenoid package. Table 5
compares Qo between VTA and bunker tests. In any case
the high Q performance is preserved in the bunker test.
Table 5: Qo Comparison Between VTA and Bunker Test
CM

Number
Qo
Qo Bunker test
of CMs FRIBat Operation
(tested) Spec
gradient

0.041 3 (4)
1.2·109
0.085 11(11) 1.8·109
0.29 12(12) 5.5·1010
0.53
18(8) 7.6·109

> 3.3±2.8·109
> 3.3±1.2·109
2.0±0.6·1010
2.8±0.9·1010

Qo VTA at
Operation
gradient
5.7±0.7·109
4.0±1.0·109
1.4±0.2·1010
1.9±0.4·1010

LS1 COMMISSIONING

Figure 14: Solenoid package bunker test example (0.53HWR
CM). All magnets were co-operated at the maximal field
with cavities at operation field, all magnets were changed
polarity. No quench happened. Solenoid package is very
stable and robust.
steps: 1) energizing test for individual magnet, 2) mutual
magnet operation test, 3) cavity/solenoid package integrated
operation test, and 4) degaussing. In the individual magnet
energizing test, magnets are excited up to the specification
fields in sequentially: solenoid up to 91 A (> 8 T), dipoles
up to 19 A (> 0.03/0.06 Tm). The polarity is also changed.
In step 2), individual magnet is operated under the other
magnet fields and checked the magnet frame robustness

As date of February 2019, FRIB linac has been completed
up to the first straight linac section (LS1) and 45°C bend
(FS1b). This section installs three 0.041QWR CMs and
eleven 0.085QWR CMs and one 0.085QWR matching CM.
A 0.041QWR CM has two 25 cm solenoid packages, and
a 0.085QWR CM has three 50 cm solenoid packages. The
matching CM has no solenoid packages. In the LS1 commission we have operated these all solenoid packages: six
25 cm solenoid packages and thirty-three 50 cm ones.
During March 3–8, and April 8–12, all LS1 solenoid
packages were tuned on and operated stably for long term.
Solenoids were operated at current 20–64 A. Dipoles were
operated < 5 A. All solenoids and dipoles were very stably
operated. Any issues ascribed to these solenoid packages
were not observed. The detail report is seen in the reference [7].
In this commission, 20 Ne, 40 Ar, 86 Kr and 129 Xe beams
were successfully accelerated up to 20.3 MeV/u with 100%
transmission. Beam centroid was tuned within ±0.5 mm
using on-line orbit response matrix based high-level applications. The highest current was 133euA peak, 3% duty cycle,
average current of 4.0 eµA, which corresponds to 31% of
the design value.
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SUMMARY
FRIB made many studies and validation tests to establish the cryomodule design: solenoid and local magnetic
shield in the cryomodule. The design is successfully validated and proved to work well in the bunker test and beam
commissioning.
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Abstract
High power couplers with high operation reliability
are needed for the superconducting cavities used in the
Linac of CiADS project at IMP. This paper will report two
works on high power coupler. The DC bias structure of the
coupler was optimized to suppress the multipacting effect,
where the series resistors were introduced to the wire of the
DC bias to reduce the field propagating along the DC bias’s
wire. For the purpose of significantly decreasing the power
needed to condition the coupler, we designed a new RF
conditioning scheme, in which the coupler served as a
standing wave resonator, and the positions of the crests and
troughs of the wave were tunable. The details of the design
mentioned above will be depicted.

field penetrating the DC bias capacitor and then propagating along the wire of DC bias. The field would affect the
transmission performance of the coaxial coupler and can
interfere the DC bias power supply. The common method
to solve the problem was introducing an inductance or ferrite choke to the wire of bias, which was adopted in our
experiments too.

DC bias capacitor

INTRODUCTION
To suppress the multipacting discharge in the coaxial
coupler. DC bias applied a high DC voltage to the inner
conductor of the coupler to destroy the resonance condition
of electrons. As an effective structure to improve the performance of the coaxial coupler, DC bias was utilized
worldwide [1,2]. However, there were field (which came
from the coaxial coupler) propagating along the wire of DC
bias. The field would affect the transmission performance
of the coaxial coupler and can interfere the DC bias power
supply. The common method to solve the problem was introducing an inductance or ferrite choke to the wire of DC
bias, however the methods were not always efficient [2]. In
the project of CiADS, the severe interference of the DC
bias power supply due to the field along the wire of bias
was observed too. After the invalid attempt of the structures with inductance and ferrite choke, the series resistors
were found to block electromagnetic field successfully.
To reduce the power needed for the conditioning of couplers, the resonant ring is the traditional choice. However,
the actual power gain of this method is hardly more than
35-40 [3-5]. To increase the power gain, we proposed to
change the couplers into a n*λ/2 resonator. The simulation
power gain of this conditioning scheme can exceed 100.

Figure 1: The simplified DC bias structure.
PEEK

Kapton film

Figure 2: The detail of DC bias capacitor.

THE STRUCTURE WITH INDUCTANCE
Firstly, the inductance shown in Fig. 3 was adopted.
However, the actual effect was not ideal ,which means that,
the DC bias power supply was still disturbed heavily, and
more importantly, the inductance was heated up seriously,
so it is not applicable in our bias structure.

THE OPTIMIZATION OF THE DC BIAS
In the project of CiADS, we used the simplified structure
of DC bias (see Fig. 1) for the suppression of multipacting
in the couplers. Figure 2 shows the detail of DC bias capacitor. In the actual operation, we found that there were
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Figure 3: The series inductance in the wire.
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There were two reasons for invalidation of inductance.
One was that, in our structure, the field propagating along
the wire of DC bias was relatively large. And the other was
that, when the frequency of the field reached the microwave band, the filter effect of inductance(as a lumped element) was not obvious any more. The structure with ferrite
choke had the same problems with that of the structure with
inductance too.

THE STRUCTURE WITH SERIES
RESISTORS
Enlightened from the filtering effect of coaxial line with
a gap in the inner conductor, resistors were attempted to
introduce to the wire(as shown in Fig. 4). Experiments
were conducted to measure the S parameters, and the results showed that series resistor with large value can block
the field along the wire successfully.

Figure 4: Series resistor in the wire.

Figure 5: S21 parameter of the resistors.

.
Figure 6: The final structure.
The experiments showed that the |S21| was positively
correlated with the resistance of the series resistor as shown
in Fig. 5. When measured the S parameters, the foil box
was sealed, and the S parameters were related with the
shape of the aluminum foil box which packaged the circuit,
hence, the shape need to be kept nearly invariant during all
the measurements. It worth noting that the S21 of the
tested structure was related not only with the resistance of
the resistors, but also with the types of them, because the
electromagnetic parameters of the resistors with different
types( even though they have the same resistance) varied
from each other. The number of the resistors used in our
experiments was RES KIT CFR25RS, which were produced by TE Connectivity.
In the actual operation, two series resistors were finally
used (the two resistors were packaged in the aluminum foil
marked in Fig. 6), and the former one was 1MΩ, and the
later one was 100 kΩ. The structure presented in Fig. 6 was
applied to the practical operation for six months, and
showed the reliable and stable performance.

3*λ resonator
Figure 7: The schematic of couplers conditioning by n*λ/2 resonator.
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tunable coupler

coupler to be
conditioned

power transmission line
Figure 8: The right section of the structure’s machine drawing.

Figure 9: The field amplitude in coupler at resonant status.

Figure 10: The field amplitude in coupler at traveling wave status.

THE NEW SCHEME OF COUPLER
CONDITIONING
To reduce the power needed for conditioning, we put a
pair of couplers face to face, and connected the movable
short board to the tail of each coupler. The schematic diagram of the scheme was shown in Fig. 7. As can be seen,
when the length between the two short boards closed to
n*λ/2, the field between the boards can keep resonant. The
positions of the wave crests and wave troughs can be
changed by moving the two short boards. An introduced
small coupler with tunable β was used to transmit power to
the n*λ/2 resonator, because the coupled β of the introduced small coupler varied with the position of the resonant standing wave in the conditioned couplers. The right
section of the structure’s machine drawing was shown in
Fig. 8. Through simulation we found that, at the same input
power, the maximal amplitude of field in the n*λ/2 resonator was more than 10 times of the field amplitude in coupler
at the status of traveling wave ( see Figs. 9 and Fig. 10).
SRF Technology - Ancillaries
power coupler / antennas

It means that, to get the same field amplitude, the power
needed for the couplers at traveling wave status was more
than 100 times of the power needed for the couplers at
n*λ/2 resonatant status .
The electromagnetic field distribution in the n*λ/2 resonator was similar to that in the coupler at standing wave
status. And the couplers had been proved to can be conditioned well at just standing wave status by changing the
phase of reflecting wave [6]. So we considered that the
n*λ/2 resonant conditioning method will be effective too.
The mechanism of the coupler conditioning is utilizing
the electron produced by multipacting to bombard to wall
of coupler, and reduce the SEY of the wall. We could also
use the DC bias the promote the multipacting in the resonant coupler to ensure the effect of the conditioning [7].

CONCLUSION
Series resistors to optimize the DC bias wire were
proved to be effective to block the field propagating along
the bias wire. The |S21| of the structure was in the positive
MOP073
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correlation with the resistance of the series resistor. The
DC bias structure with series resistors has been applied to
the practical operation for six months, and showed the reliable and stable performance.
To significantly reduce the power needed for conditioning, we put a pair of couplers face to face, and connected the movable short board to the tail of each coupler.
When the length between the two boards closed to n*λ/2,
the field can keep resonant. To ensure the conditioning effect, the positions of the wave crests and troughs can be
moved along the couplers by moving the two short boards,
and the introduced small tunable coupler was applied to
ensure the match between the power transmission line and
the n*λ/2 resonator. The simulation power gain of this conditioning scheme can exceed 100.
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EXTERNAL Q MEASUREMENTS FOR QUARTER WAVE RESONATORS
IN RISP∗
Sangbeen Lee† Junwoo Lee, Yoochul Jung, Juwan Kim, Bonghyck Choi
Myung Ook Hyun, Youngkwon Kim, Kyungtae Seol
Institute for Basic Science, Daejeon, Korea
Abstract
A heavy-ion accelerator facility is under construction for
Rare Isotope Science Project(RISP) in Korea. The super conducting cavity, quarter wave resonator(QWR) which consists
of driver and post linear accelerator system, is now in the
mass production phase. In order to develop the QWR cavity
and cryomodule, the RF couplers are fabricated and tested.
In this paper, the study of external Q for QWR coupler will
be described.

INTRODUCTION
Several couplers are developed for QWR prototype cavities and cryomodules [1–3]. To conduct the QWR cavity test,
which is called the vertical test(VT), the variable coupler
is fabricated. For the QWR cryomodule test or horizontal
test(HT), the RF power coupler was designed, fabricated
and tested. The RF pickup coupler was developed for VT
and HT. In order to satisfy the requirements of external Q,
the CST-simulation and measurements of external Q are
performed.

EXTERNAL Q SIMULATION
The requirements of external Q(𝑄𝑒𝑥𝑡 ) is summarized in
Table 1. From QWR cryomodule tests, the external Q for
RF power coupler has been changed to get the LLRF control
margin as shown in Table 1.
Table 1: Requirements of the External Q for QWR Couplers
Type of coupler

Target external Q

Variable coupler
RF power coupler
(prototype)
RF power coupler
(mass production)
RF pickup coupler

5 × 106 ∼ 5 × 1010
1.0 ∼ 2.0 × 106
3.0 ∼ 5.0 × 105
> 2.4 × 1010

Typically, the external Q is related to the coupling strength
with the field of cavity. The coupling strength depands on
how much the antenna is penetrated into the cavity. The
external Q could be predicted by CST-simulation as the
penetration length of antenna tip [4]. In order to compare
∗
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Figure 1: CST-simulation and measured results of external Q.
(a): the simulation modeling. (b): the results of simulation
and measured.
the results of the simulation with the measurements, the
orgin of the antenna length is set at the cavity-coupler flange.
The simulation model and the results are shown in Figure 1.
For the external Q of variable coupler, the variation of the
antenna is about 40 mm. In order to measure the external
Q of prototype of RF power coupler, the antenna tips are
prepared with 5 mm step. As shown in Figure 1 (b), the
measured results are in good agreement with the simulation
results. The measurement methods will be discussed in the
next section.

MEASUREMENTS OF EXTERNAL Q
Vertical Test
To conduct the VT, the variable coupler and RF pickup
coupler are developed. The coupling type of the variable
coupler is the capacitive. And the RF pickup coupler type
is designed as the inductive. It is important to the measurement of external Q of pickup coupler(𝑄𝑒𝑥𝑡,𝑝𝑖𝑐𝑘𝑢𝑝 ) during
VT. In order to control the external Q of pickup coupler, the
external Q must be calibrated in the room temperature and
the cryogenic temperature.
Variable coupler: To provide the adjustment of external
of input coupler, variable couplers have been developed.
With the collaboration with TRIUMF(prototyping of QWR
and HWR) and Cornell Univ.(HWR) [5, 6], two types of
variable couplers were fabricated and tested. In Figure 2,
the variable couplers are presented. The variable couplers
were performed the operation test in cryogenic temperature.
the operation test was performed with the liquid nitrogen.
The variable couplers were inserted in the liquid nitrogen,
and the movement of the coupler was monitored at 77 K.
The variable coupler in Figure 2 (a), passed the cold test and
the results showed the reproductibility of operation which is
enough to use for VT(Figure 2 (c)). The variable coupler in
Figure 2 (b) did not operate in the cold test. The shrinkage of
MOP074
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gear part had malfunction of the coupler in cold temperature.
As shown in Figure 2 (c), the operation range of variable
coupler is about 40 mm. This operation range can cover the
target range of 𝑄𝑒𝑥𝑡,𝑣𝑎𝑟𝑖𝑏𝑙𝑒𝑐𝑜𝑢𝑝𝑙𝑒𝑟 in Table 1.

by 𝑄𝑖𝑛 = 𝑄0 /𝛽𝑖𝑛 = 𝑄𝐿 /𝛽𝑖𝑛 , 𝑄𝑡 = 𝑄0 /𝛽𝑡 = 𝑄𝐿 /𝛽𝑡 .

Figure 3: Test setup for the room teperature measurement
in the vertical test. The left picture shows the schematic
flow of the test. The assembled of the cavity and couplers
are presented in the right pictures. The upper of the right
picture shows the QWR cavity with the variable coupler, the
lower of the right picture shows the setup for measuring the
external Q of prototype RF power coupler.

Figure 2: Variable couplers for the vertical test. (a) and (b)
show the two different types of variable couplers. Both of
the couplers are operated by the cryogenic motor. During
the three cycles of the possible bellows stroke (40 mm), the
variations were measured in terms of the pulse of controller.
Measurements in room temperature: Following is the
relation of the several external Q.
1
1
1
1
=
+
+
(1)
𝑄𝐿 𝑄0 𝑄𝑖𝑛 𝑄𝑡
where, 𝑄𝐿 is the loaded Q, 𝑄0 is the intrinsic quality
factor of the cavity, 𝑄𝑖𝑛 is the external Q of the RF input
coupler and 𝑄𝑡 is the external Q of the RF pickup coupler. At
the room temperature, 𝑄0 of QWR cavity is 2500 ∼ 4500.
As shown in Table 1, the external Q of input and pickup
coupler are much larget than the 𝑄0 . Therefore, the 𝑄0 is
measured by the 𝑄𝐿 with VNA at the room temperature.
The coupling constants are measured by S-parameter by
following relations [7].
𝑉 𝑆𝑊 𝑅 =

1 + 𝑆11
1 − 𝑆11

1
𝛽𝑖𝑛 =
.
𝑉 𝑆𝑊 𝑅
𝛽𝑡 =

|𝑆21 |2
𝑆

2
2
1 − ( 𝑆11
′ ) − |𝑆21 |

(2)
(3)
(4)

11

′ is the 𝑆
Here, 𝑆11
11 value away from the resonace
frequency. The external Q of input and pickup are obtained
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The schematic setup for the room temperature measurements is presented in Figure 3. In order to deliver RF signal
without noise, the test antenna is used as in Figure 3. The
test antenna is assembled at the beam port, and the other couplers are attached to the lower or upper HPR port of cavity.
Through the test antenna, the RF signal is incident to cavity.
The transmitted RF is measured by the variable coupler or
prototype of RF power coupler or RF pickup coupler. The
port 1 of VNA is assigned to test antenna, and the port 2 is
corresponding to variable coupler or RF power coupler or
RF pickup coupler. During the measurement, one pair of
RF input and pickup coupler is assembled with the cavity,
the test antenna-variable coupler or the test antena-pickup
coupler. The measured external Q of variable coupler and
prototype of power coupler are presented in Figure 1.
Measurements after cool down: After the cool down of
the cavity, the 𝑄0 is 108 ∼ 109 . The 𝑄𝑡 is obtained by
measuring the decay time method [8].
Table 2: Results of External Q During VT
Type of coupler

𝑄𝑒𝑥𝑡,𝑅𝑇

𝑄𝑒𝑥𝑡,4.2𝐾

Variable coupler
Minimum value
Maximum value

7.2 × 106
∼ 1.3 × 1010

4.0 × 107
∼ 2.3 × 1011

QWR-1 pickup
QWR-3 pickup
QWR-5 pickup

4.25 × 1010
2.82 × 1010
-

5.58 × 1010
6.6 × 1010
1.31 × 1011

The results of 𝑄𝑒𝑥𝑡,𝑝𝑖𝑐𝑘𝑢𝑝 by the two methods are summized in Table 2. For the QWR-5 pickup coupler, the room
temperature measurement was skipped. Due to the HPR of
cavities, the pickup couplers were took apart from cavities
SRF Technology - Ancillaries
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after the VT. In the cryomodule test, the external Q of the input and pickup coupler were measured again, and the results
will be presented in the next section.

Cryomodule Test
After the VT, the variable coupler is replaced by the RF
power coupler in the cleanroom. During the cleanroom
assembly, the external Q of power coupler(or 𝑄𝑒𝑥𝑡,𝑖𝑛 ) and
the external Q of pickup coupler(or 𝑄𝑒𝑥𝑡,𝑡 ) are checked.
Measurements in room temperature: With the RF power
coupler, the coupling constants could be obtained by the
equation 3. The schematic setup for cryomodule test is
shown in Figure 4.

Figure 4: Test setup for the room teperature measurement in
the cryomodule test. The left picture shows the schematic
measurement flow. The RF power coupler is replaced in the
cleanroom as shown in right picture.
Measurements after cool down: In the cryomodule test,
the 𝛽𝑖𝑛 is over-coupled. It means the calibration of 𝑄𝑒𝑥𝑡,𝑖𝑛
could be obtained by measuring the loaded Q by VNA. Also,
the formula for 𝑄𝑒𝑥𝑡,𝑡 should be changed with the VT.
The measured external Q of power coupler and pickup
coupler are shown in Figure 5. The decrease of 𝑄𝑒𝑥𝑡,𝑖𝑛 is
observed from tests. According to the Figure 1, the reason
of changing external Q was caused by the changing of the
penetration length of antenna after cool down due to the
thermal shrinkage of the cavity and the outer conductor of
the coupler. According to the simulation result shown in the
Figure 1, the displacement of the antenna tip is estimated
about 4.4 mm. Comparing the Figure 5 with the Table 2,
the tendancy of the external Q for pickup coupler is opposite. From the VT, the external Q of pickup coupler was
increased after the cool down, and the external Q of pickup
was decreased after the cool down of the cryomodule. For
the vertical test, the cavity is inserted in the cryostat with
the liquid helium. This condition of cooling could be made
the larger thermal shrinkage of the cavity then the shrinkage
of the outer conductor of the couplers. As shown Table 2,
the external Q of the variable and pickup couplers were increased after the cool down. On the other hand, the liquid
helium exists in the transfer line and the helium jacket of the
cavity in the HT. And, the cavity is mounted in the different mechanical condition with the vertical test, for instance
the strong back is only used for suspending of the cavity in
SRF Technology - Ancillaries
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Figure 5: The results of the external Q of power coupler and
pickup coupler in the cryomodule test. (a): the measured
external Q of input coupler at the room temperature and 4.2
K are presented. After cool down of the cryomodule, the
external Q value are decreased. (b): the measured external Q
of RF pickup coupler at the warm and cold temperature. At
4.2 K, the external Q values are satisfied with the requirement
of 𝑄𝑒𝑥𝑡,𝑝𝑖𝑐𝑘𝑢𝑝 .
the cryomodule. These different boundary conditions could
cause the opposite change of the thermal shrinkage in the
HT. From the Figure 5, the thermal shrinkage of the cavity
is larger than the thermal shrinkage of the outer conductor
of the couplers in terms of the decreased external Q, except
for the external Q of QWR 1 CM in 4.2 K. The measued
external Q at the room temperature for QWR 1 CM was
conducted without the cable calibration, it means the value
of S-parameters was incorrect.

CONCLUSION
The RF couplers, variable coupler, RF power coupler,
RF pickup coupler were developed for QWR cavity and
cryomodule in RISP. The external Q of the RF couplers are
studied by the CST-simulation and the measurements. For
the vertical test, the external Q of the variable coupler and
RF pickup coupler are measured in the room temperature
and the cryogenic temperature. For the cryomodule test, the
external Q of the RF power coupler are also measured in
warm and cold temperature. Based on the measured external
Q, the mass production of QWR power coupler and RF
pickup coupler are fabricated. With the above studies, the
RF couplers for HWR, SSR1 and SSR2 will be prepared in
terms of the external Q in RISP.
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DESIGN OF RF POWER COUPLER TRANSMITTING BOTH 162.5 MHz
AND 81.25 MHz POWER TO SRF CAVITIES FOR BISOL R&D RESEARCH
A.Q. Cheng, F. Zhu#, S.W. Quan, F. Wang, J.K. Hao, M. Chen,
Institute of Heavy Ion Physics & State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing, 100871, China
Abstract

RF power coupler is a key component of
superconducting accelerating system. In BISOL (Beijing
isotope separation on line type rare ion beam facility)
deuteron superconducting linear accelerator, half wave
resonators (HWRs) are adopted to accelerate deuterons. In
post accelerator, quarter wave resonators (QWRs) will be
used to accelerate heavy ions. For the pre-research of
BISOL, we will fabricate a cryomodule which can provide
the horizontal test of both 81.25 MHz QWR for the postaccelerator and 162.5 MHz HWR for the driver accelerator
with the proper external quality factor. In order to reduce
expenses, we are developing a RF power coupler which
can transmit both CW 20 kW162.5MHz for HWR cavities
and 1-5 kW 81.25MHz power for QWR cavities. Now the
physics design of coupler has been finished, including RF
structure optimization, MP simulation, thermal analysis
and so on. Based on the design, A prototype of coupler will
soon be fabricated and proceed the high power test.

INTRODUCTION
Beijing isotope separation on line type rare ion beam
facility (BISOL) is a proposed facility which has an intense
deuteron driver superconducting linac and a postaccelerator [1]. For the first stage of BISOL, the beam load
reaches 10 mA of 162.5MHz HWR cavities for deuteron
beams and 0.4 uA of 81.25MHz QWR cavities for
secondary heavy ion beams. Peking University has
developed a high current β=0.09 162.5MHz HWR for the
deuteron driver linac and the cavity showed very goog
performance [2]. A prototype β=0.085 81.25MHz QWR
for post accelerator is under fabrication. To meet the
requirements, the coupler should have the capability to
transmit 20 kW CW RF power in 162.5MHz frequency and
1 kW CW RF power in 81.25MHz frequency. Based on the
design experience of IFMIF coupler [3] and C-ADS
coupler [4], the structure of each part of the coupler has
been determined for further optimization. The

parameters of coupler are shown in Table 1.

RF STRUCTURE OPTIMIZATION
The RF transmission of the coupler was optimized by
CST code. Figure 1 shows RF structure of the coupler.
Main structure of HWR coupler and QWR coupler are
same, which is consist of two cylinder ceramic windows,
bellow structures and coaxial transmission line. Cylinder
_________________________________

#

type window has higher mechanical strength and better
thermal endurance compared with disc type window.
Meanwhile, two windows are safer to protect SRF cavities
from being polluted. There is another impedance change
segment for the 81.25MHz coupler because of the different
flanges connected with the high current HWR cavity and
the QWR cavity.
Table 1: Parameters of the Coupler
Parameter

Value

Frequency

162.5MHz/81.25MHz

Impedance

50ohm

Structure type

Coaxial

Window type

Double, cylinder ceramic

Coupling method

Antenna coupling

Power level

20kW@162.5MHz,
1kW@81.25MHz

Figure 1: RF structure of coupler. The upper figure is
162.5MHz coupler and the lower figure is 81.25MHz
coupler.
In order to install insulating film and air-cooling pipe
more conveniently, both couplers use T-box. The left side
of T-box connects to the RF power source. On the upper
side of T-box, there is a short-circuit face which can be
moved to adjust the mis-matching. Although T-box has
frequency selectivity, we can adjust the size of outside box
and the position of short-circuit face to guarantee the
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impendence matching for the whole coupler transmitting
both 162.5MHz and 81.25MHz frequency.
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When transmitting 20kW RF power, 1kV electrical bias
on inner coax can restrain MP by shifting resonant
conditions. When transmitting higher RF power for the
BISOL second stage with deutron beam current of
higher than 20 mA, higher electrical bias or TiN coating
is needed. For example, if power level gets to 50kW, we
can find that 1kV electrical bias doesn’t work but 2kV
electrical bias is effective. If power level arises to 100
kW, simulation gives that MP can be suppressed by 1kV
electrical bias and TiN film coating on the ceramics. For
the first stage of BISOL, the designed coupler can
transmit both CW 20kW 162.5MHz and 1 kW
81.25MHz power by just adding 1 kV electrical bias and
without TiN film on ceramic windows.

(a)

(b)
Figure 2: (a) The model of the T- box. (b) The center
frequency changed as the position of the short-circuit face.
Figure 2 shows the cross section of the T-box. The
position of the short-circuit face and the geometry
parameters of the T-box affect the transmission properties.
There are two methods to get both good S parameters at
two different frequency. It can be achieved by changing the
position of the short-circuit face of about 400 mm while
using the same T-box. The other method is that position of
the short-circuit face moves about 180 mm and the
geometry parameters of the outer T-box also changed while
keeping the same inner T-box. Because the T-box is under
atmosphere and the outer T-box is easy to replace, we
choose the second method of the T-box design.
After a series of optimization, a good S parameter result
has been found. As shown in Fig. 3, the S11=-45.5dB when
frequency is 162.5MHz and the S11=-41.8dB when
frequency is 81.25MHz. The simulation results show that
the coupler has good transmission properties for both
frequencies.

MP SIMULATION
Multipacting (MP) can cause energy loss and heat
generation, limiting the maximum transmission power.
Normally MP can be suppressed by optimizing
geometry of coupler, coating TiN film on ceramic
windows and adding electrical bias. CST particle
tracking mode is used to simulate MP in the coupler.
Figure 4 shows the inhibiting effect of electrical bias.
MOP075
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Figure 3: Optimized S-parameter of the coupler, S11 =
- 45.5dB @162.5MHz, S11=-41.8dB @81.25MHz

THERMAL ANALYSIS
Because coupler plays a role of temperature transition
between room temperature and 4.2 K, the requirement of
thermal design is reducing the heat loss to the low
temperature system and controlling temperature rise of the
coupler when transmitting high RF power. In general, heat
loss from coupler to the low temperature system includes
static heat loss and dynamic heat loss, which can be
balanced by copper plating on the surface of stainless steel
outer conductor. In addition, increasing the number of
thermal anchors and using bellows structure can also
reduce the level of heat loss effectively.
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CONCLUSION
A prototype input power coupler which can transmit
both 162.5MHz and 81.25MHz frequency power to SRF
HWR cavity or QWR cavity has been designed. RF
structure optimization, MP simulation and thermal analysis
of the coupler have been finished. The mechanical design
of the coupler is in process. It will be fabricated and
proceed the high power test soon.
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Figure 4: Inhibiting effect of electrical bias. (a) The power
level is 20kW (b) power level is 50kW.
Thermal analysis was done by ANSYS code. In the
thermal simulation, the RF power is selected as 20 kW.
From the temperature distribution results in Fig. 5, it can
be found that without air cooling the maximum
temperature is 330K located at inner conductor, but with
air cooling the maximum temperature is just 303K.
Through the comparison, air cooling is a good method to
control the temperature rise. Besides, the heat loss to 4.2 K
is 1.5W and the heat loss to 77K is 6.2W. this analysis
indicates that 20kW is a safe power level for our coupler in
real operation.

Figure 5: Temperature distribution result. The upper figure
is coupler without air cooling and the lower figure is
coupler with air cooling.
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FUNDAMENTAL POWER COUPLER DESIGN FOR A 325 MHz BALLOON
SSR CAVITY *
V. Zvyagintsev†, R.L. Laxdal, Y. Ma, B. Matheson, Z. Yao, B. Waraich,
TRIUMF, Vancouver, Canada
Abstract

Cavity Detuning and Forward Power

TRIUMF has designed, fabricated and tested the first
balloon variant of the single spoke resonator at 325 MHz
and beta=0.3. TRIUMF has also designed a 5 kW fundamental power coupler as part of the development. The
design of the coupler will be presented.

The forward power requirement is given by equation
[3]

INTRODUCTION
The RISP project is a major radioactive ion beam project located in Daejeon Korea. The project includes a
heavy ion linac to accelerate ions up to 238U to
200 MeV/u with 400 kW of beam power [1]. The same
accelerator will also be capable of accelerating light ions
with proton currents and final energy of 0.66 mA and
600 MeV. The driver linac has two sections, SCL1 and
SCL2. SCL2 is comprised of two cavity variants, SSR1
and SSR2. SSR1 is a beta=0.3 single spoke resonator
designed at TRIUMF [2].
A rf power coupler is required for the SSR1 cavity.
TRIUMF is commissioned to design a rf power coupler
for the RISP project.

COUPLER SPECIFICATIONS
The coupler specification is based on cavity and beam
parameters, coupling and assembling considerations and
the cryogenic load for the cryomodule.

ܲ ൌ

ܲ௩
ቈሺͳ  ߚ  ܾ ܿݏMሻଶ
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ொ
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, ο݂௧௧ ൌ ο݂௦ േ ο݂ௗ is the

total detuning that consists of static (controllable) detuning 'fs=0 (we assume that it’s compensated) and random
dynamic (uncontrollable) detuning 'fd. For estimation of
the power requirement we set the accelerating phase angle
߮ ൌ Ͳ (for maximum beam power). Thus the equation (1)
is reduced to
ܲ௩
ο݂ௗ ଶ
ܲ ൌ
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The cavity will operate at 2K in superfluid helium at a
pressure of 31±0.3 mbar. The expected sensitivity to helium pressure fluctuations is ≤ 10 Hz/mbar and results in an
expected detuning of ≤ ±3 Hz. These tend to be slow
variations and easily compensated by the tuner.

Cavity and Beam Parameters
The SSR1 main cavity parameters and nominal beam
parameters are presented in Table 1. For nominal operation the coupler should transmit in the cavity an RF power
of 1.64 kW for the beam and 5.4 W for the structure
walls.
Table 1: Cavity and Beam Parameters
Parameter
Frequency, f
Geometry beta, Eo
Shunt impedance, R/Q
Quality factor, Qo
Effective voltage, Veff
Cavity power, Pcav
Beam current, Ibeam
Beam power, Pbeam

____________________________________________

Value
352
0.30
233
5u109
2.50
5.4
656
1.64

* Work supported by TRIUMF-RISP Collaboration
† zvyagint@triumf.ca
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Unit
MHz
Ohm
MV
W
PA
kW

Figure 1: Pfor vs. Qext for nominal accelerating regime at
various 'fd; optimum point Pfor=3.4 kW at Qext=5.2106
for 'fd=30 Hz is marked with red star.
The cavities will operate in CW regime so we do not
consider Lorentz force detuning (LFD). This will only be
an issue at turn on if the cavity is locked at low gradient
and ramped up to higher gradient.
Microphonics is the main source of fast oscillation typically driven by the lowest mechanical mode. Previous
measurements from other similar cavities (either SSR or
HWR cavities) indicate frequency errors distributed in a
Gaussian with V<2 Hz. In order to be stable, the half rf
bandwidth should be at least 10V to avoid low probability
events unlocking the cavities or 20 Hz [4].
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A plot of the forward power Pfor as a function of Qext
and expected detuning 'fd (to have sufficient bandwidth
for stable operation) is shown in Fig. 1. A very conservative operating point would assume a bandwidth to compensate 'fd=±30 Hz of total detuning corresponding to an
optimum Qext=5.2106 with a required Pfor at the detuning
limit of 3.4 kW and 2.2 kW in the center of the tuning
window.
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COUPLER DESIGN
The design of the coupler is shown in Fig. 3. It consists
of 3 main sections: the antenna ‘cold’ vacuum section, a
single RF vacuum window and a ‘warm’ 50 Ohm air TL
section. The hermetic unit consists of the cavity, ‘cold’
section and RF window. It is intended that the cold section be assembled on the cavity in clean room conditions.

Figure 2: Coupler design for SSR1 RISP cavity.

Antenna and Transmission Line Considerations
The cavity has 3-1/8” RF port for the electrical antenna.
We choose 100 Ohm wave impedance for the antenna
vacuum section of the coupler in consideration of increasing of multipacting level. Simulations in CST Microwave
Studio for the cavity and antenna in 100 Ohm coaxial
give us the distance of the antenna tip x from the cavity
center for different Qext (Fig. 2). Analyzing Qext(x) and
Pfor(Qext) data for 'fd=30 Hz and Qext=5.2106 we see that
an error of ±2 mm in antenna position will lead to an
increase of Pfor of 2.5%, which is not very critical. In such
a way we can choose a fixed coupler option for the design. Power loss on the copper antenna tip from the cavity
field is estimated at ~0.15 W.
During operation while 'fd is fluctuating from 0 to
30 Hz the VSWR is changing from 3.1 to 6.1. Therefore
the transmission line (TL) is operating close to the standing wave (SW) regime. The TL power rating has to be 4
times more than for the TW regime. For external TL
we choose 50 Ohm 3-1/8” coaxial transmission line;
at 325 MHz it has 25 kW rating for TW and 6.25 kW
for SW regimes. This rating is sufficient even for a
regime with 25% more gradient when Pfor=5 kW is
required. These design values are shown in Table 2.

Cryogenic /oad
The coupler cryogenic load should not add significantly
to the cryogenic load expected from the cavities and other
cryomodule elements. Thermal strapping should be provided to remove the heat at various thermal stages from
2 K (superfluid He), 4.5 K (liquid He), 40 K (He gas) and
300 K (room temperature). The guidelines for heat loads
are: 0.5 W for 2 K, 1 W for 4.5 K and 15 W for 40 K.

SRF Technology - Ancillaries
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Figure 3: Coupler design for SSR1 RISP cavity.

Vacuum Section
The vacuum section provides coupling and is mounted
to the cavity via a 3-1/8” RF port. A copper capacitive
antenna is centered inside the 3-1/8” stainless steel (SS)
tube forming a 100 Ohm coaxial TL. The SS tube has 4 K
and 40 K cryogenics intercepts to reduce the heat load to
the 2 K (superfluid He) system with a wall thickness of
0.4 mm to further reduce the heat load for the 2 K, 4 K
and 40 K intercepts. Copper coating inside the SS tube is
not required. The copper hollow antenna rod has pumping
holes and thread connection to the RF window and penetrates to the cavity RF port.
Table 2: Input 3arameters for the &oupler 6imulation
Parameter
Effective voltage, Veff
Cavity power, Pcav
Beam current, Ibeam
Beam power, Pbeam
Quality factor, Qo
Coupler Qext
Antenna VSWRa
Pfor in antenna

Value
3.12
7.9
656
2.05
5.0109
5.2106
7.61
5.04

Unit
MV
W
PA
kW

kW

The SS tube has an inner baffle disk protecting the RF
window ceramic surface from energetic electrons which
potentially could come from cavity multipacting and field
emission processes. CST Particle Studio multipacting
simulations show that the disk also mitigates multipacting
in the vacuum section itself by confining the multipacting
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region; it stops secondary electrons propagating to the
ceramic RF window. The antenna section is equipped
with a pickup for secondary electrons – E-pickup – an
electrical antenna based on a single ended ceramic RF
feedthrough mounted on 1-1/3” flange on the SS pipe
welded to the SS tube. The antenna section components
should be polished inside to minimize radiative heat load
for 2K. Since the coupler is operating in standing wave
(SW) overcoupling regime, the length of the antenna is
about O/4 to provide a minimum of the E-field longitudinal distribution at the ceramic RF window; it significantly
reduces RF loss and mitigates multipacting in the RF
window.

RF Window Section
The coupler has a single RF window as a barrier between cavity vacuum and atmosphere. The RF window
consists of a 3-1/8” Al2O3 6 mm thick ceramic disk
brazed with flange and inner conductor, it provides interfaces for the vacuum and air ‘warm’ 50 Ohm TL sections.
The step of impedances close to the RF window location
improves matching in the 50 Ohm TL section; the decrease of VSWR is ~2 times. The vacuum or ‘cold’ side of
the ceramics should be sputtered with TiN or TiOx to
provide a discharge path and mitigate multipacting on the
ceramic surface.
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simulations with radiation heat transfer with RF losses,
boundary temperatures and material properties are included. The results of the simulations are presented on Fig. 4
and Table 3 and prove that this coupler design is capable
to provide the cavity maximum operating regime with
Pfor=5 kW CW in the antenna section while the input
requires a forward power of 2.68 kW due to the matching
impedance step. This sets the requirement for RF amplifier to ~3 kW. The RF loss in the coupler is ~9 W, in the RF
window is very low, E-field on bellows is low, cryogenic
heat loads are acceptable.
Table 3: Results of the &oupler 6imulation
Parameter
Input Pfor_in
Input VSWRin
Coupler RF loss, Ploss
RF window loss, Pwindow
Emax in air section
Heater, Pheat
Window 'To
Heat load for 2K
Heat load for 4.5K
Heat load for 40K

Unit
kW
W
mW
kV/cm
W
K
W
W
W

Value
2.68
2.8
8.8
40
<1.4
10
20
0.36
0.97
17.5

Multipacting simulations of the vacuum section in CST
Particle Studio show that the baffle disk covering the RF
window from multipacting decreases the intensity of
multipacting ~4 times. DC bias is required to fully mitigate multipacting for reliable coupler operation.

CONCLUSION

Figure 4: RF E-field and temperature distributions in the
coupler from COMSOL simulations.

50 Ohm ‘:arm’ Section
The 50 Ohm ‘warm’ TL section has a standard 3-1/8”
interface for the 50 Ohm coaxial TL. Outer and inner
conductors are equipped with BeCu bellows which provide matching of the mechanical assembly and protect RF
window ceramics from mechanical overload. A 20W
heater clamped to the outer conductor keeps the RF window at room temperature and to avoid a dew point condition on the atmospheric side of the RF window.

COUPLER DESIGN SIMULATION
The Coupler design has been optimized with 2D Comsol Multiphysics simulations verified in ANSYS. The
final design was checked for a regime with maximum
beam loading for an accelerating voltage of 1.25 of the
nominal value – a conservative `worst case’ condition.
(Table 2). RF (at a frequency of 325 MHz) and Thermal
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The design of a single window fixed coupler for RISP
SSR1 spoke cavity was proposed at TRIUMF. In according to COMSOL simulations it’s capable for 5 kW CW of
forward power in SW regime in the antenna section.
Next steps for future will be RF window development
in cooperation with ceramic RF window provider and
development of DC bias unit to mitigate multipacting for
reliable coupler operation. RISP is proceeding with the
coupler manufacture and qualification.
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CERAMIC STUDY ON RF WINDOWS FOR POWER COUPLER,
WAVEGUIDE, AND KLYSTRON IN PARTICLE ACCELERATOR
Y. Yamamoto†, S. Michizono, KEK, Tsukuba, Japan
Abstract
R&Ds on different types of ceramic used in power coupler, waveguide, and klystron for particle accelerators are
under progress in Center of Innovation (COI) at KEK, and
at some outside companies. There are five important parameters on the properties of ceramics; that is, relative permittivity, dielectric loss tangent, surface and volume resistivity, and secondary electron emission coefficient. For
measurements of these parameters, eight kinds of ceramic
samples supplied from five vendors have been measured
using three different measurement systems since 2017. In
this report, the recent results for these studies will be presented in detail.

INTRODUCTION
Ceramic used for RF window in power coupler, waveguide, and klystron, is an insulating material mainly composed of alumina (Al2O3), and has different dielectric loss
tangent (tanδ) depending on the purity. tanδ is an important
parameter to evaluate heating effect in high power RF operation, especially, superconducting accelerator. On the
other hand, secondary electron emission coefficient (δSEE)
on ceramic surface is closely related to multipacting. Usually, for suppression of multipacting, Titanium-Nitride
(TiN) coating is applied to enable ceramic to be used in
high power RF operation. The TiN coating is done by applying high voltage to titanium electrode in nitrogen gas in
vacuum furnace. The TiN coated ceramic surface has lower
δSEE as well as lower surface resistivity (ρs). From the
above, it is understood that the measurement of δSEE, tanδ,
and ρs is important for evaluation of ceramic. In addition to
these three parameters, volume resistivity (ρv) and relative
permittivity (ε) have been measured by KEK since 2017.

RESEARCH ON SECONDARY ELECTRON EMISSION COEFFICIENT
Secondary electron emission coefficient on ceramics is
the most important parameter to estimate effect of multipacting in high power RF operation. In COI at KEK, for
the measurement of δSEE in 2018, scanning electron microscope (SEM) with beam blanking system (like a kicker
magnet) to generate a pulse beam was installed. For avoidance of charge-up effect on ceramic surface, it is essential
to use a pulse beam, because ceramic is an insulator. The
specification of this measurement system was described in
reference [1]. Table 1 shows eight ceramic samples including different coating processes provided by five companies
for δSEE measurement. TiN coating is a conventional
method to reduce δSEE, and chrome-oxide (Cr2O3) coating
is a new attempt for cost reduction in coating process. Figure 1 shows the ceramic samples with diameter of 19 mm
____________________________________________

including coating-free, two different TiN coating, Cr2O3
coating, and new material ceramic (LSEEC). LSEEC is a
ceramic developed by KYOCERA to save cost by skipping
the TiN coating process. The test result in high power operation was summarized in reference [2].
Table 1: Ceramic Sample List for δSEE Measurement
Company

Sample

Coating

#

NGK/NTK

HA95
A479B
LSEEC
AO473A
AD-995-LT
AM997Q
Sample A
Sample B

TiN/Free
TiN/Free
Free
Free
TiN/Free
Free
TiN/Cr2O3/Free
TiN/Cr2O3/Free

2/18
3/3
9
2
2/22
2
18/20/7
18/20/7

KYOCERA
COORSTEK
FERRO TEC
Company A

Figure 1: Ceramic samples (coating-free, TiN coating 1,
TiN coating 2, Cr2O3 coating, and LSEEC from left to
right) for secondary electron emission coefficient measurement.
Figure 2 shows SEM with beam blanking system (topleft), sample holder (top-right), schematic view of δSEE
measurement system (middle), and some typical results including waveforms in oscilloscope (down). Carbon target
is used to measure primary beam current as shown in topright figure. The electron beam can pass through the beam
blanking system from above cathode voltage of 0.5 kV.
The measurable energy range is from 0.5 keV to 30 keV.
In down figure, the comparison between coating-free and
TiN coating for A479B is shown with some waveforms.
The waveform for coating-free ceramic has steep structure
(A479B #2 @1 kV and 3 kV), on the other hand, the waveform for TiN coating is similar to that for metal like copper
and niobium (A479B #4 @1 kV). At δSEE ~ 1 around 3 kV,
there is no signal (A479B #4 @3 kV), because primary current and secondary current are cancelled each other.
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Figure 2: SEM (top-left), sample holder (top-right), schematic view of measurement system (middle), and some typical
results including waveforms in oscilloscope (down).
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Figure 3: Summary of secondary electron emission coefficient for every ceramic sample including TiN/Cr2O3 coatings
and LSEEC.
Figure 3 shows recent results of δSEE measurement.
There is a clear difference between TiN coating and coating-free ceramic. AD-995-LT #21 with different TiN coating (TiN coating 2 in Figure 1) is somewhat higher than the
other TiN coated samples, and the cause may be difference
in coating thickness. There is no difference in TiN coated
ceramics with TiN coating 1. Sample A #2 with Cr2O3 coating has same δSEE as TiN coated ceramics. This means
Cr2O3 coating may be also available for RF window.
AO473A #1 and AD-995-LT #19 without coating has
lower δSEE than the other ceramics including HA95, which
was the conventional ceramic in KEK. LSEEC also has
lower δSEE within coating-free ceramic samples. However,
it is higher than TiN coated ceramics, and also has higher
dielectric loss tangent as described in next section.

RESEARCH ON RELATIVE PERMITTIVITY AND DIELECTRIC LOSS TANGENT

Figure 4: Ceramic samples (A479B, LSEEC, AD-995-LT,
Sample A, and Sample B from left to right) for relative
permittivity and dielectric loss tangent measurement.

Relative permittivity and dielectric loss tangent for five
ceramics provided by three companies were measured at
AET [3]. The measurement principle is described in reference [4]. The measurement mode is TM010, and the corrections for difference in sample size is included into the calculations. Table 2 shows the ceramic sample list, and Figure 4 shows the five samples with the size of 80 x 3 x 1
mm. The measurements were carried out by averaging
three to five measurements per sample at 1 GHz and 2 GHz
as shown in Figure 5.
Table 2: Ceramic Sample List for ε and tanδ Measurement
Company
KYOCERA
COORSTEK
Company A

Sample
A479B
LSEEC
AD-995-LT
Sample A
Sample B

SRF Technology - Ancillaries
power coupler / antennas

Coating
Free
Free
Free
Free
Free

#
5
5
5
9
11

Figure 5: Measurement of relative permittivity and dielectric loss tangent at AET.
Figure 6 shows the results for this measurements including some specific values for each ceramic. The downward
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Figure 6: Relative permittivity and dielectric loss tangent for five ceramics including some specific values for each ceramic.
arrows in tanδ represent the upper limit value for that ceramic. All samples satisfy the specification values. The
measurement of tanδ revealed a difference depending on a
purity of each ceramic. Generally, ceramics with a purity
of 99% of alumina have tanδ of 10-5, and 95% of alumina
have tanδ of 10-4. LSEEC has much higher tanδ than the
other ceramics, and this feature may generate heating phenomena in high power operation [2].

is distributed from 1015 to 1018 ohms∕square. Moreover,
there is no clear difference between TiN coating and coating-free ceramics. This means that some improvement is
necessary for the measurement of surface resistivity. The
flatness and cleanness on ceramic surface may be important.

RESEARCH ON SURFACE AND VOLUME
RESISTIVITY
Surface and volume resistivity measurement have been
done in JFCC [5] using six ceramic samples with diameter
of 19 mm as shown in Table 3. At JFCC, all samples experienced electrode burn-in process. Figure 7 shows three
samples (coating-free, TiN coating, and Cr2O3 coating
from left to right) after this process. The measurement principle is shown in Figure 8. The applied voltage is 1 kV, and

Figure 7: Ceramic samples (coating-free, TiN coating, and
Cr2O3 coating from left to right) for surface and volume
resistivity measurement.

the applied stress is 10 kgf. The baking process at 120℃/2
hours before and after each measurement process is done.
Each measurement time is 1 hour.
Table 3: Ceramic Sample List for ρs and ρv Measurement
Company
Sample
Coating
#
NGK/NTK
HA95
TiN/Free
1/1
A479B
Free
1
KYOCERA
LSEEC
Free
1
COORSTEK AD-995-LT
TiN/Free
2/2
Sample A
TiN/Cr2O3/Free 2/1/2
Company A
Sample B
TiN/Cr2O3/Free 3/1/4
Figures 9 shows electric current during the ρs and ρv
measurements. Although it changed rapidly for 10 mins
from the start of measurement, it became stable thereafter.
The both resistivity was calculated from electric current at
last measurement point after one hour. Figure 10 shows the
results for ρs and ρv measurements. The volume resistivity
for every ceramic except LSEEC well-agreed within one
order. The electrodes were not well formed due to new material in LSEEC. On the other hand, the surface resistivity
MOP077
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Figure 8: Measurement principle for surface and volume
resistivity.

Figure 9: Electric current for surface and volume resistivity
measurement.
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Figure 10: Surface and volume resistivity for five ceramics.

CONCLUSION
Ceramic R&D for RF window in power coupler, waveguide, and klystron has been done in KEK since 2017. The
measurement on secondary electron emission coefficient
has been successfully done by SEM with beam blanking
system. At present, there was no clear difference among
TiN coated ceramics, and effect of Cr2O3 coating was same
as TiN coating. On the other hand, although LSEEC had
lower δSEE than the other coating-free ceramics, it had
much higher tanδ than them. Therefore, LSEEC may generate heating phenomena during high power operation.
Measurement on relative permittivity and dielectric loss
tangent was successfully done, and there was well consistency between measured values and their specifications.
Measurement on surface and volume resistivity was also
done. Although volume resistivity was almost uniform
among six ceramics including TiN/Cr2O3 coating, surface
resistivity was distributed from 1015 to 1018 ohms/square,
there was no difference between TiN coated and coatingfree ceramic. Some improvements for surface resistivity
measurement is necessary.

[2] Y. Yamamoto et al., “Availability of the TiN Coatingfree Ceramic in the STF-type Power Coupler for ILC”,
in Proc. of IPAC2018, Vancouver, BC, Canada,
Apr. 2018, pp. 2819-2821.
doi:10.18429/JACoW-IPAC2018-WEPML053
https://www.aetjapan.com/hardware_detail.php?micro01_diele_resonant

[3] AET,

[4] B. W. Hakki et al., “A Dielectric Resonator Method of
Measuring Inductive Capacities in the Millimeter Range”,
IRE Transactions on Microwave Theory and Techniques,
Jul. 1960, Vol. 8, Issue 4, pp. 402-410.
DOI:10.1109/TMTT.1960.1124749

[5] JFCC, http://www.jfcc.or.jp/

FUTURE PLAN
The measurement on secondary electron emission coefficient will be continued for more detailed inspection. Specifically, rinsing effect including ultrasonic and ozonized
(O3) water is inspected. Thickness effect for TiN coating
and different coating method will be also inspected.
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Abstract
Current results on input power coupler development for
Half-Wave superconducting accelerating cavity proposed
for Nuclotron-based Ion Collider fAcility (NICA) collider
injector upgrade are discussed. Two coupler designs are
considered, first one is a low-power coupler for cavity tests
and the second one is a high-power operational coupler.
Both devices are of coaxial type with capacitive coupling;
high-power coupler utilizes single ceramic vacuum window.
NICA is designed to accelerate different types of ions. Due
to the variable intensity of ion sources, beam current will
vary in wide range. In order to ensure efficient acceleration,
power coupler must be highly adjustable in terms of coupling
coefficient. This introduces excessive mechanical stress in
the ceramic RF window due to the bellows deformation. In
order to mitigate this effect bellows were substituted with
sliding contacts. This paper discusses new coupler design
and its electrical, mechanical and thermal properties.

Figure 1: Test coupler model.

INTRODUCTION
In this paper we describe progress in half-wave SC cavity
power coupler development. Since the last report [1] the
layout of the coupler was changed. Excessive mechanical
stress on the ceramic SC window in previous design could
not be removed without introduction of additional suboptimal construction elements. New coupler layout is based
around the idea of introduction of the EM shields to the
design [2]. It allowed us to use telescopic cylinders with
sliding contacts for antenna movement.

TEST COUPLER
Overview

Figure 2: Test coupler reflection over ceramics dielectric
coefficient.

Mechanical simulation of the test coupler were performed.
Mechanical deformation of the test coupler under external
force of 1 kN is shown in Fig. 3. Achieved tuning range for
the test coupler is 3 cm, which is enough for the project.

Test coupler for the cryogenic tests was developed (Fig. 1).
Since cavity operates in critical coupling mode, transmitted
RF power is relatively low. This allows us to use off-theshelf N-type connector for interfacing with the generator. In
order to increase antenna immersion tuning range, welded
bellows were used. Antenna is hollow with longitudinal cuts
for vacuum pumping, antenna support has a truncated cone
shape.

Simulation
Coupler geometry was optimized to have minimally
possible reflection. Coupler reflection S11 is in range of
[−15, −20] dB for ceramics dielectric constant deviation
∆ε = ±0.5 (Fig. 2).
∗

Figure 3: Test coupler deformation under 1 kN.
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POWER COUPLER
Overview
Scheme of the new power coupler layout is presented in
Fig. 4.

Thermal Simulations
Thermal simulation of the device with two ceramic materials and two gap fillings was conducted. Temperature
distributions in RF window ceramic are presented in Fig. 7.
It appears that beryllium ceramics heats up only by one
degree.

Figure 4: Power coupler scheme.
It has one ceramic RF window (8). Whole barrel window assembly (9) moves along the guide beams (12) and
telescopic tubes of the coaxial transmission line. Maximum
current flowing through the sliding contacts (6,11) is around
2 A/cm .
Original design of coupler with EM shields included a
gap between 4 K and 70 K outer conductors (4). This may
introduce additional challenges at the assembly stage [3]. As
an option, gap filling with steel sleeve was considered.
Vacuum insulation is provided by bellows (7). In order to
decrease force required to move the antenna, welded bellows
were chosen.

(a) Alumina

(b) Beryllium

Figure 7: Temperature distribution on RF window ceramics.
Temperature loads on the cooling lines 4.2 K and 70 K
with steel and vacuum gap filling were calculated. Calculation results are presented in Table 1. Both static and dynamic
temperature loads were calculated with accounting for the
heat radiation.
Table 1: Cooling Line Thermal Loads
Cooling line

Load, W
steel sleeve

Load, W
vacuum gap

Static load
4.2
70

1.05
6.5

0.45
7.1

Dynamic load
Figure 5: Power coupler model.
Power coupler model is shown in Fig. 5. Two ceramic
materials were considered for the RF window: alumina and
beryllium. Alumina is popular choice due to its good mechanical properties and low RF losses. Beryllium has excellent thermal conducting properties and losses even lower, but
it is toxic. Coupler was matched for both ceramics (Fig. 6).

4.2
70

0.21
2.3

0.52
2.3

As expected, vacuum gap filling has lower load. Steel
filling has about 30% higher thermal load on 4.2 K line,
which is still acceptable. Additional experiments with the
steel sleeve shape may help finding a middleground between
two options, both providing low thermal load and allowing
easier outer conductor centering during the assembly.

Mechanical Simulations

(a) Alumina

(b) Beryllium

Figure 6: Power coupler reflection for alumina and beryllium
RF window ceramics over dielectric constant.

SRF Technology - Ancillaries
power coupler / antennas

Mechanical simulations were conducted. External force
of 3 kN allows tuning antenna immersion in desired range
of 1.5 cm. Model deformation under applied force is shown
in Fig. 8.
In Fig. 9 stress distribution in RF window ceramics is
shown. Due to high thermal conducting coefficient, the
beryllium has significantly lower stress level. Calculated
safety factor is around 3 for alumina ceramics; for the beryllium ceramics it is around 6.
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tenna immersion range was designed and is being prepared
for manufacturing. New power coupler layout was proposed.
It features EM shields and sliding contacts, reducing both
thermal load on the cavity and mechanical stress levels in
RF window ceramics.

REFERENCES
Figure 8: Power coupler deformation under 3 kN.

(a) Alumina

(b) Beryllium

Figure 9: Stress in RF window ceramics.

CONCLUSION
In this paper two newly developed couplers are described.
The special coulper for cavity vertical tests with wide an-
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LATEST PROGRESS IN DESIGN AND TESTING
OF PIP-II POWER COUPLERS*
S. Kazakov†, O. Pronitchev, B. Hanna, N. Solyak
Fermi National Accelerator Laboratory, Batavia, IL 6050, USA
Abstract
Proton Improvement Plan - II (PIP-II) project is underway at Fermi National Laboratory. Main part of the project is the 800 MeV proton superconducting accelerator
which includes 116 superconducting cavities of 5 different
types and three (162.5, 325 and 650) MHz frequencies.
Key elements of the accelerator which determine a reliable
operation are the main couplers for superconducting cavities. This paper describes the latest progress in design and
testing of main couplers for PIP-II projects.

voltage bias up to 5 kV to suppress multipactor. Surface of
ceramics is not coated. Loop is formed by two cooper
tubes. Tubes are cooled by air. Two couplers and four windows units were fabricated. After about ~500 hours of operation at CW mode two windows were cracked.

INTRODUCTION
The goal of PIP-II are the upgrades to the Fermilab accelerator complex capable of providing a proton beam with
power of more than 1 MW on the target of the Long Baseline Neutrino Facility. Main element of the project is 800
MeV, 2m, H- superconducting accelerator. Accelerator
consist of room temperature injector, which includes 162.5
MHz RFQ and superconducting section. Superconducting
section includes:
162.5 MHz Half-Wave Resonators (HWR), 8pc;
325 MHz Single Spoke Resonators, type 1 (SSR1), 16pc;
325MHz Single Spoke Resonators, type 2 (SSR2), 35pc;
650MHz Low Beta Elliptical Cavities (LB 650), 33pc;
650MHz High Beta Elliptical Cavities (HB 650), 24pc.
In this paper we will discuss main couplers for RFQ,
SSR and Elliptical Cavities. It is supposed that SSR1 and
SSR2 cavities will utilize a common coupler, “325 MHz
coupler”. LB650 and HB650 will utilize common coupler
“650 MHz coupler”.
Power requirements for the coupler comes from accelerator parameters: RFQ couplers have to operate at power
level ~ 70kW, 325 MHz couple at power ~ 15kW and 650
MHz coupler at power level ~50 kW. All couplers operate
in CW mode.

Figure 1: First design of RFQ coupler.

RFQ COUPLER
The 162.5 MHz RFQ cavity is powered through two
couplers. Each coupler must operate reliably at RF power
level ~ 70 kW CW. Two designs of RFQ couplers were
made. First design is presented at Fig. 1 and window unit
is showed at Fig. 2 [1]. Window unit of first design is based
on 3-inch diameter and 6mm thickness ceramic disk made
of alumina. Window is brazed to outer conductor and to
inner conductor which forms RF loop in vacuum side of
coupler. Loop is not grounded, and it allows to apply high
___________________________________________
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Figure 2: First design of RF window unit.
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After this outcome, a new window unit design was made
(second) with replaceable ceramic disk. The new window
unit design is presented in Fig. 3. Diameter of ceramics
was increased up to 6 inch and thickness was reduced to
4mm. Vacuum sealing is provided by Viton O-rings. Thus,
ceramic disk is not brazed to metal environment anymore
and can be easy replaced in case it is broken. It saves production and operating costs. Viton rings are placed in narrow slots between metal walls to reduce RF fields in the
rings and to reduce RF loses in Viton. This is the reason
why the thickness of ceramics was reduced to 4 mm. In the
new design the ceramic disk is cooled by air from outer
perimeter. Loop has the same shape and is not grounded as
well. New window units are compatible with the rest of the
coupler parts. Two window units were fabricated and installed to RFQ and they successfully work without signs of
degradation.
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the test, second row is number of tested couplers / numbers
of broken couplers during the test.
Table 1: Statistic of 325 MHz Coupler Testing
Power
10 kW
20 kW
30 kW
47 kW
Tstd/Brkn 17/0
5/1
2/0
2/1
Eight couplers are installed to SSR1 cryomodule string
and presented at Fig. 4.

Figure 4: Eight 325 MHz couplers are installed to cryomodule string.

Figure 3: Second design of RFQ RF window unit with replaceable ceramics disk.

325 MHZ COUPLERS
We did two designs of 325 MHz coupler as well. First
design was reported in [2]. Main features of design are: single warm window made of alumina. Diameter of window
is 3-inch, thickness is 6mm, ceramics are not coated with
TiN. Antenna is copper tube of OD 0.5 inch cooled by air.
Outer conductor is 3-inch stainless steel tube with wall
thickness 0.8mm. Outer conductor is not coated with copper - it improves a reliability of coupler and simplifies its
production. Design of coupler allows to apply high voltage
bias up to 5 kV to suppress multipactor. All produced couplers were tested at a room temperature test facility in CW
mode with full reflection at four phase points of reflected
power with 90 degrees phase steps. Typically, couplers do
not require conditioning and work without multipactoring
from the beginning if HV bias is applied. Table 1 summarizes the statistics of testing. First row is the power level of

MOP080
264

After learned lessons working with 325MHz couplers,
the improved design of the 325MHz coupler was developed. New design is presented in Fig. 5. Here is the list of
main changes made: (1) diameter of ceramics was increased up to 90mm to make coupler more powerful and
reliable; (2)thickness of ceramics was increased to 8mm to
increase a mechanical strength; (3) configurations of brazing regions, where ceramic is brazed to inner and outer
conductors, were changed – lengths of copper sleeves were
increased to simplify the brazing and reduce mechanical
stresses during operations; (4) copper iris and disk were
added to outer conductor and to antenna respectively.
These parts will protect ceramics from charged particles
which can propagate from cavity and deposit an electrical
charge on the ceramics surface. Besides, the iris will reduce
thermal radiation from warm ceramics in to cold cavity.
Operating temperature of iris will be about 70K;(5) cooling
and mechanical strength of antenna were improved; (6)
two cooper inserts were added in to stainless steel outer
conductors to reduce dynamic cryogenic loadings. These
inserts do not increase static losses but reduce dynamic cryogenic loading to 2K and 5K significantly. Other stainlesssteel parts of outer conductor are not coated; (7) cryogenic
loading of coupler for 15kW, CW +20% reflection operating power level is presented in Table 2. Other small
changes were made to make assembling of the coupler
more convenient. New design is compatible with previous
one and will be used for SSR1 and SSR2 cavities
Table 2: Cryogenic Loading of 325 MHz Coupler
Temperature 2K
5K
50K
Cry-loading 0.36W
1.7W
6.9W
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Figure 5: Improved design of 350 MHz coupler.

650 MHZ COUPLERS
650 MHz couplers will be used to feed two types of elliptical cavities with beta factor 0.65 and 0.95. Couplers
have to provider reliable operation at the power level of
about 50 kW in CW mode. We tried to avoid a copper coating in the vacuum part of the coupler to elevate a reliability.
Because of the higher frequency and higher power, it is impossible to use pure stainless steel as we did in the case of
325 MHz couplers. We made a design with shields made
of solid copper that replace copper coatings. Design is presented in Fig. 6 and the scheme of vacuum part is presented
in Fig. 7a. Advantages of this design are impossibility of
copper flakes and better cryogenic properties.

Figure 6: Cut view of 650 MHz coulesrs with
electomagnetic shields.

Figure 7: Cut views of vacuum parts of 650 MHz coupler
with electromagnetic shields (a) and of conventional
coupler with copper coating (b).
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Backup conventional design with copper coating was made
as well. Outer conductor of first design is replaced with
stainless, still outer conductor coated with copper, Fig. 7b.
Main parameters of couplers: single room temperature
window based on the alumina ceramics disk with 4-inch
diameter and 6-mm thickness; ceramic disk is not coated
with TiN; multipactor is suppressed by high voltage bias
up to 5 kV; antenna is 0.5-inch air cooled copper tube.
One of the questions is if there is a possibility to assemble the outer conductor with copper shields in clean room
without generating particles which can contaminate superconducting cavity. We did experiment of assembling vacuum outer conductors with copper shields and conventional type. The Teflon jig was used to provide concentricity of outer conductor stainless steel parts and copper
shields. All parts were cleaned in ultrasonic bath and were
cleaned by flow of Nitrogen just before assembling. Then
outer conductors were assembled and cleaned by Nitrogen
flow again counting particles. Both assemblies showed
zero number of particles at the end of procedure. Final Nitrogen cleaning took several minutes. Hereby we proved
the possibility of using these designs for superconducting
RF applications. Figure 8 shows the assembly sequence of
outer conductor with coppers shields using Teflon jig. Figure 9 demonstrates moments of assembly experiments.

Figure 8: Assembly sequence of outer conductor with
copper shields using Teflon jig.

Figure 9: Assembling experiment in clean room.
Four vacuum parts were produced – two of the designs
with copper shields and two of the conventional designs
MOP080
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with copper coating. Figure 10 demonstrates appearances
of new and conventional outer conductors.

Figure 12: 650 MHz coupler test banch.
Figure 10: Apprance of outer conductors with coppers
shields, a) and outer conductor with copper coating.
Right now, couplers with conventional outer conductors
are under high power test. Couplers are tested in full reflection mode to increase possible RF power level. The facility
allows us to test couplers up to 100 kW in CW mode. Figure 11 presents RF scheme of test facility, a) and 3d model
of stand with two 650 MHz couplers b). 650 MHz coupler
test banch photo are shown on Fig. 12.

REFERENCES
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Figure 11: a) RF scheme of 650 MHz coupler test facility;
b) 3-d model of test banch b).
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Abstract
The FAIR@GSI accelerator facility will require the GSIUNILAC to provide short heavy ion pulses of highest intensity at low repetition rate for injection into the 18-Tmsynchrotron SIS18. On the other hand, successful physics
programs as for SHE (Super Heavy Elements) rely on the
UNILAC (UNIversal Linear ACcelerator) providing for
heavy ion beams of high average current and high duty factor.
In the next future, a dedicated superconducting (SC) CWLinac should therefore deliver CW beams to the experiments
associated with those programs. As a ﬁrst step towards this
goal, beam tests with a single SC Cross-bar H-mode (CH)
cavity were successfully conducted in 2017/2018. Within
the scope of an Advanced Demonstrator project, current
activities now aim for a beam test of a full cryomodule with
three SC CH cavities and a SC rebuncher. Given a limited
amount of RF power available per cavity and the necessity to
accelerate diﬀerent ion species with diﬀerent mass-to-charge
ratios, the loaded quality factor Q of the diﬀerent resonators
has to be chosen very carefully. This contribution discusses
the simulations performed in this context.

INTRODUCTION
The UNILAC is a critical part of the injector chain for
the future Facility for Antiproton and Ion Research (FAIR).
Therefore, it is subject of ongoing optimization towards
a short-pulsed, high-intensity, low-duty factor heavy ion
LINAC which can utilize the full capability of the SIS18
synchrotron. While this optimization is in progress [1], today
the UNILAC also serves diﬀerent experiments with requirements, which are quite contrarious. Notable examples are
the synthesis of Super Heavy Elements (SHE) [2] and material sciences. They rely on the UNILAC operated at variable
beam energy and high average intensity. Preferably, the latter
is realized by operating the accelerator in CW-mode. Furthermore, the UNILAC’s beam time will be assigned to its
role as an injector for SIS18 exclusively.
Superconducting radio-frequency (SRF) cavities facilitate compact design of CW accelerators and allow for high
energy eﬃciency. The Helmholtz Linear Accelerator (HE∗

c.burandtgsi.de
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LIAC) is a SRF heavy ion accelerator which has been proposed to complement the existing and otherwise foreseen
LINACs at GSI. Its purpose is to keep the SHE program and
other activities, depending on the UNILAC today, competitive. In a joint eﬀort with Helmholtz Institute Mainz (HIM)
and under key support of Institut für Angewandte Physik
(IAP) of Goethe University Frankfurt, the HELIAC is under development. The design comprises a dedicated ECR
(Electron Cyclotron Resonance) ion source, a room temperature injector and twelve SRF cavities grouped into four
cryomodules (see Fig. 1). Table 1 summarizes the design
parameters.
LEBT

RFQ

ECR

Cryomodule 1

IH

0.3 MeV/u

Cryomodule 2

1.4 MeV/u

Cryomodule 3

Cryomodule 4

4.3 MeV/u

7.3 MeV/u

z (m)
0

10

20

30

Figure 1: Layout of the HELIAC accelerator.
The project has already accomplished important milestones. In 2015 and 2016 cold tests of a prototype SRF
structure (henceforth called CH0) proved the feasibility of
the production of the complex superconducting Cross-bar
H-mode (CH) cavities [3, 4]. During 2017 and 2018 the capability to accelerate heavy ion beams with the same cavity
was demonstrated successfully [5–8].
Currently an Advanced CW-Linac Demonstrator is under
development. It will comprise four superconducting cavities
in a cryomodule which shall in future serve as the standard
cryomodule for the HELIAC (see Fig. 2). Beside the protoTable 1: Design Parameters of the HELIAC [9] and the
Advanced CW-Linac Demonstrator (Adv. Dem.)
HELIAC
A/q
f0 (MHz)
Ibeam, max (mA)
Ein (MeV/u)
Eout (MeV/u)
ΔEout (keV/u)
# of SRF cavities

Adv. Dem.

≤6

≤6
216.816
1
1 (0.1)
1.4
1.4
3.5 – 7.3
2.7 – 3.3
±3
tbd
16
4
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type cavity CH0, a re-buncher [10] (B1) and two short CH
cavities (CH1 and CH2) will allow for increased output energies (compare 1). While not a limitiation of the cryomodule
itself, the Advanced CW-Linac Demonstrator is going to be
operated at 100 μA.
Standard Cryomodule Layout

Figure 3: 3-D model of CH0 [3].
CH0

S

B1

CH1

CH2

S

D

D
370 mm

766 mm

370 mm

4800 mm

Figure 2: Layout of the Advanced Demonstrator cryomodule
containing three CH cavities, a re-buncher cavity (B) and
two solenoids (S).
The overall RF power eﬃciency of SRF-based acceleration depends heavily on the proper matching between ampliﬁer and the cavity. For the above-mentioned beam test
with CH0, a high power coupler was constructed. It is still
subject of further development [11, 12]. During the tests
a ﬁxed coupling of βe ≈ 2900 [13] was used. This high
value was chosen in order to relax the possible negative effect of microphonics and hence ease the ﬁrst beam-related
experiments at the expense of suboptimal power eﬃciency.
Critical parameters in this context are the ﬁxed cavity properties Q0 , [R/Q] and the variable acceleration voltage Va as
well as the beam parameters (current Ib and synchronous
phase φs ). Moreover, the amount and susceptibility of microphonics is an important issue. The peak detuning δ fmax
will severely inﬂuence the required amount of RF power.
Since the HELIAC is intended as a universal accelerator
with variable ouput energy and mass-to-charge ratio (A/q),
the chosen matching will be a compromise and only be ideal
for a single use case. For the Advanced CW-Linac Demonstrator it is intended to construct variable couplers [12].
Depending on the experience gained during this pre-project,
the ﬁnal HELIAC coupler will be designed to have a certain
ﬁxed coupling strength.

CH-CAVITIES
The HELIAC will be based on Cross-bar H-Mode (CH)
cavities [14]. Table 2 shows the properties of the three
diﬀerent types that are going to be used in the Advanced
CW-Linac Demonstrator. Notice however, that CH1, CH2
and B1 are still in production or under development and the
given Q0 cannot be regarded as ﬁnal.
Table 2: Properties of the CH cavities [13, 15]
CH0
Frequency
# Gaps
Q0
[R/Q]
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268

CH1/2

B1

— 216.816 MHz —
15
8
2
> 1 · 109  5 · 108  5 · 108
3240
1070
123

Figure 3 shows a 3-D model of CH0 which was used for
structural mechanical analysis [16]. The pressure sensitivity
is about 100 Hz/mbar. During production of CH0, prior
to mounting the helium vessel around the cavity, a fourhour measurement of the momentary frequency deviation
was carried out on a vertical test stand at 4 K. It showed a
standard deviation of σ = 2.1 Hz, as shown in Fig. 4. Stable
operation is considered to be possible when the RF system
can compensate for a frequency deviation δ f of at least 6σ.
Since the mechanical mounting is quite diﬀerent when the
cavity is used for acceleration, an additional safety margin
was applied, yielding δ fmax = 30 Hz.

± = ±2.1 Hz
counts
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Figure 4: Result of a long-term measurement of the momentary frequency deviation of the CH0-Cavity (source: [3],
modiﬁed).

BEAM DYNAMICS
Determination of RF power requirements presumes knowledge of the complex beam current, which the cavity is interacting with. The applied Equidistant Multigap Structure
(EQUUS) beam dynamics concept allows for eﬃcient acceleration between the equidistant gaps while maintaining
a longitudinally stable bunch [17, 18]. Bunches enter the
ﬁrst gap of a cavity at a certain synchronous phase. As the
velocity increases, the synchronous phase varies from gap
to gap. In the HELIAC lattice, bunches typically enter the
ﬁrst gap of a cavity at a negative synchronous phase φs and
leave with φs ≈ 0 or vice versa [19]. In the very long CH0
structure, the phase space trajectory starts with negative φs
and will evolve to φs ≈ 0 for the center gaps and back to
negative phases. Figure 5 illustrates this qualitatively. The
net voltage presented by the cavity to the beam depends on
both, the relative voltage in each gap (according to the ﬁeld
proﬁle) and the synchronous phase. While the ﬁrst is a ﬁxed
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generator

CH2

cavity

beam

V

Figure 7: Equivalent circuit model as basis for the presented
calculations.

CH1

Figure 5: Simpliﬁed sketch of the possible evolution of the
relative mean bunch energy and synchronous phase along
the ﬁrst cavities.

parameter, the latter is subject to the choices made during
beam dynamical optimizations. It depends especially on the
desired output energy. The following analysis of CH0 assumes an eﬀective synchronous phase of φs between cavity
voltage and beam current.

DETERMINING OPTIMAL COUPLING
RF Power Budget
Only part of the RF power provided by the ampliﬁer of
the RF system can be transferred to the beam. Figure 6 illustrates the breakdown of the power budget. Transmission line
losses can be estimated to amount to 5 % to 10 %. Cavity
wall losses range from few hundred mW to 10 W, depending on the selected accelerating voltage. Finally, the power
delivered to the beam represents the useful fraction of the
RF power initially invested.

[R/Q] and Q0 ) and certain beam parameters, only the reﬂected power remains to be manipulated in order to optimize
the RF eﬃciency. This requires two parameters to be chosen: external coupling βe and the amount of detuning of the
cavity with respect to the RF reference frequency.

Optimal Coupling
The cavity and beam can be modeled as an equivalent
circuit as shown in Fig. 7. Using circuit theory, the coupling
of power to the beam can be derived [20].
Results for cavity CH0 are shown in Fig. 8. The plot on
the top shows the required Pfwd for a cavity without beam
loading as function of βe and for diﬀerent voltages (corresponding to diﬀerent A/q). As expected, best matching is
observed for βe = 1. For the second plot, a beam current of

103
Pfwd

CH0

102

A/q = 2

101

A/q = 3.6
A/q = 6

100

A/q = 8.5

(C)
(A)

(B)

Pfwd

(D)

103

102

Figure 6: RF Power Budget: Transmission line losses (A),
cavity wall losses (B), power transferred to beam (C), reﬂected power due to mismatches (D).
If the matching of the transmission line and the cavity is
not perfect for a certain set of conditions (cavity and beam
properties), another fraction of power is being reﬂected back
towards the ampliﬁer. While the cavity evidently failed to
convert this power, it is still lost because it has to be dumped
in a load before damaging the ampliﬁer. While, in principle,
the cavity can always be matched perfectly to any static beam,
there are still losses to be expected because of microphonics.
This dynamical detuning causes a momentary mismatch and
therefore additional reﬂection of power.
Given a transmission line setup (characterized by length
and loss per length), the SRF cavities (characterized by
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Pfwd

103

102
100

101

102
βe

103

104

Figure 8: Required forward power to drive CH0 as function of βe . Top to bottom: Ibeam = 0; Ibeam = 100 μA;
Ibeam = 100 μA and 30 Hz detuning. Dashed, horizontal
lines indicate the amount of power transferred to the beam
Pbeam .
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a peak detuning of 60 Hz, since simulations indicate a higher
sensitivity compared to CH0.

103

A/q = 2

Δfmax

Q0 reduced to 50 %

101
Ibeam reduced to 30 %

102
101 0
10

101

102

βe

103

104

Figure 9: Maximum detuning Δ fmax of CH0 which can be
compensated for by the available forward power (3 kW). The
shaded area marks the expected peak level of microphonic
detuning. Dashed lines indicate the maximum Δ fmax as
function of the cavity voltage.
Figure 10 shows an equivalent set of plots for the 2-gap
re-buncher cavity. While the eﬀect of beam-loading is considerably reduced, because there is nearly no net acceleration
applied to the beam (synchronous phase of φs = −88° assumed), compensation of microphonic detuning still shifts
the optimal βe to values around 300. The third plot considers
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Figure 10: Required forward power to drive re-buncher B1
as function of βe . Top to bottom: Ibeam = 0; Ibeam = 100 μA;
Ibeam = 100 μA and 60 Hz detuning. The amount of power
transferred to the beam Pbeam is nearly zero.
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100 μA was considered. Best matching is now achieved with
βe = 100 – 300. Since cavity wall losses are small compared
to the gain in beam power, the respective best match would
require little more power than the fraction which is transferred to the beam. It is obvious, that a universal matching
is not possible, since the minimum required power occurs at
diﬀerent βe for diﬀerent voltages. The third plot considers
a peak detuning of 30 Hz. A choice of a too low βe now
clearly becomes unfavourable.
Figure 9 shows the maximum detuning which can be
compensated for by the available RF power (assumed as
Pmax = 3 kW) as a function of βe . The uppermost plot assumes cavity parameters as given in Table 2 and a beam of
100 μA with a synchronous phase of −20°. The center plot
shows the curves for reduced Q0 . It reveals the dependency
of the βe with the maximum allowed detuning on Q0 . An
over estimation of Q0 during selection of βe is dangerous,
especially for higher gradients. The lower plot makes clear,
that even a reduction of beam current to 30 % does not shift
the optimal βe relevantly.

Δfmax
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Figure 11 again shows the maximum detuning which can
be compensated for by a given maximum available forward
power of Pfwd = 3 kW, but this time for the re-buncher cavity.
An assumed reduction in Q0 has a similar eﬀect like for the
accelerating cavity CH0. Naturally, a change in beam current
does not play any role in the choice of the optimal βe .
Summing up, the power couplers of both cavities, B1 and
CH0, should be setup with βe ≈ 300 to 1000. Deviation
from this range should be well-founded and requires a precise knowledge about the expected amount of microphonic
detuning.

Optimal Detuning
The examination described above assumed the cavity was
driven on resonance. This leads to suboptimal utilization of
the forward power. The oﬀ-crest accelerated beam current
causes the impedance of the cavity-beam-system to have a
non-real component. As a result, the ampliﬁer has to provide
additional reactive power. This can be compensated for, by
driving the cavity slightly oﬀ-resonance. If done properly,
the RF ampliﬁer will not see any reactive load anymore.
Table 3 compares the power required for acceleration of different beam currents for φs = −30◦ . The achieved savings of
about 3 % are not relevant at an overall power level of about
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Figure 12: Maximum beam current as function of peak
detuning for diﬀerent βe for CH0 with A/q = 6. The shaded
area marks the expected peak level of microphonic detuning.
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be of interest, if the beam current is increased or the microphonic disturbances in the new cryomodule are stronger than
expected today.
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101
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Figure 11: Maximum detuning Δ fmax of re-buncher B1
which can be compensated for by the available forward power
(3 kW). The shaded area marks the expected peak level of
microphonic detuning. Dashed lines indicate the maximum
Δ fmax as function of the cavity voltage.
3 kW and do not justify the application of this compensation
technique.
Table 3: Reduction of Power Requirements for Correctly
Detuned Cavity (A/q = 6; Microphonics Neglected)
Ibeam

Pbeam

Pfwd,oﬀ−resonance /Pfwd,on−resonance

0 μA
10 μA
100 μA
1 mA

0W
29 W
294 W
2944 W

3.6 W/3.6 W = 100%
35.5 W/36.5 W = 97%
323 W/334 W = 97%
3199 W/3304 W = 97%

ACTIVE MICROPHONICS
CANCELLATION
Figure 12 shows the maximum beam current which can be
accelerated for given βe and ampliﬁer power Pmax = 3 kW
as function of the peak detuning. As the comparison of the
βe -equals-800 and βe -equals-1200 curves show, a reduction
in peak detuning (Δ f ) below 100 Hz does not allow for a substantial increase in the maximum beam current. Therefore,
while a fast piezo-based frequency tuner has been designed
and characterized on the bench [21], there is no urgent need
to utilize it for the Advanced CW-Linac Demonstrator. Nevertheless, the active cancellation of microphonics could still

SRF Technology - Ancillaries
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CONCLUSION
The choice of coupling inﬂuences the required forward
power signiﬁcantly. Both Q0 and the expected amount of
microphonic need to be carefully considered. Characterization of the microphonics of each individual resonator in
its respective ﬁnal position inside the cold-string is advisable. Driving the cavity oﬀ-resonance is not required for low
currents and φS relatively close to zero, but might be worth
further investigation when the acceleration of beam currents
higher than 100 μA at φS farther from zero is desired.
While the cavities will always be operated in CW-mode,
the beam might still show a pulsed scheme for many modes
of operation. Therefore, future work will also need to analyze the eﬀect of transient behaviour.
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MEASUREMENT OF THE VIBRATION RESPONSE OF THE EXFEL RF
COUPLER AND COMPARISON WITH SIMULATED DATA
(FINITE ELEMENT ANALYSES)
S. Barbanotti †, K. Jensch, C. Engling
Deutsches Elektronen-Synchrotron, 22607 Hamburg, Germany
Abstract
The coupler is one of the main and most sensitive components of the European X-ray Free Electron Laser (EXFEL) superconducting cryomodule.
More than 800 couplers were transported for about 900
km assembled in a cryomodule during the assembly phase
of the EXFEL without any visible damage. In another project, a very similar coupler design showed a week point in
one of the bellows when transported over a similar distance
with a comparable transport set up.
Therefore we decided to further study the coupler behaviour: we investigated the frequency response of the coupler
on a vibration table in a controlled environment for different road and loading conditions and compared the data with
simulated ones. This paper present the work performed so
far and our conclusions.

INTRODUCTION
The EXFEL project has adopted with minor modifications the TTF-3 coupler design (see Figure 1) to power the
1.3 GHz TESLA-style cavities in its linac [1]. These couplers were developed within the TESLA collaboration in
the last 30 years to be used for pulsed operation with several hundred kilowatts of input power at a ~ 1% duty factor.
The 800 EXFEL couplers (Figure 1), being the cryomodules assembled at the CEA (Saclay) facility, were transported completely mounted in the cryomodule from the
French site to the final test and installation site at DESY
Hamburg, a distance of about 900 km.

Figure 1: An EXFEL coupler.
None of the couplers were damaged during transport, nor
showed transport related problems during test or installation in the linac. The 800 couplers are now in operation
since more than 2 years and are working as expected.
However, in another project, TTF-3-like couplers, installed in a very similar condition, were damaged during
transport after just a few hundreds of kilometres: one of the

inner bellows (at the cold side) became leaky, causing the
cavity vacuum to be contaminated. The faulty bellows was
in deep investigated, material and production defects were
quickly excluded; the design was then investigated: a finite
element modal analysis of the whole coupler showed the
first eingemode at ~15 Hz. The same frequency was then
measured at the transport frame during a test transport of a
cryomodule, monitored with vibration loggers. The suspicious is that the vibration of the frame during the long
transport resonated with the 15 Hz eingenmode of the coupler and brought it to failure.
Therefore, we decided to further investigate the EXFEL
couplers for possible weaknesses in the bellows area.
First of all we performed a modal and a harmonic response analysis of the EXFEL coupler design, to evaluate
the eigenmodes of the assembly and its frequency response
to external forces for the specific EXFEL system and possible differences with the design of the failed coupler.
Then we extensively tested a coupler at the BFSV
Verpackungsinstitut Hamburg GmbH [2]: an accredited
test institute that tests packaging according to national and
international standards.

FINITE ELEMENT ANALYSIS
The analyses were performed on the “movable” part of
the coupler. Figure 2 shows a section of a coupler with on
one side the connection to the accelerating cavity (circled
in yellow) and on the other the connection to the outer vessel of the cryomodule (circled in red). Thanks to the 2 bellows in-between the 2 connections, the middle part is free
to move in the vertical and lateral direction, being the axial
direction fixed by the inner antenna.

Figure 2: Section of an EXFEL coupler assembled in the
cryomodule; in red and yellow the connections to the module (fixed points).
For the simulations, we considered only the part free to
move (between the yellow and red circles) since the two
“extremes” are fixed to the cryomodule once the coupler is
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fully assembled. The 3D CAD model was simplified removing all unnecessary components, openings, and design
details not relevant for the analyses (see Figure 3).
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Figure 6 shows the frequency response of the 80 K interface in the range 0 – 200 Hz. The three frequencies highlighted in the modal analysis are evident, with the higher
amplitude for the first mode (~20 Hz).
Table 1: Results (in Hz)
Frequency (Hz)
17.9
56-57
103-106

direction
Vertical and lateral
Vertical and lateral
Vertical and lateral

Figure 3: The finite element model.
The simulations were performed with Ansys Workbench. Figure 4 shows as example the mesh of one of the
bellows. The overall mesh has 1.060.000 elements and
170.000 nodes.
Figure 5: The profile of the 1st Eigenmode.

Figure 4: A detail of the mesh.
The model for the modal analysis was fixed at the bellows extremities in all directions (fixed support) while the
inner support of the antenna at the warm side was fixed
only in the axial direction (to simulate the bayonet connection).
The same mesh and design was also used to perform a
pre-stressed modal analysis to take into account the selfweight of the assembly, but the results showed minimal differences (less than 0.1 Hz).
The harmonic response analysis was performed as
“mode superposition” analsysis, i.e. using the results of the
modal anlysis as input. A lateral force of 10 N at the 80 K
interface was the only load applied.

Figure 6: The harmonic response at the 80 K interface.

VIBRATION TEST
In June 2019 we performed a vibration study on the EXFEL coupler. We assembled the coupler on a test support
(Figure 7) and instrumented it with various sensors to
measure the acceleration during a shaking test performed
at the BFSV Verpackungsinstitut Hamburg GmbH.

Results
The first eingenmodes of the modal analysis are summarized in Table 1. The first lateral and vertical mode are at
~18 Hz. This mode, relevant for our analysis, is shown in
Figure 5.
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Figure 7: The coupler on the test support.
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Sensors
Three types of sensors were used for the test:
 SlamStick Shock & Vibration Accelerometer Loggers
from Mide’ [3]: tri-axial accelerometers piezoelectric,
configurable sampling rate up to 20 kHz
 B&K Piezoeletric sensors (DESY-MEA)
 3 Piezoelectric sensors provided by the testing institute
(BFSV)
The slam stick and the piezoelectric sensors were positioned on the fixed coupler support and on the movable 80
K interface (Figure 8), while, thanks to their reduced dimensions, 2 additional B&K sensors were positioned very
close to the cold bellows. The piezoelectric sensors were
positioned on the fixed support and on the small coupler
flange next to the cold bellows.
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[4] the maximum longitudinal acceleration values were
well below 1g.
The test was repeated in 3 different conditions:
 With the 5K thermal interface fully installed like in an
EXFEL cryomodule (test 1)
 Without the linking part on the 5K thermal interface
(test 2, Figure 10 highlighted in red)
 Without the whole 5K thermal interface, including the
holder (test 3, Figure 10 highlighted in green).

Results
As expected, the three different types of sensors showed
very similar data, with acceleration value in same range.
The data presented in this paragraph are the one taken from
the testing institute, plotting directly the acceleration measured versus the input frequency of the shaking rig.
Figure 11 shows the acceleration measured at the coupler
port during the first test. Three peaks can be easily recognised, one around 19-20 Hz, one at 60 Hz and a third one
just above 100 Hz. These peaks are very close to the results
of the modal analysis presented above and the trend of the
acceleration vs frequency has a very good agreement with
the harmonic response results also presented above.

Figure 8: The coupler with the sensors.

Test Setup
The shaking test was performed with a Vibration tester
Unholtz-Dickie Corporation – SA60-T1000/AR. The vibration test rig was set up with a horizontal test axis. The
coupler was position like in Figure 9, with the antenna axis
perpendicular to the shaking axis (to simulate vibration in
the longitudinal direction once the coupler is installed on
the cryomodule transport frame).

Figure 9: The coupler on the shaking table.
“Sweep tests” were performed with the following
char-acteristics: frequency range from 4 to 200 Hz and
back from 200 to 4 Hz, acceleration constant at 1 g.
The 1g value was considered a conservative value for a
standard EXFEL transport: during the ~800 transports of
EXFEL cryomodules from CEA Saclay to DESY Hamburg
SRF Technology - Ancillaries
power coupler / antennas

Figure 10: The 5K thermal interface (yellow) with the linking part and the holder.

Figure 11: Acceleration vs frequency at the coupler port
during the first sweep test (test 1).
During the test we could clearly see the resonance frequency just observing the coupler during the sweep. As
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soon as the frequency got close to the first expected resonance, the whole “free part” (the one between the two bellows) would start oscillating with higher amplitude than
the rest of the assembly. The peak of the coupler antenna
(protruding from the cavity-side support) would move left
and right of a few millimetres. The same effect would repeat, with smaller amplitude, when reaching the other resonance frequencies.
At the same time, we could hear something “ringing”
when the frequency was close to the first resonance; we
suspected the source of the noise to be the cold bellows
hitting the linking part, but we were not able to clearly
identify it.
Therefore we decided to remove the linking part and
have a look at it. Once removed, it showed a clear damage
at the closest point to the bellows and the bellows itself had
something like a dent at the corresponding point (see Figure 12).
Therefore we repeated a second sweep test removing the
linking part. The test procedure was kept the same and the
results were very similar. The same resonance frequencies
and amplitude levels were observed.
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Figure 13: The bellows after the failure at test 3.

Figure 14: The acceleration vs frequency profile during the
bellows failure.

CONCLUSION AND OUTLOOK
Figure 12: Left, the dent on the bellows – right, the damage
on the linking part.
For the third test we decided to completely remove the
5K interface, to simulate the transport condition of a TTF
type3 coupler (installed in some EXFEL prototype and preseries cryomodules) and evaluate the effect of the holder
(the small part at the bottom of the 5K interface that avoid
free vertical movement of the middle part, see Figure 10).
The results on the way “up” the sweep (i.e. increasing
the frequency from 2 to 200 Hz) are very similar to the previous ones. But, on the way “back”, when we approached
the 20 Hz frequency, the coupler started ringing differently
and we noticed that the antenna was moving down. We realised soon after that the bellows was failing and it completely broke before the sweep was back to the starting frequency.
Figure 13 and Figure 14 show the bellows after the failure and the acceleration vs frequency profile during the
failure. The peak highlighted in red happened exactly at the
breaking moment.
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The EXFEL coupler resonance frequencies were computationally investigated and a vibration test was performed
to evaluate the a real component.
As a first positive result, the measured data showed very
good agreement with the simulated ones, validating the
simulation method and approach.
More important, the vibration test confirmed the cold
bellows as the critical point of the assembly in case of
transport without any form of support or damping frame.
The following points should be addressed before further
transports of an assembled coupler:
 Possible design modifications at the coupler 5K interface linking part to avoid damages at the bellows and
at the holder to keep the support effect but reduce the
possible hammering effect (choose a softer material?)
 Further vibration studies on a EXFEL coupler under
real transport conditions
 Study of the existing transport frame, to better understand the damping effect around the critical frequencies.
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R&D OF COPPER ELECTROPLATING PROCESS
FOR POWER COUPLERS: EFFECT OF MICROSTRUCTURES ON RRR
Y. Okii†, J. Taguchi, Nomura Plating Co., Ltd., Osaka, Japan
H. Takahashi, H. Yasutake, CETD, Otawara, Japan
E. Kako, S. Michizono, Y. Yamamoto, KEK, Tsukuba, Japan
Abstract

In order to develop optimum copper plating process for
power couplers, we investigated the influences of plating
parameters on Residual Resistivity Ratio (RRR) and microstructure of copper layers. This investigation revealed
that the microstructure of copper layer is closely related to
RRR.

INTRODUCTION
Power couplers for superconducting cavities are required to have both low-thermal conductivity and highelectrical conductivity, because high-thermal conductivity
and low-electrical conductivity could generate unexpected
increase of heat load in high power RF operation. In order
to combine these contrary properties, power couplers are
made of stainless steel plated with copper plating of 10 to
30 μm in thickness [1, 2]. As electrical conductivity of copper layer affects dynamic heat load, it is crucial to optimize
plating parameters (e.g. plating bath composition, heattreatment condition, copper layer thickness, and so on).
In this study, we measured RRR and observed microstructures of multiple samples with different plating parameters.

RRR MEASUREMENT
Experiment

RRR measurements were carried out with a small cryostat and a digital multi-meter in KEK/COI. This system can
measure the temperature dependence of the electrical resistance from room temperature to 4 K. In this study, we
mainly measured the electrical resistance of 150x5x0.5mm
of copper plated stainless steel plate (SUS316L). Figure 1
shows the measurement system with the small cryostat and
the sample holder with four samples.
Figure 2 is an example of temperature dependence of
electrical resistance. Electrical resistance of metals decrease with temperature decreasing generally.
RRR of copper plating was calculated by the following
equation.
1
1
1
𝑅𝑅Cu (300 K)
;
=
−
RRR =
𝑅𝑅Cu (5 K)
𝑅𝑅Cu
𝑅𝑅Cu/SUS 𝑅𝑅SUS

Figure 1: Residual Resistivity Ratio (RRR) measurement
system (upper) and four samples on the holder (bottom) in
KEK/COI.

Figure 2: An example of temperature dependence of the
resistance.
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Where RCu means the calculated electrical resistance of
pure copper layer, RCu/SUS is the resistance of copper plated
SUS sample and RSUS is resistance of non-plated pure SUS
plate. This equation can be derived from parallel circuit
model between pure copper layer and pure SUS plate. The
procedure of measurement is as follow. After measuring
the resistance of copper plated SUS sample (RCu/SUS), the
copper plating is removed with nitric acid in order to obtain
pure SUS plate, and resistance measurement is performed
again (RSUS). Then, the RRR can be calculated by RCu/SUS
and RCu. However, measurement of RSUS is not always necessary, because the same lot of SUS plates always gives
almost the same RSUS. Each RRR measurement was conducted at least twice or more. Furthermore, as crosscheck
of measurement system, RRR for several samples were
confirmed in CEA and DESY.

Group 3 is composed of samples heat-treated at low
temperature of 100℃ or 200℃ in atmospheric furnace.
The heat treatment even at low temperature improved the
RRR.
Group 4 is composed of samples with different thicknesses. Figure 4 shows thickness dependence of RRR. It
is shown that increase of thickness improved the RRR. The
result implies that the copper plating layer might not have
a uniform structure, because the difference in thickness of
the copper layer is cancelled in RRR calculation, if it is
uniform.
Group 5 is composed of not plated SUS plate but a metallurgical oxygen free copper plate. The RRR was around
100. It is suggested that the structural difference between
the plated metal and the metallurgical copper plate affects
the RRR.

Results

The Result of RRR measurements is shown in Table 1
and Fig. 3.
Group 1 is composed of samples with standard plating
parameters. The plating thickness is 20 μm and plated with
pyrophosphate copper plating bath. The RRR of sample (11) was about 15. Our target value is RRR > 30, however,
obtained value was smaller than the target. On the other
hand, RRR of sample (1-2) was over 70, which is high
enough, although sample (1-2) and (1-1) were plated with
same parameters. The only difference was that sample (12) was measured over 3 months after plated. We will discuss the matter in a separate paragraph.
Group 2 is composed of samples plated with copper sulfate plating bath. The RRR was over 40. It was suggested
that there were any differences between copper pyrophosphate and sulfate.

Group
1
2
3
4

5

No.
1-1
1-2
2-1
2-2
3-1
3-2
4-1
4-2
4-3
5-1
5-2
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RRR
15.1
83.2
40.4
58.9
16.8
21.9
16.4
54.7
99.6
106.3
105.7

Figure 3: Result of RRR measurements.

Table 1: Result of RRR Measurements

bath-type
pyrophosphate
pyrophosphate
sulfate
sulfate
pyrophosphate
pyrophosphate
pyrophosphate
pyrophosphate
pyrophosphate
metallurgical
metallurgical

thickness
20 µm
20 µm
20 µm
20 µm
20 µm
20 µm
50 µm
150 µm
1.2 mm
1.0 mm
1.0 mm

heat-treatment
as plated
as plated (self-annealed?)
as plated
as plated
100 ℃ × 1h
200 ℃ × 1h
as plated
as plated
as plated
as received
as received
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Figure 4: Thickness dependence of RRR.

MICROSTRUCTURE OBSERVATION
Experiment

The RRR measurement showed that change of plating
bath type or increase of copper layer thickness drastically
improved the RRR. In order to investigate the causes of the
improvement, the cross-sectional microstructure observation with a confocal laser microscope was performed for
(a) (pyrophosphate, 20 µm), (b) (sulfate, 20 µm), and (c)
(pyrophosphate, 150 µm) after cutting, embedding in resin,
polishing, and etching with 10 wt.% ammonium persulfate
solution. Furthermore, Electron Back Scattered Diffraction
Pattern (EBSD) analysis near surface of copper layer was
conducted to obtain Inverse Pole Figure (IPF) map and
grain diameter distribution. The color code of IPF map corresponds to the crystal plane orientation.

Results
The cross-sectional microscopic pictures, IPF maps, and
distributions of grain diameter are shown in Figs. 5, 6, and
7, respectively.

The microstructure of Sample (a) (pyrophosphate, 20
µm), which is simulating Sample (1-1), was isotropic and
fine. The mode value of grain diameter near the surface
was
0.17 µm.
In contrast, the microscopic structure of (b) (sulfate,
20 μm), which is simulating sample (2-1, 2), was columnar
and coarse. The mode value of grain diameter was 5.2 µm.
The microscopic structure of (c) (pyrophosphate,
150 µm), which is simulating sample (4-2), was anisotropic
compared to 20 µm. The mode value of grain diameter was
0.27 µm. This indicates that increase of copper layer thickness is accompanied with coarsing of microstructure.

DISCUSSION
Microstructure observation revealed that the microscopic structure has a strong influence on RRR. Especially,
coarser structure gives high RRR. The high RRR of the
metallurgical copper plate is also should be due to the
coarser microscopic structure, because metallurgical metals is generally coarser than that of plated metals.
From the above, we concluded that the higher RRR
given by coarse structure may be due to small grain boundary resistance, because low temperature electrical resistance is dominated by scattering from crystallographic
defects including grain boundaries (Mathiessen's rule [3]).
The high-RRR of samples (1-2) and low temperature
heat-treated sample (3-2) also is considered to be due to
less crystallographic defects. For sample (1-2), reduction
of defects might occur due to self-annealing, which is phenomenon that the recrystallization of copper plating occurs
even at room temperature with time [4]. Sample (3-2) can
be explained similarly.

Figure 5: Cross-sectional microscopic pictures.
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Figure 6: IPF maps of (a), (c)near the surface, (b)overall view. The color code corresponds to crystal plane orientation.

Figure 7: Grain diameter distributions in Fig. 6.

SUMMARY
We prepared multiple samples with different plating parameters, then conducted RRR measurements and microstructure observation. The investigation revealed below:

・ Coarse structure, increase of thickness, self-annealing,
and low temperature heat-treatment can improve RRR.

・Coarse structure improves RRR drastically improved due
to less grain boundaries.
・Reduction of crystallographic defects increases RRR.

FUTURE PLAN
・ Additional RRR measurement and EBSD analysis for
high-temperature heat-treatment, because, in actual work,
high temperature heat-treatment is performed for releasing
gas or brazing.

・Investigating influence of other plating parameters such
as bath-temperature, current density, pre-plating condition,
etc.
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・Fabrication of a cold part of STF type power coupler
plated with better plating parameters.
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A SIMPLE VARIABLE COUPLER FOR THE CRYOGENIC TEST OF SRF
CAVITIES*
G. Ciovati†, L. Turlington, Jefferson Lab, Newport News, VA, USA
Abstract
The cryogenic rf tests of superconducting radio-frequency (SRF) cavities in vertical cryostats is typically carried out using fixed-length antennae to couple rf power into
the cavity and to probe the energy stored into the cavity.
Although variable couplers have been designed, built and
used in the past, they are often a complex, costly, not very
reliable auxiliary component to the cavity test. In this contribution, we present the design and implementation of a
simple variable rf antenna which has ~50 mm travel, allowing to obtain about four orders of magnitude variation
in Qext-value. The motion of the antenna is driven by a motorized linear feedthrough outside of the cryostat. The antenna can easily be mounted on the most common type of
cavity flanges.

INTRODUCTION
The preparation of a superconducting radio-frequency
(SRF) cavity for measuring its performance at cryogenic
temperatures typically involves assembly of at least two
flanges onto two cavity ports. Each flange would have an
rf feedthrough with a threaded pin onto which a copper or
niobium cylindrical rod antenna is attached. One antenna
is used to couple power into the cavity and the other is used
to probe the amount of stored energy into the cavity. The
length of each antenna is calibrated at room temperature to
a desired Qext-value.
A drawback of this setup is that the cavity quality factor, Q0, typically changes with increasing amplitude of the
rf field, even by one order of magnitude in some cases.
When the Q0 value changes, the mismatch between the
coupling antenna and the cavity result in large values of
reflected power, which limits the maximum power that can
be fed into the cavity, due to the power rating of the input
cable and of the rf amplifier, and also results in larger
measurement errors.
An input antenna with adjustable “in-situ” penetration
into the cavity volume would allow overcoming those limitations, as a near critical coupling condition could be
maintained throughout the cavity testing. The difficulty of
realizing such setup is given by the need of mechanical
movement of the antenna at cryogenic temperatures, which
also poses the risk for movement of particulates that can
land on the cavity surface and cause field emission. For
these reasons, variable couplers are not commonly used
during the performance test of SRF cavities in a vertical
cryostat.
___________________________________________
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Different type of variable couplers have been designed
throughout the years at different laboratories. Some of
them use a cryogenic stepper motor [1]. Some are designed
to be mounted to a side-port [1, 2], others from a beamline
port [3-5]. Some have the cavity stationary and the antenna
moving [3], others have the antenna stationary and the cavity moving [4, 5].
In this contribution, we present the design of a variable
coupler that is simple to fabricate, inexpensive, adaptable
to different style flanges and it has been used with good
results so far.

DESIGN AND IMPLEMENTATION
The movable section of the variable coupler is shown in
Fig. 1. It consists of an N-type rf feedthrough, a stainless
steel (SS) cage, a bellow and three SS sliding rods with
threaded ends. The rods slide into precision-machined
tubes made of Duratron T4301 PAI (Quadrant Engineering), press-fitted into the SS cage.
A long copper antenna is screwed onto the rf feedthrough, which is made in two pieces joined by a 0.5” long
#0-80 threaded pin. A Teflon ring is used, to keep the antenna concentric with the outer conductor.

Figure 1: Movable portion of the variable coupler (top).
The picture at the bottom shows a front view, with the Teflon ring that is between two copper rods.
The assembly shown in Fig. 1 can be mounted directly
onto a flange, which has been modified with threaded
mounting holes. Said flange can be the one that mounts directly to the cavity, or to another flange that can be as small
as a 2.75” diameter Conflat style flange. This smaller
flange is then mounted onto a larger flange to be bolted to
the cavity. The latter configuration is shown in Fig. 2, in
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which the assembly of Fig. 1 is mounted onto a 2.75” Conflat flange, attached to a SS flange suitable for
XFEL/LCLS-II-style beamline cavity flanges.

Figure 2: The movable coupler assembly is screwed on a
2.75” Conflat, screwed to a 6” diameter SS flange compatible with XFEL/LCLS-II beamline cavity flanges.
An aluminium bar is bolted to the SS cage and it is connected to another bar above the cavity with two aluminium
rods. These bars are made of either brass or aluminium.
The top bar has a threaded hole in the center, through which
a 0.5” diameter threaded rod is attached. The threaded rod
connects with a coupling nut to a longer threaded rod attached to the shaft of a linear motion feedthrough (part
number 660006, MDC Vacuum) which is mounted on top
of the test stand top-plate. Any type of NEMA 23 stepper
motor with a motor driver and controller can be used to
operate the linear actuator remotely. One configuration we
used is with an integrated stepper motor (DMX-ETH-23,
Arcus Technology) remotely controlled via Ethernet, using
the software provided by the manufacturer.
The cavity is rigidly mounted to the frame of the test
stand, using four long threaded rods that are part of the
hardware to seal the top cavity flange. The linear motion of
the feedthrough on the top plate translates directly into the
linear motion of the antenna. A picture of the setup assembled on a 1.3 GHz single-cell cavity is shown in Fig. 3.
Although the variable coupler can also be assembled on the
top cavity flange, it is preferable to attach it to the bottom
cavity flange to minimize the risk of any particulate falling
into the cavity while moving the antenna.
A nice feature of the design is that the length of the antenna section protruding into the cavity can be set differently for different cavities to cover different range of Qextvalues. It has been typically set to allow covering Qext in
the range 108-1012 for the 1.3-1.5 GHz single-cell cavities
for which the coupler has been used so far.
The total cost for the hardware and materials, including
linear feedthrough and stepper motor was about $3,000.

Figure 3: Picture of the variable coupler attached to a
1.3 GHz single-cell cavity mounted onto a vertical test
stand.
So far, the variable coupler described in this article has
been used for thirteen tests of single-cell cavities. In one
instance, the test was limited by field emission. In another
instance, the length of the antenna was set incorrectly and
a Qext > 3×109 was beyond the travel range of the bellow.
During rf cavity testing, the coupler is moved until the
reflected power is close to zero for each accelerating field
value, corresponding to near critical coupling. In some
tests, an rf power of up to ~200 W at 1.3 GHz was coupled
into a single-cell cavity at 2 K using this variable coupler.

CONCLUSION
The variable input coupler described in this article has
many features in terms of adaptability, cost, number of
parts and ease of assembly that make it suitable for routine
SRF cavity testing in a vertical cryostat. So far, its use has
shown that it also has good reliability and low-risk for particulate contamination of the cavity.
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THE DESTRUCTIVE EFFECTS TO THE RF COUPLER BY THE PLASMA
DISCHARGE*
A. D Wu†, S. C. Huang, Z. Q. Lin, T. C. Jiang, C. L. Li, Q. W. Chu, H. Guo, Y. K. Song, F. Pan,
T. Tan, W. M. Yue, S. H. Zhang, Y. He, H. W. Zhao,
Institute of Modern Physics, Chinese Academy of Sciences, 73000 Lanzhou, China
Abstract
The low temperature RF plasma was proved an effective
method to clean the niobium surface and relieve the field
emission effect for the SRF cavities. In the case of halfwave resonators, these cavities were usually powered via
the fundamental coupler with the electric coupling. Thus,
coupler antennas were fixed in the intense electric field region, and this region was where the plasma routinely ignited. Therefore, the ceramic window of coupler taken the
risk of breakdown under the sputtering of ions and heating
loads that may be caused by the plasma drift and diffusion
from the electric field region. In this paper, the plasma ignition for surface cleaning on the HWR cavity and its coupler was investigated, and the power transmission, temperature raising and vacuum degradation were tested to characterize the adverse impacts on the ceramic window.
Finally, the solution was proposed to figure these issues.

argon plasma ignition and its power value would be
0.5-3.75 kW.

INTRODUCTION
The online technique of plasma cleaning was already developed to relive the field emission effect for the multi-cell
elliptical cavities on SNS facility [1-2]. In addition, the
plasma cleaning was also proved an effective mothed for
the HWR in previously study [3]. However, there were
some issues need to be solve for HWRs to utilize the
plasma technique online with safety and reliable. In the
mechanism research of in-situ plasma cleaning for HWR
cavity, a special variable coupler was temporally used in
order to reduce the mismatch between the Qext of antenna
and the Q0 of cavity at room temperature. Thus, the online
plasma ignition and control on the HWRs needs to be verified by the fundamental power coupler with the same Qext.
A HWR015 cavity and a dual ceramic window coupler
were configured for the online plasma ignition experiment.
The Q0 was 5.4×103 at room temperature, and the Qext was
5.4×105 to match loading of the 10 mA of CW proton beam
for CiADS project.
The argon was selected as ignition gas and frequency of
the fundamental mode of cavity was used, which were
same recipes with previous mechanism study [3]. The
threshold value of peak electric field of the inner surface
was about 15-150 kV/m for the argon ignition with gas the
pressure range of 0.5 to 1.2 Pa that in the previous study
with coupling strength of 0.9 and its corresponding RF
power forward was 20-150 Watters. However, the coupling
factor for operation online was only 0.039. Thereby, the
threshold forward power could be increased in this online
condition
to establish the enough electric field strength for
___________________________________________
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Figure 1: HWR015 assembled with coupler for plasma
online ignition.

DESTRUCTIVE EFFECTS TO COUPLER

Figure 2: Vacuum leakage of cold ceramic window caused
by argon plasma.
The inside space of HWR015 and coupler was classified
into three areas, which were the cavity volume, antenna tip
area and the cold ceramic window region, as shown in the
Figure 1. The plasma ignition in the cavity volume was required for cleaning but in the coupler region would be
avoid protecting the ceramic window from breakdown.
However, the experiment revealed that the argon plasma
was primarily ignited at the cold ceramic window and the
antenna tip region during increasing the forward power
slowly. Moreover, the cavity volume was hardly contained
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with plasma by changing the gas pressure and increasing
forward power. Finally, the warm window part was disassembled to expose the cold window for vacuum checking.
The checking results indicated that cold ceramic window
was breakdown with vacuum leakage rate of 1.5×10-4
mbar•L/s at the interface of welding between ceramic and
copper that caused by the frequently argon plasma discharge, the leakage position was shown in the Figure 2.

Impact on RF Transmission
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illustrated that the characteristics of ceramic surfaces was
modified to some extents.

Copper Sputtering During the Plasma Cleaning
The visual inspection was conducted for the cold ceramic
window and inner HWR cavity surface, as shown in the
Figure 5. The ceramic window was seriously covered with
the metal material that might be copper, which sputtered by
the plasma. Thus, the metal material on the window caused
the additional RF power deposition that result in temperature increasing and wielding interface breaking. In the antenna tips region, the copper was eroded, and then coated
on the coupling tube surface of HWR015. The foreign contamination of copper coating might induce the adverse impact for cavity because it was non-superconductivity material.

Figure 3: Schematic diagram of thermocouples on the
coupler.

Figure 5: Visual inspection by optical camera.

SOLUTION AND NEXT WORK
Dependence of Discharge Region on the
Ignition Gas
Figure 4: Temperature variation of coupler surface after the
argon plasma discharge.
The surface temperature of the coupler out conductor
was measured to evaluate the performance degradation of
coupler induce by the argon plasma discharge. The position
of thermocouples was shown in the Figure 3. The test under
the condition of 1 kW forward power to cavity, the background vacuum was about 7×10-5 to 9×10-5 Pa, and operation time was 10 mins. The temperature was rarely increased with maximum about 0.2 K before the argon
plasma discharge. However, the variation of temperature
increasing was reached maximum value of 11.2 K at where
the cold ceramic window region after the argon plasma discharges experiment, as shown in the Figure 4. This result
MOP085
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Table 1: Plasma Discharge Region with He/Ne/Ar Gas
Discharge Areas

Helium

Neon

Argon

Cavity Volume

Yes

Yes

Hardly

Antenna Tip

Yes

Yes

Yes

Ceramic Window

No

Yes

Yes

Instead of argon, the neon was selected for plasma cleaning of the multi-cell elliptical cavity to avoid the discharge
in the fundamental coupler at Oak Ridge Lab. The ionization energy for neon was higher than argon, thus the threshold electric field for plasma ignition on coupler would be
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increased that avoid the priority discharge on coupler than
cavity. Thus, the argon, neon and helium were employed
for HWR plasma discharge, as shown in the Table 1.
Our experiment indicated that the plasma discharge at ceramic window can be avoided by using of helium gas, but
the plasma in the antenna tip region was not removed and
the issue of copper erosion needs further consideration.

Avoid Sputtering by Turning Plasma Parameters
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region and the surface of the cavity, and this bias voltage
accelerated the ions to bombard the surface of the cavity.
The bias voltage is determined by the electron temperature,
as follows:

Vsheath  

Te  Mi  Te
 ln 

2  2  me  2

(Eq. 1)

From the (Eq. 1), turning the electron temperature was
ideal method to solve sputter effect of copper in the plasma
cleaning treatment, and the characterization and turning of
helium plasma will be conducted in our next work.

CONCLUSION
The realization of plasma cleaning online for HWR cavity was limited by the distructive effects to the coupler.
Plasma ignition with the helium gas was proper chioce for
protecting coupler window from destruction. And the characteristic of helium plasma needs for more detail study to
eliminate the risk of copper coating on the HWR cavity.
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The erosion of material induced by the sputtering progress in the plasma was mainly depend on energy of ions
reached on the surface and the ion species of projectile. For
the certain kind of target material and ions, the sputter interaction would not occur when incident energy belows to
the threshold value. A partial empirical formula was widely
used to evaluate the sputter yield rate, which proposed by
Noriaki Matsunali et al [4]. From this formula, the sputter
yield rate of copper was calculated as the function of incident energy with bombardment of He/Ne/Ar, as shown in
the Figure 6. The helium ions with highest threshold incident energy of 22 eV for sputter progress, thus turning the
plasma parameters to reduce the kinetic energy of helium
ions below 22 eV, the copper contamination in the HWR
cavity can be avoid. In the plasma physics, there is a bias
voltage region called electric sheath between the plasma
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CONDITIONING OF THE FIRST MASS PRODUCTION POWER
COUPLERS FOR THE ESS ELLIPTICAL CAVITIES
C. Arcambal†, M. Baudrier, P. Bosland, G. Devanz, T. Hamelin, C. Marchand, G. Monnereau,
M. Oublaid, G. Perreu, S. Regnaud, C. Servouin, C. Simon,
CEA Paris-Saclay, 91191 Gif-sur-Yvette, France
Abstract
In the framework of the European Spallation Source
(ESS), CEA Paris-Saclay is in charge of the delivery of 9
medium beta (beta = 0.67) and 21 high beta (beta = 0.86)
cryomodules. Each cryomodule is composed of 4 cavities
equipped with RF (Radio Frequency) power couplers
(704.42 MHz, 1.1 MW maximum peak power, repetition
rate=14 Hz, RF pulse width > 3.1 ms). Ten prototype
power couplers have been manufactured to validate the design and the performance. Currently the mass production
of the 120 couplers started and the six first pre-series medium beta couplers have been successfully conditioned.
The achievement of this milestone allowed us to launch the
production of the remaining 30 medium beta couplers. This
paper presents the conditioning of the pre-series couplers.

The different elements are brazed together except the antenna that is welded. On the vacuum side of the ceramic, a
TiN deposition (10 nm  5 nm thickness) is performed after brazing. RF surfaces of stainless steel parts are coated
with copper coating (30 µm  10 µm thickness). The antenna made from bulk copper is electro-polished then electron beam welded to the main window assembly.
The antenna is cooled thanks to an internal water cooling
circuit. The window is presented in Fig. 1.

INTRODUCTION
After the successful conditioning of the medium and
high beta coupler prototypes [1,2], the CEA Saclay
launched the mass production of the 120 couplers. In a first
step, six medium beta couplers have been manufactured
and tested to validate their performance and the manufacturing process. This paper describes the main features of
these pre-series couplers, the whole infrastructure developed at CEA to perform the conditioning of the coupler
with the cleaning, the assembly, the bake-out and the conditioning test stand. Finally, we present some results of the
conditioning.

ARCHITECTURE OF THE COUPLER
The coupler is composed of three different parts: a window with its antenna, a double-wall tube and a doorknob
transition. The windows and the doorknob transitions are
common to the medium and high beta couplers. Only the
length of the double-wall tube differs: the high beta tube is
about 3 mm longer than the medium beta one. For the mass
production, all the coupler components are manufactured
by the same company.

Window
The window is composed of a single alumina disk to ensure the tightness between the cavity vacuum and the ambient air. Close to the ceramic, chokes allow to obtain the
best RF matching around the operational frequency. The
window is composed of copper for the antenna and the
choke parts and of stainless steel 304L for the other parts.
___________________________________________

Figure 1: Window and its antenna.
The cooling circuits are tested for tightness and for pressure. A vacuum leak test and an insulation test are carried
out on the window.
The window is equipped with different diagnostic components:
 An electron pick-up to check the possible multipactor
phenomena but also to obtain the image of the RF
power at the ceramic level. The length of the pick-up
antenna is determined to obtain a 80 dB RF coupling
in travelling wave (TW). The pick-up is composed of
a brazed ceramic and a molybdenum antenna (see
Fig. 2),
 A view port equipped with a photomultiplier used for
arc detection (see Fig. 2),
 A IKR070 vacuum gauge from Pfeiffer.

Figure 2: Electron pick-up and window for view port.
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Double Wall Tube
The function of the double-wall tube is to ensure a thermal gradient between cavity (2 K) and the ambient temperature (window level) and to be used as the external conductor for the RF coaxial line. Stainless steel 316L is used for
the double-wall tube. A cooling circuit (Helium) is used to
obtain the required thermal gradient. Details are represented in Fig. 3.

Figure 5: Test box.

INFRASTRUCTURE AT CEA SACLAY
The couplers are delivered disassembled at CEA Saclay.
Each component of the couplers is individually inspected;
then the double-wall tubes and windows are stored in nitrogen cabinets before assembly on the test box. The first
step of the preparation is the cleaning.

Cleaning
Figure 3: Double-wall tube.
To ensure the correct flow of helium in the cooling circuit, the two walls of the tube are assembled by a shrinkfitting method. All parts are welded. A copper coating
(10 µm thickness) is also performed inside the double-wall
tube. The helium circuit is tested for pressure and for leak
tightness.

Doorknob Transition
The doorknob transition performs the link and the
matching between the waveguide and the coaxial configuration of the coupler line. The doorknob is equipped with a
port to put a photomultiplier in order to detect electrical
arcs at the window ceramic level and a high voltage connector for antenna biasing (max 10 kV).
The inner conductor has a water cooling circuit (in full
RF power, the water temperature increases by less than
1 °C for a water flow around 2.5 l/min). This cooling circuit is directly connected to the antenna cooling circuit, see
Fig. 4.

The double-wall tubes are cleaned in an ultrasonic bath
with Tickopur R33 (dimension of the container:
500x500x1400 mm3, features of the ultrasonic generator:
25 kHz, 3000 W). The tubes are immersed in the bath for
10 minutes then rinsed with water. If some oxidation marks
remain present, a manual cleaning with RBS T310 is performed, see Fig. 6.
Concerning the windows, they are manually cleaned
with absolute ethanol on the external surfaces, under the
chokes and in all the ports with microfiber swabs. The antenna is cleaned with RBS T310 then rinsed and dried.

Figure 6: Cleaning with RBS T310.
The electron pick-up is cleaned in a metallic beaker
filled with absolute ethanol and the beaker is put in an ultrasonic bath.
Then, all the components are transferred in an ISO7
cleanroom and finally in ISO5 to be assembled.

Assembly

Figure 4: Doorknob transition.

Test Box

In the ISO5 cleanroom, the coupler components are installed on their support to be dried. a particle counting is
then performed on the tubes and the windows. If no particle
greater than 0.3 µm is detected, the assembly can start with
putting the window on the tube then the two components
are set up on the test box, see Fig. 7.

To perform the conditioning, a pair of couplers is put on
a metallic (316L) test box allowing a correct transmission
of the RF power between the two couplers.
This box is vacuum tight thanks to a seal (an aluminum
wire) between the cover and the box bottom. The box has
a window for arc detection (used with a photomultiplier)
and a pumping port, see Fig. 5.
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Figure 7: Assembly in cleanroom.
The last step of the assembly is a vacuum leak test. The
couplers and the test box are under vacuum (in the range
[10-7;10-6] mbar). If the leak test is ok, the couplers are left
under vacuum then transferred outside the cleanroom.
As the weight of the couplers on the box is around
110 kg, the transfer is carried out on some rails set up on
lift tables and test benches.

JACoW Publishing
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Figure 10: Furnace for couplers.
The couplers and the test box are baked out for 4-5 days
at 170 °C while the pumping system is baked out at 120 °C
for the 2 first days of the baking and then 60 °C. The temperature rise (or fall) from ambient temperature to 170 °C
lasts 2.5 hours. During the bake-out, a nitrogen atmosphere
is established in the furnace to limit the oxidation of the
copper on the air side of the windows. An example of a
temperature cycle followed by the first couplers pair of the
pre-series is given Fig. 11.

Bake-Out
After the assembly in the cleanroom, the couplers on
their test box are moved in the conditioning area. A low
level RF measurement is performed with a vector analyzer
and coaxial adapters to check the assembly. The reflection
and transmission coefficient are respectively represented in
Fig. 8 and in Fig. 9.
Figure 11: Temperature cycle.
In order to increase the efficiency of the baking, all test
boxes are baked out without couplers beforehand.

Conditioning Test Stand

Figure 8: Reflection coefficient.

Figure 9: Transmission coefficient.
If the RF results are correct, the couplers are then put
into a furnace and connected to a pumping system, see
Fig. 10.
MOP086
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The couplers are conditioned by pair on a test box: coupler 1 is on the klystron side and coupler 2 is on the load
side. The couplers pair is installed on a specific test bench
composed of a pumping system and a tool to install the
doorknobs. The calculated effective pumping speed at the
pumping port is 19 l/s.
Measured signals: During the conditioning, different
elements are checked and controlled. The diagram of the
test stand is represented in Fig. 12 where the terms 1 and 2
correspond to coupler 1 and coupler 2 respectively. Concerning vacuum, we check:
 The vacuum of each coupler thanks to the IKR070
gauges set up on the vacuum ports (signals VAC1 and
VAC 2),
 The vacuum of the pumping system with a IKR070
gauge. This gauge is close to the input of the pumping
port of the coupling box.
For the electrical activity, we check:
 The presence of electrical arcs with photomultipliers
on the air side of the ceramic (PMA1 and PMA2) and
also on the vacuum side (PMV1 and PMV2). We also
detect the electrical arc activity in the coupling box
thanks to a photomultiplier set up on the test box
(PMB),
SRF Technology - Ancillaries
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Figure 12: Diagram of the test stand.
 The multipactor effect with the electron pick-up of
each coupler (DC bias of 48 V) thanks to the signals
PUE1 and PUE2.
In terms of RF power, we control:
 The incident power at the output of the klystron (signal
called PKDIR),
 The reverse power at the output of the klystron (signal
called PKREV),
 The incident power at the input of the couplers (signal
called PIDIR),
 The reverse power at the input of the couplers (signal
called PIREV),
 The incident power at the output of the couplers (signal
called PTDIR),
 The reverse power at the output of the couplers (signal
called PTREV),
 The image of the RF power in the coupler thanks to the
electron pickup (signal PuRF1 and PuRF2).
Concerning the water, two flowmeters allow the control
of the water flow at the output of each coupler cooling circuit. The temperature of the water is also checked with a
probe at the water input and two probes at the water output
of each coupler.
A temperature probe is installed on each coupler (on the
cooling circuit of the ceramic) and a third one is put on the
test box.
The whole conditioning test bench is represented in
Fig. 13.

switch off the RF power when one of the following events
occurs:
 Outgassing with a vacuum level exceeding a hardware
threshold defined at 1x10-6 mbar,
 Presence of electrical arcs whose intensity is greater
than around 3 lux (photomultiplier),
 Presence of electrons whose intensity is greater than
8 mA (detected with the pick-up electron).
The RF power is increased step by step (usually 1 kW
per second). The power increases as long as the vacuum
pressure is lower than a software threshold (usually defined
at 2.5x10-7 mbar). If the outgassing is too important (it
means greater than this threshold), we decrease the RF
power as long as the vacuum remains lower than the threshold. Once the vacuum is correct, RF power is increased.
To perform the RF power ramps, we start with a low RF
pulse repetition rate of 1 Hz which is increased in steps. We
define the following sequence:
 Conditioning in travelling wave at 1 Hz
 Conditioning in travelling wave at 14 Hz
 Conditioning in standing wave at 1 Hz
 Conditioning in standing wave at 2 Hz, 4 Hz, 8Hz
 Conditioning in standing wave at 14 Hz.
For each configuration, we change the pulse width (from
short pulse widths (≈50 µs) to 3.6 ms). For the standing
wave, two positions of the short circuit are defined: the first
one gives a maximum of electric field close to the window
ceramic. The second position allows a minimum of electric
field at ceramic level. The automated handling of all the
conditioning sequences, the interlocks and the data recording are controlled with EPICS.
Besides, we are improving our infrastructure with the
presence of a second klystron to perform the conditioning
of two pairs of couplers in parallel.

CONDITIONING OF COUPLERS
Figure 13: Conditioning test stand.
Conditioning principle: For the conditioning, we perform RF power ramps from around 10 kW to 1.1 MW. We
SRF Technology - Ancillaries
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For the pre-series, six medium-beta couplers have been
conditioned. Each pair of couplers followed the preparation described previously. The duration of the RF conditioning for the three pairs turned out to be respectively 167
hours, 86 hours and 233 hours. These durations are very
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variable depending on time needed to pass the multipactor
barriers as well as on the exact chaining of the conditioning.
To validate the conditioning, we defined criteria on some
specific RF power ramps: travelling wave (14 Hz, 3.6 ms,
1.1 MW max followed by a power plateau at 1.1 MW for
1 hour), standing wave (14 Hz, 500 µs, 1.1 MW max) for
the 2 positions of the short circuit, standing wave (14 Hz,
3.6 ms, 300 kW max). The requirements are: maximal outgassing pressure lower than 2x10-8 mbar without electron
activities and electrical arc phenomena on the full RF
power range.
Figure 14 shows the beginning of the conditioning in
travelling wave 1 Hz for different pulse widths. Lots of
outgassing occur with some electron and arc activities.
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Figure 16: Standing wave 14 Hz (1st position of the short
circuit).

Figure 17: Standing wave 14 Hz (2nd position of the short
circuit).

CONCLUSION

Figure 14: Travelling wave 1 Hz.
Concerning our acceptance criteria, the last ramp of the
travelling wave (14 Hz, 3.6 ms) is performed without high
outgassing and is consequently compliant, see Fig. 15. The
external surface of the window reaches 35 °C max for an
ambient temperature of 24 °C.

The successful conditioning of the six first pre-series
couplers from the mass production allows validating the
different manufacturing processes and launching the rest of
the series couplers. Four pre-series couplers are currently
assembled on the first series cryomodule [3]. At the moment, we are starting the conditioning of the next series
couplers.
Besides, new wholly automatic pumping systems have
been delivered with the possibility to record all the vacuum
data and valve states.
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Figure 15: Travelling wave 14 Hz.
For the standing wave, the couplers are also compliant
with our requirements (see Fig. 16 and Fig. 17 for the two
positions of the short circuit). We can notice that a greater
outgassing occurs for the short circuit position where the
electric field is minimal close to the ceramic.
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IFMIF RESONATORS DEVELOPMENT AND PERFORMANCE
G. Devanz†, M. Baudrier, N. Bazin, S. Chel, P. Carbonnier, F. Eozénou, E. Fayette, L. Maurice,
D. Roudier, P. Sahuquet, C. Servouin, CEA Université Paris-Saclay, Gif-sur-Yvette F-91191, France
Abstract
The prototype IFMIF cryomodule encloses eight superconducting 175 MHz beta 0.09 Half-Wave Resonators
(HWR). They are designed together with the power coupler
to accelerate a high intensity deuteron beam (125 mA)
from to 5 to 9 MeV. One prototype HWR and the 8 cavities
to be hosted in the cryomodule have been manufactured,
prepared and tested. The paper describes the phases of the
cavities development, including fabrication, processing
and RF frequency management. We focus on the results of
the RF tests which have been performed for all bare and
jacketed HWRs in a vertical cryostat.

the HPR port junction) high purity Nb blocks were machined to obtain the desired shape. Beam ports and central
drift tube area were also cut from blocks.

INTRODUCTION
The 40 MeV 125 mA deuteron superconducting accelerator for IFMIF starts with 2 beta 0.945 cryomodule (CM)
hosting 8 175 MHz half wave resonators (HWR) and superconducting solenoids, followed by high beta CMs. The
Lipac prototype accelerator installed in Rokkasho, Japan
includes the first low beta CM, for wich CEA has delivered
all components except the solenoids with are contributed
by CIEMAT [1]. What is unique to this cryomodule is the
combination of SRF coaxial cavities which are usually part
of low intensity ion accelerators and high beam power. In
the IFMIF case, RF components have been designed to operate up to 200 kW CW. The fundamental power couplers
(FPC) [2] dimensions are comparable to the HWRs'. Taking this into account has been one of the main drivers in
the cryomodule design. HWRs are designed to operate in
the horizontal position and support the cold mechanical
tuner (top) and FPC (bottom). This sub-assembly constitutes an accelerating unit. The cryogenic circuit for the cavities, HWRs and solenoids are supported by a common titanium frame in the CM (Fig. 1).
The HWR parameters are summarized in Table 1.
Table 1: HWR RF Properties
Parameter
Epk/Eacc
Bpk/Eacc
r/Q
Operation Frequency
optimal beta

Value
4.8
11
140
175.000
0.11

Unit
n.a
mT/(MV/m)
Ohm
MHz
n.a.

The original design of the RF cavity shape has been unchanged since the early prototyping phase. The mechanical
desing was competely modified for use with a compression
tuner [3]. The cut view is shown on Fig. 1. Due to the tight
radii in the end torii (the small torus radius and the fillet at
____________________________________________

Figure 1: Jacketed HWR cut-view.
Some of the challenges to be overcome were to demonstrate:
 The thermal stability of the HWR operated in horizontal position,
 the process of tuning the cavity during its manufacturing and preparation steps, while staying above the
floor limit of 3 mm Nb thickness
 the possibility of field emission free RF performance
thanks to efficient cleaning despite the complex inner
shape and tight access.

DESIGN EVOLUTIONS
The performance requirements for the HWR are Eacc >
4.5 MV/m with Q0 > 5. 108. The minimum tuning range is
50 kHz. The mechanical design of the resonators is mainly
driven by the use of a compression tuner, and the compliance with the Japanese High Pressure Gas Safety Law. In
order to save beamline space, the tuner deforms both the
cavity and the He vessel in the beam area.
The approval of the jacketed cavity as a pressure vessel
requires detailed informations of the manufacturing and
control sequence, and the detail on welding processes. As
a consequence, the approval was obtained late into the
manufacturing phase, implying several design adjustments
to comply with licensing requirements.
Geometry modifications of the NbTi flange to Nb ports
e-beam weld area (lap joint) was required in order to provide weld visual inspectability from both sides as the only
way to demonstrate the full penetration of each joint. Test
welds with macrographs were carried out for weld process
qualification proving the 6 mm penetration initially but the
possiblity of crack intiation was not ruled out, unless both
sides of the weld could be inspected. To this effect, a bevel
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was machined in the NbTi flange on the He side, enabling
full access for weld inspection.
Dye penetrant testing (DPT) was also required on the Ti
vessel welds. This kind of test is generaly avoided in order
to minimize cavity or clean room contamination. This concern led to the choice of a water-based DTP fluid with enhanced residues removal capability. This, combined with
the protection of cavity flanges during DPT had no
measureable effect on cavity performance.

CAVITY MANUFACTURING
A total of 9 HWR have been manufactured. The first one
was used as a test bench for all RF tuning and preparation
methods [4], and was not part of the Japanese HPGSL lincensing procedure. The RF frequency sensitivity measures
at -177 kHz/mm with respect to it length. Completing the
welds between the 4 cavity main parts (cavity outer body,
stem and end torii, see Fig. 2) requires trimming based on
initial geometry of the individual parts and corrections due
to shrinkage variations during successive welds. A 50 kHz
RF frequency spread was expected at the cavity delivery,
but could not be reached, although at least 3 intermediate
measurements were carried out during Nb resonator completion.
Details of weld areas and weld sequence were adjusted
during fabrication, starting on the first series HWR for
which the first torus-stem weld failed. After a second failure on another HWR, a new welding sequence of torii and
HPR ports was devised. The initial angle between the electron beam and Nb parts was too low and caused instability.
Stability was recovered by shooting the beam with an angle
closer to normal.

Figure 2: Main HWR parts welding sequence.

CAVITY PREPARATION
The preparation phases breakdown as follows:
 a first main BCP etching phase both for damage layer
removal and frequency tuning, followed by High pressure water rinsing in the ISO5 HPWR booth and preparation for cold test.
 after the vertical test, the actual cold HWR RF frequency is confirmed. If too far from the target frequency, additional BCP tuning is carried out before
any heat treatment, in order to minimize the etching
time after heat treatment, subsequently the introduction of hydrogen in the Nb.
MOP087
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 a 650°C 24 hours high vacuum heat treatment is carried out at the manufacturer premises, followed by helium jacket integration.
 final BCP including final adjustment of the frequency,
preparation With HPWR in ISO5 clean room
 qualification test of the jacketed cavity
The RF frequency and the minimum required Nb thickness of 3 mm Nb are extremely important parameters for
cavity acceptance, besides the SRF performance. At each
practical phase in the etching sequence, the RF frequency
and Nb thickness is measured in order to take informed decisions on the next step.
For damage layer removal, at least two phases are necessary, flipping the cavity orientation midway. The acid
blend (FNP 1-1-2.4) is injected through both bottom HPR
ports and evacuated through the top ports. The temperature
of the acid tank, which is actively cooled, is allowed to rise
up to 13°C. Predefined levels of acid in the HWR have
been defined beforehand (approximalety 1/3 and 2/3 of
cavity height) to perform static 25 minutes etching HWR
tuning (respectively for negative and positive shifts in frequency). The number of BCP tuning steps depends on the
inital cavity frequency. These unit steps were most of the
time performed in sequence of 3 at least in order to save on
the setup time. The HWR was flipped between series of
chemical tunings in order to balance the removal of material on each side, and monitor the thickness as frequently
as possible. The occasional observation of Nb oxyde layers
discoloration in horizontal ports have lead us to end always
a series of static etching with a short (typically 10 min) circulation etching steps as the last operation before clean
room preparation.

Figure 3: HWR preparation steps at Saclay. From left to
right: chemical etching setup, HPWR in ISO5 clean room,
view of HPWR nozzle through the FPC port.
The HPWR setup shown on Fig. 3 optimized for the
IFMIF cavity geometry [4] was used, rinsing the cavity
through each of the four HPR ports sequentially, totalling
7 hours of rinsing.

Lessons Learned from Chemical Tuning of
HWRs
Chemical tuning is a time consuming process, more time
being required for setup then drying prior to check the
shifted frequency, than for actual etching. It had been an-
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ticipated to learn from the first cavities all etching/frequency related parameters in order to predict what the optimized etching sequence would be for a cavity with a
given initial frequency offset. The behaviour of the first
two HWRs was promising from this point of view [3].
However, the experience on the 8 series HWRs showed
less predictability.
The initial overall frequency spread on the series cavities
was 246 kHz as first delivered (bare HWRs). Following the
initial plan with estimates of the effect of first heavy etching phases reduced the initial frequency spread of 246 kHz
down to 123 kHz. This large value was mainly due to a
single cavity HWR04.
Among the 9 IFMIF HWRs experiencing the chemical
etching, a large spread of detuning per etching time unit
was observed especially for the circulating acid setup,
spanning over negative and positive values. The positive
frequency shift was observed on two HWRs only. This observed fact was barely predictible, and our hypothesis is
that the uneven distribution of grain orientation among the
various niobium blocks was the underlying cause of it. Unlike the sheets, the blocks also display a large grain size
distribution, with centrimetric grains always visible.
As a consequence, more frequency correction steps were
required for the majority of HWRs, and the number of intermediate frequency controls was kept high. Eventually
the frequency spread was reduced to the final value of 23
kHz on the 8 fully functional cavity batch.
The actual inital thickness of the Nb sheets for the cavity
body was 3.4 and 3.6 mm, within our specification of 3.3
mm -0,+0.4 mm.The evolution of thickness was monitored
during the period of chemical etching, with a focus on cavity parts made out of Nb sheets. The same measurement
template covering 48 unique locations on the HWR was
used for all cavities. On all HWR the minimum thickness
requiremenent is satistified after all processing and tuning
steps, but almost all the thickness margin was used up in
some cases. If the margin on top of the nominal starting
thickness of 3.3 mm had not been available, other methods
for tuning would have been developped, with increased
complexity.

BARE RESONATOR TESTS
A vertical test at 4.2 K of each HWR is performed after
the main BCP etching steps, before the 650 °C heat treatement. All tests have been performed in the larger Saclay
test Dewar, the cavity being held in vertical position.
Instrumentation available for all HWR tests is a set of 16
cernox sensors positionned on high H-field locations,
power inlet, copper cap closing the 96 mm diameter fundamental coupler port. The pickup proble is biased (50 V potential) in order to collect electrons. A low dose-rate ionisation chamber is also used to measure radiation on the top
plate of the cryostat, below the concrete radiation shielding
blocks.
All Q versus Eacc curves are shown on Fig. 4. For these
intermediate tests, no limitation was set in terms of accelerating field but the maximum forward power of was set as
Cavities - Fabrication
fabrication
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at 200 W to prevent damaging the RF cable network.

Figure 4: Q vs Eacc curves of bare HWRs.
All cavities but one display the same low field multipactor barrier, around 30 kV/m, not visible on the graphs.
This MP barrier is not conditionned after the test, but was
not an issue when operated with the power coupler in subsequent horizontal tests [5]. Two other barriers have to be
conditionned in all cases, ranging from 1.2 to 3.5 MV/m.
For most HWRs, the conditioning time was about 3 hrs.
After processing, the full Eacc range is accessible. The finished HWRs must reach Eacc>4.5 MV/m for Q0> 5 108 in
order to proceed with the final steps of manufacturing. The
best cavity reached a peak magnetic surface field of
135 mT and a peak surface accelerating field of 58 MV/m.
On several cavities, thermal stability test have been carried out by bringing the liquid He level below the beam
tube height. In all cases tested (3 cavities), no influence on
cavity behavior was observed until only about the lowest
20% of the cavity height was in contanct with liquid He.
The tests in the dedicated Sathori cryostat [5] have confirmed the thermal stability of the HWR which in this case
was checked for the horizontal orientation of the HWR.
The potential issue of gas formation in the inner conductor
and subsequent inadequate cooling is ruled out.
A series of vertical tests were carried out for finalized
jacketed HWRs. This time around, limitations were set on
the extent of Eacc range testing, in order to prevent firing of
field emission, and risk a re-processing of any HWR. All
resonators have been tested up to the minimum accelerating field of 5.5 MV/m (i. e. 20% above specification) without quench. The corresponding results on Fig. 5 show a
convergence of the performance of the finalized HWRs
compared to previous series of tests of Fig. 4. In particular,
it can be observed that the lower Q0 HWR07 and earlier
quenching HWR02 beneficitated from extra processing
steps.
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Figure 5: Final performance of HWR in vertical qualification tests.
No field emission was observed during the final qualification tests except for HWR05 for which the field emission
onset was detected at Eacc = 5.6 MV/m.

CONCLUSION
The set of eight HWRs for the IFMIF superconducting
linac have been succesfully manufactured and processed in
order to obtain the required performance. They have been
delivered to the Rokkasho site in a directly usable configuration for the cavity string assembly in the clean room.
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DEVELOPMENT OF A SUSPENSION SYSTEM FOR THE ROAD
TRANSPORTATION OF CRYOMODULE SSR1 THORUGH A
MULTILEVEL FINITE ELEMENT-MULTIBODY APPROACH
P. Neri, F. Bucchi, University of Pisa, Department of Civil and Industrial Engineering, Pisa, Italy
D. Passarelli, Fermilab, Batavia, IL, USA
Abstract
The on-road transportation of cryomodules (CM) is a
critical phase during which the structure may be subject to
relevant dynamic loading. Thus, an accurate design of
Transportation Tool (TT), equipped with a proper suspension system, is mandatory. In this paper the TT design for
the PIP-II proto SSR1 CM is presented. A finite element
(FE) model was developed considering the main CM parts.
However, the full model was not suited for the design of
the suspension system because of its computational time.
Thus, it was exported as a Modal Neutral File to a multibody (MB) software, where minor components were modelled as rigid bodies or lumped stiffnesses. The reduced
MB model considerably shortened the computational time
and it was exploited for the design of the TT, which includes helical isolators (HI) acting as a mechanical filter. A
real 3D acceleration profile, acquired during the transportation of a LCLS-II CM from Fermilab to SLAC, was used
to validate the TT effectiveness in reducing the vibrational
loading. In addition, the results of the MB analysis were
used to perform FE analysis of critical components, such
as bellows.

INTRODUCTION
The PIP-II project at Fermilab is a proton driver superconducting linac that consists of five different SRF cavity
types: half wave resonator (HWR), 325 MHz single spoke
resonators (SSR1, SSR2), and 650 MHz multicell cavities
(LB650, HB650) [1, 2]. An important milestone in the
design of each of those CMs is the development of a fixtures and procedures to mitigate potential failures during
the transportation phases.
The prototype SSR1 is currently being assembled at Fermilab and a transportation tooling was designed since the
CM will be subjected to several interfacility road transportations by trucks. The speed of the truck will be limited to
about 10 m/s. The activity started studying and understanding the CM dynamic response to vibrational loading
through a comprehensive modelling of the CM response
exploiting both Finite Element Analysis (FE) and Multi
Body analysis (MB), which proven to be effective in complex assembly analysis [3]. Then, it was possible to design
a suspension system that acts as a mechanical filter to protect CM components from vibrational loadings generated
by the truck and roads. The main deformable components
were modelled through FE, then they were imported in a
comprehensive MB model which also accounted for minor
components, modelled as lamped masses and stiffnesses.
This lean MB model could then be used to design the transportation tool, by considering various types of dynamic
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loading. The effectiveness of the transportation tooling design can be qualitatively performed by MB in terms of
main components displacements. The, loading determined
through the MB model could also be imported in a detailed
FE model of critical components, to assess the expected
stress levels during transportation.

FINITE ELEMENT ANALYSIS
An estimation of dynamic behaviour of the CM was
needed to design the TT. Since the TT should mainly act as
a mechanical filter with respect to the road dynamic loading, it was crucial to assess the main CM natural frequencies in order to set the needed cut-off frequency. This was
achieved through a combined Finite Element and MultiBody approach. Thus, the FE model was firstly developed.
Since the full assembly comprises thousands of parts, the
main sub-assemblies were firstly selected, by considering
their impact on the total mass of the assembly and their potential critical behaviour during transportation.

FE Model Implementation
Most of the geometries have a small thickness, thus they
were modelled as surface bodies exploiting shell elements.
Shapes, material properties and shell thicknesses for all the
components were obtained from the 3D model and drawings of the assembly. The selected parts (which are shown
in Fig. 1) were the external vessel, the thermal shield, the
strong back, the cavities, the support posts and the solenoids.

Figure 1: Main subassembly of the FE model.
The bellows and the two-phase pipe were excluded from
this preliminary FE model because their geometry would
require a huge number of elements to achieve reliable results, which would lead to extremely long computational
time. These parts, which indeed may be critical during
transportation, will be considered in later analysis through
MB modelling. Each of the six cited sub-assemblies was
firstly modelled separately for simplicity, and all the sub-
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assemblies were finally imported in the full assembly to
produce the complete FE model. All the connections between parts were setup through node merging and fixed
joints, to completely avoid contact regions. The final
model had a total mass of about 6200 kg (i.e. about 75% of
the total estimated mass of the CM), having a total number
of 1.1 e6 nodes and 1.2 e6 elements. The modal analysis
was setup, requiring about 5 hours to compute the first fifty
modes of the CM. A section view of the full model and an
example of a computed (high frequency) mode are reported
in Fig. 2. A list of the main modes is reported in the following sections.
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corresponding to each loading condition: a column of the
matrix was obtained by considering each of the six loading
conditions. It is worth noting that this model was also exploited to assess the natural frequencies of the bellows
themselves, to check that they were significantly higher
than the mechanical loading they will be subject to during
transportation. This allowed to neglect their inertia effects.

MULTIBODY ANALYSIS
A multibody model aimed at computing the natural frequencies of the whole CM and, subsequently, to assess the
TT filtering capability was developed. The model, shown
in Fig. 4, was made up of different parts, modelled through
different implementation strategies:

Figure 2: Example result of the full assembly.

Bellows FE Modelling
As stated, the presented FE model does not account for
potential critical parts, such as the bellows which allows
for the thermal deflection compensation during operation.
On the other hand, they were considered in the MB model
(see below) through six degrees-of-freedom lumped stiffnesses, i.e. through a six-by-six stiffness matrix. In order
to compute the values of this matrix, a dedicated FE model
was setup for each bellow. The model was meshed with
shell elements, since the thickness of all the bellows is
much lower than their radius. Figure 3 shows the load
scheme applied to the bellows.

Figure 4: Multibody model of the CM.
• The CM vessel, no. 1, together with the thermal shield,
the strongback, the support posts and the solenoids were
imported as a modal neutral file from FE software, which
allows to consider the deformability of the whole structures
through the Craig-Bampton modal reduction technique [4].
By using this technique, the degrees of freedom of the
model were reduced from about 800000 to about 330.
• The two-phase pipe, no. 2, was modelled splitting the
pipe in several beam elements whose interaction was determined through the Timoshenko beam theory.
• The cavities, no. 3, were imported as rigid bodies, considering their actual mass and inertia properties. The assumption of considering them as rigid bodies is justified by
the FE modal analysis of the cavities themselves, whose
natural frequency were found to be much higher than the
ones which are of interest during the transportation (up to
20-30 Hz).
• The bellows, which are not represented in Fig. 4, were
modelled as lumped stiffness, whose characteristics
(equivalent stiffness matrix) were derived from FE analysis.

MB Model Validation
Figure 3: Equivalent stiffness matrix computation.
One end of the bellow was fixed, while a unit displacement along the six degrees-of-freedom (i.e. 3 translations
and 3 rotations) was sequentially applied to the other end.
The equivalent stiffness matrix of the bellow could then be
computed by measuring the reaction forces and moments
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To check the accuracy of the imported Craig-Bampton
reduced model, a first modal analysis was performed on the
sole CM Vessel and the Thermal Shield (this configuration
in the following is referred as V+TS). The computed natural frequencies were compared with the ones obtained
through a full model analysis in the FE software. Subsequently, the two-phase pipe, the cavities and the bellows
were added, and the natural frequencies of the whole CM
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were computed in MB environment. Table 1 shows the results of modal analysis for FE and MB models. Frequencies up to about 20 Hz are considered because, due to the
low truck speed on the road, the input amplitude due to the
road roughness related to higher frequencies is considered
negligible.
Table 1: Natural Frequencies of the FE and MB Models
Mode no.
1
2
3
4
5

𝒇𝒇𝑭𝑭𝑭𝑭
𝑽𝑽+𝑻𝑻𝑻𝑻 (Hz)
9.5
15.4
17.2
19.1
21.2

𝒇𝒇𝑴𝑴𝑴𝑴
𝑽𝑽+𝑻𝑻𝑻𝑻 (Hz)
9.5
15.3
17.1
18.8
20.8
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𝒇𝒇𝑴𝑴𝑴𝑴
𝑪𝑪𝑪𝑪 (Hz)
9.6
15.2
17.9
21.6
23.1

Concerning the modal reduction procedure, the compar𝐹𝐹𝐹𝐹
𝑀𝑀𝑀𝑀
and 𝑓𝑓𝑉𝑉+𝑇𝑇𝑇𝑇
confirms the accuracy of the
ison between 𝑓𝑓𝑉𝑉+𝑇𝑇𝑇𝑇
reduction and importation procedure, because the differences in terms of natural frequency of the first five natural
modes never exceed 2%. In addition, a check of the mode
shapes was also performed, confirming the matching between the two models.
𝑀𝑀𝑀𝑀
) do
The natural frequencies of the complete model (𝑓𝑓𝐶𝐶𝐶𝐶
not substantially move away from the ones related to the
sole vessel and thermal shield, being the difference always
below 15% (for the first five natural modes). Considering
the modal shapes, they slightly change, with respect to the
V+TS analysis, due to the contribution of the mass and inertia of the rigid cavities. However, adding the two-phase
pipe, the bellows and the cavities does not introduce new
low frequency natural modes which may be dangerous during the transportation.
Figures 5 and 6 shows the modal shape of the first and
second natural modes respectively. The first mode involves
the oscillation along the longitudinal (𝑧𝑧) axis of the thermal
shield, being the other parts of the CM stationary. This
mode is not considered particularly critical since it does not
encompass relevant deformation of the bellows, which are
the most critical parts of the CM. On the contrary, the second natural mode is related to the lateral bending of the
two-phase pipe and of the cavities string and strongly involves bellows deformation. For this reason, this natural
mode, among the low-frequency ones, is assumed to be the
most critical.

where 𝑔𝑔 is the gravity acceleration. Being 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 sufficiently lower than the natural frequency of the first and second natural modes computed in the previous section, the
mechanical filtering effect of this first attempt configuration should be appreciable. The SA total vertical stiffness
𝑘𝑘𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡 necessary to obtain this frequency was obtained basing on
2
= 3600 N/mm
𝑘𝑘𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡 = 4𝑚𝑚𝑚𝑚 2 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

where 𝑚𝑚 is the sum of the masses of the CM and the TT.
Basing on the first attempt sizing, a draft of the TT was
created (Fig. 7).

Figure 5: Modal shape of the first natural mode.

Figure 6: Modal shape of the second natural mode.

SHOCK ABSORBER DESIGN
A first estimate of the Shock Absorber (SA) stiffness was
performed considering only the vertical motion on the CM
(heave mode). The SA stiffness influences both the vertical
travel of the CM and the mechanical filtering effect; in particular, the higher the stiffness is, the lower the CM travel
and the filtering effect result. Given as constraint a reference vertical travel 𝛿𝛿𝑠𝑠𝑠𝑠 = 25 mm, related to layout constraints, the natural frequency of the heave mode of the CM
together with the TT was computed as follows
𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =

1

2𝜋𝜋

𝑔𝑔

�𝛿𝛿 = 3.1 Hz
𝑠𝑠𝑠𝑠
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Figure 7: Drawing of the TT with helical isolators.
The TT is made up of an outer frame, rigidly fixed to the
loading bed of the truck, and of an inner frame, flanged to
the CM supports. The inner and the outer frame are con-
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𝑘𝑘𝑥𝑥 0 0
𝛿𝛿𝑥𝑥
𝐹𝐹𝑥𝑥
�𝐹𝐹𝑦𝑦 � = � 0 𝑘𝑘𝑦𝑦 0 � �𝛿𝛿𝑦𝑦 �
𝐹𝐹𝑧𝑧
0 0 𝑘𝑘𝑧𝑧
𝛿𝛿𝑧𝑧
where 𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦 and 𝑘𝑘𝑧𝑧 is the spring stiffness along three directions.
The natural modes of the CM together with TT
were computed in MB environment and are listed in
Table 2.
Table 2: Natural Frequencies of the CM+TT
1.9
3.0
3.3
4.1
4.5
5.3

0

w/o Helical Isolators

lb

2

x

cav

1.5

1

0.5

5

10

15

20

25

f (Hz)

Figure 8: FRF of the vertical displacement of the reference
cavity – With and without helical isolators.
In order to evaluate quantitatively the mechanical filtering
effect of the TT with helical isolator, a harmonic analysis
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0

5

10
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20

25

f (Hz)

w/ Helical Isolators

0

1.5

0.5

3

0

2

1

The first 4 mode shapes are simpler and can be directly
related to the conventional mode shapes of vehicles. On the
other hand, the fifth and sixth modes showed more complex shapes, which were a combination of the previous.
The natural frequencies are included in the range 1.9-5.3
Hz, sufficiently lower with respect to the first and second
natural modes of the CM. It was also verified that the first
and second natural modes of the CM itself do not appreciably change due to the introduction of the TT and helical
isolators.

2.5

w/o Helical Isolators

lb

Roll
Pitch
Heave
Yaw
Comb. 1
Comb. 2

w/ Helical Isolators
2.5

/y

1
2
3
4
5
6

𝒇𝒇 (Hz)

3

cav

Description

was performed, imposing three different inputs to the loading bed of the truck: heave, roll and pitch. For each input,
the vertical (𝑦𝑦-axis) and lateral (𝑥𝑥-axis) displacement of the
centre of mass of a reference cavity were measured and
plotted as frequency response function (FRF), normalized
with respect to the input magnitude.
For the sake of readability, only the results related to the
heave input are presented. Figures 8 and 9 show the FRF
of the vertical and lateral displacement, respectively, of the
centre of mass of the reference cavity normalized with respect to the heave input amplitude, both obtained with and
without helical isolators.

y

Mode no.
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nected through 12 helical isolators (HI), whose characteristics were selected starting from the first attempt choice of
the vertical stiffness [5]. The linearized characteristics of
the helical isolators were implemented in MB environment
through bushing element which exploit three-axial force
(𝐹𝐹𝑥𝑥 , 𝐹𝐹𝑦𝑦 , 𝐹𝐹𝑧𝑧 ) due to three-axial displacement (𝛿𝛿𝑥𝑥 , 𝛿𝛿𝑦𝑦 , 𝛿𝛿𝑧𝑧 )

/y
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Figure 9: FRF of the lateral displacement of the reference
cavity – With and without helical isolators.
Considering the vertical (𝑦𝑦) displacement of the cavity, due
to the introduction of the HI, it is magnified at low frequency of about 2.5 times (for 𝑓𝑓 ≈ 3 Hz), due to the resonance of the heave mode. However, this is not critical because no deformable body modes are interested around this
frequency. This means that the response is characterized by
a rigid body motion of the CM, and all the displacement is
absorbed by the HI. For higher frequency values (i.e. 𝑓𝑓 >
5 Hz) the vertical input is reduced (magnitude < 1 in Figure
7) due to the mechanical filter effect. In particular, considering the frequency values corresponding to the first and
second CM natural mode frequencies, the vertical input are
reduced by a factor of 4 and 5 respectively.
Considering the lateral (𝑥𝑥) displacement of the reference
cavity, in the case of no-spring TT configuration, this is
very high due to the resonance of the second natural mode.
This effect could be very critical for the bellows from a
structural point of view. However, if the HI are used (solid
lines), the lateral displacement is strongly reduced. Similar
consideration can be inferred for higher frequency modes
and for pitch and roll inputs.

ROAD LOADING SIMULATION
In order to assess the loads borne by the CM components
during transportation with or without the helical isolators,
a dynamic simulation was performed. The truck loading
bed displacement (heave, roll and pitch) were imported in
the model from the data which were recorded during the
transportation of a similar CM. A reference record of one
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minute, including the largest measured displacement, was
considered.
The forces acting on each component were then recorded
during the simulations and a particular attention was devoted to the forces acting on the bellows. Figure 10 shows
the 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 components of the force acting on a reference bellow considering the TT equipped with helical isolators (Fig. 10a) and without helical isolators (Fig. 10b).

(a)

(b)
Figure 10: Force on a reference bellows – a) TT equipped
with helical isolators; b) rigid TT.
A strong reduction of the oscillation amplitude due the
mechanical filtering effect is appreciable using the helical
isolators. In particular, if the spectral analysis of the force
acting on the reference bellow is considered (only the 𝑥𝑥component is presented for the sake of conciseness, since
the results along the other directions are similar), the filtering effect can be directly appreciated. Indeed, as shown in
Fig. 11, if rigid TT layout is considered (Fig. 11b), the force
contribution in all directions due to 10-20 Hz frequency is
much higher than the case where HI are used (Fig. 11a).

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP089

CONCLUSION
The described activity allowed to design a reliable
Transportation Tool for the Cryomodule SSR1. The design
workflow was structured using a multi-level approach. A
Finite Element modelling of the main sub-assemblies of
the Cryomodule was setup to assess the dominant natural
frequencies. This preliminary analysis provided a rough estimation of the needed cut-off frequency of the transportation tool. The FE model was then imported into a MultiBody model to provide a preliminary design of the suspension system, in terms of spring placing and stiffness. These
guidelines were exploited to select commercial isolators
and to define the frame geometry. A time series of displacement profiles recorded during previous transportation of a
similar CM was then imported in the MB model. This allowed to assess the TT performances and, also, to estimate
the loading acting on the critical components (e.g. bellows,
support post).
However, an experimental campaign will be essential to
fully validate the numerical models to improve their reliability for future uses. The experimental validation of the
design procedure will be obtained in future developments
through some trial transportation of the Cryomodule onsite
at Fermilab. Several accelerometers will be placed at critical locations of the structure to check the reliability of the
models’ predictions.
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Abstract
The superconducting RF Continuous Wave (CW) Linac
for LCLS-II consists of thirty-five 1.3 GHz and two 3.9
GHz cryomodules that Fermilab and Jefferson Lab are
jointly producing in collaboration with SLAC. Fermilab’s
scope of work is to build, test, and deliver half the 1.3 GHz
and all the 3.9 GHz cryomodules and to design and procure
components for the cryogenic distribution system. Fermilab has the primary responsibility for delivering a working design. The cryomodule design basis was the European XFEL but some important elements evolved to meet
CW operation requirements and specifics of the SLAC tunnel. There have been several challenges faced during the
design, assembly, testing and transportation of the cryomodules which have required design updates. Success in
overcoming these challenges is attributable to the strength
of the LCLS-II SRF Collaboration (Fermilab, Jefferson
Lab and SLAC with extensive help from DESY and
CEA/Saclay). The cryogenic distribution system has progressed relatively well and there are also valuable lessons
learned from that system. An overview of the status, accomplishments, problems encountered, solutions developed, and a summary of lessons learned will be presented.

INTRODUCTION
LCLS-II will be a world-class free-electron laser enhancement to the operational LCLS Facility located at
Stanford Linear Accelerator Center (SLAC). The science
objective is achieved using a continuous wave (CW) 4 GeV
superconducting linac. The accelerator is being built with
collaboration of SLAC and four other Department of Energy (DOE) labs; Lawrence Berkeley National Lab
(LBNL), Argonne National Lab (ANL), Thomas Jefferson
National Lab (JLab) and Fermi National Accelerator Lab
(Fermilab) as well as Cornell University. The basis for the
design is the European XFEL, and the success of the project is bolstered through a strong collaborative relationship
with both DESY and CEA/Saclay. The scope of the SRF
part of LCLS-II includes forty 1.3 GHz cryomodules
(thirty-five of which will be installed, with five spares) and
three 3.9GHz cryomodules (two installed with one spare).
Fermilab’s scope of work includes supplying nineteen
1.3 GHz cryomodules, the three 3.9 GHz cryomodules, and
the cryogenic distribution system (CDS) components. To
date, Fermilab has built and tested eighteen 1.3 GHz cry___________________________________________

* Work supported, in part, by the US DOE and the LCLS-II Project.
Operated by Fermi Research Alliance, LLC under Contract No.
DeAC02-07CH11359 with the United States Department of Energy.
† rstanek@fnal.gov

MOP092
302

omodules (three must still be rebuilt – two because of bellows damage during transport and one due to bellows damage during tunnel prep work at SLAC) and has delivered
all the CDS components. The project has had its share of
successes and challenges which resulted in valuable lessons learned. After initial transportation issues (including
two cavity string vacuum failures) had been resolved, shipping resumed and Fermilab has delivered nine cryomodules to SLAC (total from both JLab and Fermilab delivered
is sixteen).

KEY LESSONS LEARNED
Throughout the LCLS-II project at Fermilab, there have
been valuable lessons learned. However, a few high-level
lessons learned stand above others and may be most applicable to other SRF projects.
Project personnel are familiar with the project management (triple constraint) triangle of scope, cost, schedule
with quality being a central parameter (Fig. 1). In many
cases the legs of the triangle are thought to have equal
weighting. Based on experience on LCLS-II within the
SRF technology scope, it is possible to say that the one aspect that can be most impactful is schedule. This is due to
the concept that when scope or cost are adjusted, these are
typically overt actions which are well analysed for the potential changes to the quality or risk. In fact, there tends to
be ways in which some of the change can be absorbed “off
project”. However, the danger with the schedule constraint
is that the resulting change in risk or quality for an overly
aggressive schedule is not so obvious. Paths taken, decisions made, and changes in personnel required to meet or
accelerate the schedule can result in much higher levels of
risk. This is compounded if a robust Work Planning &
Control system is not in place. An aggressive schedule
even when analysed for the high-level risk increases can
drive lower level decisions that bring into play more technical or quality risk. This is particularly true if the schedule
compression ignores the complexity of the SRF technology.
• Upper management, including funding agencies,
should strive to analyse the consequences of their decisions and the effect they could have on risk or quality. This is most important for decisions that compress schedule which can initiate risk increases not
currently captured.
Work Planning & Control (WPC) is a key part of production and project performance. It has a direct impact on
quality and safety which will affect cost and schedule.
WPC cannot be solely driven from the top. To be effective,
the culture must be pervasive throughout the organization.
SRF Technology - Cryomodule
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Analysing the risk, especially if an off-normal path is being
pursued, is essential to high quality and safe performance.

Figure 1: Triple constraint triangle.
A project cannot “police” Work Planning & Control, it
must be built with WPC in everyone’s mind. Throughout
the layers of management and supervision, it is important
to maintain a focus on how the work will get done, the risks
involved in performing the work and how those risks can
be controlled and minimized. Upper management does not
typically have the insight into the details of the processes
to be fully effective in dictating proper WPC measures. If
the culture of the project is one that believes WPC leads to
better performance, one can get buy in from all levels, from
the shop floor to the engineering and design group. Building this environment takes time and budget.
• Develop the culture of Work Planning and Control
early in the project and establish commitment at all
levels.
• Monitor all off-normal work and assure risks are
properly analysed. Procedures, tooling and infrastructure changes which need to be instituted prior to commencing the work should all be evaluated with respect
to adding risk to the normal workflow.
Another important lesson learned from the LCLS-II project is the simple concept that singular points of failure
should be avoided whenever possible. Whether this be related to a single person doing a critical design in semi-isolation, a single piece of infrastructure needed in the workflow, or a sole vendor for critical parts. Each of these scenarios have touched the LCLS-II project and influenced
cost and schedule performance. Redundancy helps maintain schedule even if there is an increase in cost for that
item. Keeping on schedule controls overall project cost especially for the Level of Effort labor.
• Set up small teams of people to work on designs, assuring that there is always back up and cross checking.
If a challenging problem needs a quick and immediate
solution, consider forming a working group containing individuals from various related disciplines to offer a broad perspective and look at a range of possible
solutions.
• The sole vendor issue is harder to solve for it may be
the only vendor available or it may be too costly to
bring in another source. Here the only option is to
monitor the vendor’s progress, quickly feeding back
critical information, and work to provide solutions
when problems are encountered.
Building a successful collaboration is an essential part of
many modern day large SRF-based accelerator projects.
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Some lessons learned from the LCLS-II project collaboration include:
• Define the type of relationship desired upfront and develop a management and evaluation scheme that reflects the core principals. For instance, partners
should have equal voices otherwise it becomes a customer/vendor relationship. Also, in a collaborative
model there is a shared responsibility to deliver the
scope and solve problems.
• Building a strong collaborative relationship with other
similar SRF projects will help assure that valuable lessons learned are shared and minimize repeating the
same mistakes.
• Respect the boundaries of each institution by setting
priorities on requests which tap valuable staff resources. Otherwise, every person with some level of
responsibility, will think that their request is most important and will continue to push for immediate action, taking away from other high priority activities.
• Where possible, set the organizational structure so
that people in positions of management responsibility
understand the essential technology of the machine including risks that might increase because of their decisions. This can also be addressed by assuring the
work is assigned correctly to the various organizational units.
• In the end, the host lab is responsible for building the
machine. It is imperative that they be comfortable and
skilled with the SRF technology and they take responsibility for solving problems and making things work.
Everyone needs to have a stake in the game.
Large high energy physics experiments are great examples of how collaborations can work, particularly if that
model is coupled correctly to the increased documentation
and proper WPC needed for production of SRF cryomodules.
For SRF-based production projects, quality assurance
and control, data traceability and record management are
essential. Most projects will be set up with a common set
of acceptance criteria that is invoked at the cavity test, cryomodule test and cryomodule receipt check points. Acceptance criteria should be set not at the level of what
might be possible to achieve but rather at what is required.
Otherwise, there will be many additional Non-Conformance Reports. Also, projects are not funded at the “what
might be possible to achieve” level.
• It is important to agree on how to handle the components that do not meet the acceptance criteria.
• Early in the project, define the amount of documentation that will be provided, where it will be stored, and
on what timescale it is needed. Documentation is very
important in large projects, but it is not preventative
of problems. In fact, documentation in the hands of
people that are not experienced with SRF technology,
can lead to a false sense of knowledge.
• Be careful not to change the technical or documentation requirements during the project as it will lead to
subsequent cost increase or schedule delay.
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• When producing SRF components at multiple locations, it is important to look for nonconformance or
differences at the assembly stage (not just the test
stage). This is where small changes in how a cryomodule is assembled and handled can make a difference in performance. Having a clearly defined nonconformance resolution path is essential to keeping on
the production schedule.
• Per the LCLS-II experience, identifying and addressing vendor delivery issues early, whether they be
quality or schedule related, is crucial. If the problem
is there, it is most likely not going to go away on its
own and even if it does, it might return if the root
cause is not addressed.

DESIGN
For LCLS-II, the Cryogenic System Manager is the Design Authority and Fermilab is the Designer of Record. In
this role, Fermilab has primary responsibility for delivering
a working design that meets requirements. LCLS-II used
a system of requirement documents that flow down to set
the specifics of the cryomodule design. The cryomodule
design basis was the European XFEL but several elements
evolved to meet CW operation requirements and the specifics of the tunnel, as shown in Fig. 2 and described in [1]
and [2]. Requirements that drove design changes were:
CW operation
• Higher cavity heat load associated with CW operation, drove the requirement for high Q0 which led to
N-doping, changing the pipe sizes, and minimal environmental magnetic flux.
• Minimized magnetic flux led to a change of materials,
two magnetic shields, and use of demagnetization
coils.
• N-doping led to the fast cooldown requirement.
• Fast cooldown requirement led to adding cooldown
valves on each cryomodule, dual cooldown cavity inlets, and larger helium vessel chimney.
• Tighter constraint on cavity frequency led to design
changes on tuner, use of piezos and techniques for reduction of microphonics.
• Tuner concerns led to inclusion of access ports (a very
useful and positive step).
• Reduction of microphonics drove reversal of cryogenic valves to eliminate thermal acoustic oscillations, inclusion of a baffle on the 2K helium line to
reduce the effects of high velocity injection, the addition of a beamline bellows between cavity one and the
upstream gate valve, and various tube tie downs to
eliminate rattling as detailed in [3,4].
Tunnel specifics
• 0.5% slope in tunnel drove closing off pipes at the end
of the cryomodule and use of individual JT valves on
each cryomodule.
Regarding the cryomodule design effort, LCLS-II found
that it is not reasonable to focus cryomodule design
through a single individual since that places undue burden
on that person. Rather, a team approach with a lead design
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engineer supported by additional designers and focused by
an overall lead engineer works much better. A specific lesson learned was that substitution of parts thought to be
equivalent must be reviewed and approved by an independent member of the design team.

Figure 2: Solid model of cold mass.
Typically, the intention of a project is to complete all the
R&D work and lock down the design prior to baselining.
For LCLS-II, changes to the design were made as R&D
continued at the beginning of the project and after the testing of the first prototype cryomodule.
• One of the key lessons learned is to not cut off R&D
too early. The issue with the differences in magnetic
flux expulsion properties of the material could have
been detected much sooner had R&D been allowed to
continue.
• Push to make the prototype cryomodule (there should
be one) as close as possible to the production cryomodule in design, component procurement, and cryomodule assembly. LCLS-II let schedule dictate the
use of components in the prototype that were not the
same and not from the production vendors and unfortunately the production was started before the prototype was tested, see details in [3,5].

TESTING
Fermilab has fully tested seventeen cryomodules, the results for which are shown in Fig. 3 and Fig. 4. To date, for
the Fermilab tested cryomodules, the average usable energy gain per cryomodule is 159 MV compared to the specification of 128 MV. The average Q0 for all cavities in the
Fermilab cryomodules is ~3 E10 compared to the specification of 2.7 E10, see additional details in [6]. JLab has
had similar results. Lessons learned from the LCLS-II experience include:
• Plan additional time for the first few cryomodule tests
so that interesting as well as possibly negative responses can be investigated, and a retest can occur, if
warranted.
• There will be a learning curve on most tasks including
mechanical installation and removal from the test
stand.
• A dedicated test facility, with adequate redundancy,
improves testing efficiency and make the schedule
more achievable.
• Develop a detailed test plan even if it is assumed it
will change.
• If possible, establish testing shift coverage early so
that extended testing will not be interrupted.
SRF Technology - Cryomodule
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• To the extent possible, match the cryogenic parameters of the accelerator with regards to inlet conditions
and cooldown rate.
In general, the cryomodule testing has progressed extremely well.

Figure 3: Cryomodule Voltage Gain.

Figure 4: Cryomodule Average Q0.

TRANSPORTATION
Since the resumption of shipping, Fermilab has successfully transported nine cryomodules to SLAC. However,
the project had a tough time early with cryomodule transportation. There were two beamline vacuum failures attributable to damage to the cold coupler bellows caused by
excessive vibration during transportation. This meant that
two cryomodules must be rebuilt. The first failure occurred on the very first cryomodule shipped to SLAC. The
second failure on a short road test run (second test of that
cryomodule) from Fermilab and intended to gather vibration data for analysis.
• The lesson learned is that if the root cause of the problem is not addressed, the failure will reoccur even if
other mitigations are put in place. Initial success,
namely being able to successfully complete the first
test run, was not conclusive that the problem was
solved.
Again, the simple lesson learned is that little things matter. Small differences between the XFEL design and the
LCLS-II design at the failed coupler region coupled with
changes in the spring configuration of the transport frame
and the initial differences in the transport caps, may hold
the key to why the XFEL Project experienced no failures
while LCLS-II had two. In addition, the LCLS-II initial
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road tests were performed on the JLab prototype cryomodule which again had a slightly different cold coupler design. Additional lessons learned include:
• Require independent review of transport analysis,
data, and equipment designs.
• Plan adequate test time for transport hardware which
whenever possible uses non-critical components
(dummy cryostats) as the test apparatus.
• As part of WPC, perform a Failure Mode & Effects
Analysis to analyse risks associated with transport.
• Accumulated motions could matter. and a short road
test is not equivalent to a long transport.
• Collect accurate and reliable data which focuses on
possible areas of weakness. For LCLS-II, this was essential to the process of identifying the problem and
qualifying a transport scheme.
In the end, the strength of the LCLS-II collaboration
helped develop solutions that solved the transport failures.
Two solutions were developed. JLab designed the mmount which helps minimize movement of the cold coupler bellows and is what has been used for essentially all
transports. Fermilab optimized the approach which removed the warm coupler and locked the cold coupler in
place using threaded bolts (Berry bolts). This was used on
the first transport after resumption of shipping. Transportation is now proceeding on a regular basis, see details in
[7].

CRYOGENIC DISTRIBUTION
The cryogenic distribution system (CDS) consists of six
feed caps, two end caps, two bypass sections, two distribution boxes and approximately ninety meters of surface
transfer line. All components were procured from industry
using design and build contracts and all have been delivered to SLAC. Installation for all tunnel components is
complete. The success of the CDS effort is attributable to
a combination of:
• Following a system engineering process throughout
the project.
• Providing a reference design and detailed specifications so that the vendor knew what was being requested.
• Performing formal reviews with issue tracking, that
gated the ability to move to the next step and covered
both technical and documentation aspects of the work.
• Close vendor oversight, including weekly meetings,
multiple vendor site visits to witness progress and assistance with technical problems resolution.
• Conducting factory acceptance testing at the vendor
before allowing shipment to proceed, and site acceptance testing at SLAC.
The thoroughness and level of commitment to the engineering and review process, from both sides of the procurement, resulted in high quality components that met specifications. The cost and schedule performance of the procurements was quite good.
• Transportation was once again an issue on the first
shipment of components as the third-party shipping
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firm (contracted by the vendor) did not ship the components as originally specified. This led to increased
oversight and specificity on the terms and conditions
of the transport contract. There were no other occurrences of this issue.

CONCLUSION
The 1.3 GHz cryomodule LCLS-II work at Fermilab is
nearing completion. Despite initial challenges associated
with cavity material properties, microphonics, and transportation, the project has made good progress. Cryomodule performance exceeds specification. There are many lessons learned from this effort that can be applied to other
SRF projects and as a community we should learn from our
shared experiences.
The transition is being made to start the 3.9 GHz assembly work and it can be assumed that a new list of lessons
learned will be developed.
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DESIGN STRATEGY OF THE PIP-II CRYOMODULES*
V. Roger †, S. Chandrasekaran, D. Passarelli, Fermilab, Batavia, IL 60510, USA
Abstract
The Proton Improvement Plan II (PIP-II) is the first U.S.
accelerator project that will have significant contributions
from international partners. Research institutions in India,
Italy, UK and France will build major components of the
particle accelerator. The High Beta 650 MHz (HB650) prototype cryomodule is being designed jointly between Fermilab (USA), CEA (France), STFC (UK) and RRCAT (India). The assembly of this prototype cryomodule will be
done at Fermilab whereas the production cryomodules will
be assembled in UK. Concerning the Low Beta 650 MHz
(LB650) cryomodules, they will be designed and assembled at CEA. To reduce the cost of the project and to increase the quality it is essential to define a design strategy
for each cryomodule which includes a degree of standardization. In this way, the lessons learned on each prototype
cryomodule will positively impact on all the other cryomodules types. An international joint design also brings
additional challenges to the project: which unit system
should be used? Should a common project lifecycle management system be used for all partners? How to transport
the cryomodules overseas?

INTRODUCTION
The superconducting linac architecture of PIP-II comprises 5 types of cryomodules with many contributions
from international partners (see Fig. 1).

cryomodule. The next cryomodules will all have significant contributions from international partners, for this reason it is important to define a design strategy and a working
model to allow the sharing the experience.

DESIGN STRATEGY
The design of SSR1, SSR2, LB650 and HB650 cryomodules are based on a strong-back at room temperature
supporting the coldmass from the bottom [2, 3]. This
choice was originally done to make easier the assembly of
the coldmass by putting the elements one above the others.
The configuration of cavities (C) and solenoids (S) will
be different for each cryomodule type (see Table 1), nevertheless the cryogenic layout will be very similar for all of
them [2].
Table 1: Cryomodule’s Layout
SSR1 cryomodule

C-S-C-C-S-C-C-S-C-C-S-C

SSR2 cryomodule

S-C-C-S-C-C-S-C

LB650 cryomodule

C-C-C-C

HB650 cryomodule

C-C-C-C-C-C

The shape of the single spoke cavities is very different
from the elliptical cavities, making it was necessary to support and align cavities in a different way. The spoke cavities and solenoids are supported by one G11 support post
(see Fig. 2) and aligned by a set of screws [4]; whereas the
elliptical cavities are supported by two G11 support posts
(see Fig. 3) and aligned thanks to four lugs welded on the
dressed cavities [3].

Figure 2: SSR1 cryomodule configuration.

Figure 1: Layout of the PIP-II superconducting linac.
The half wave resonator (HWR) cryomodule has been
designed and manufactured at Argonne and is nearing completion. This cryomodule is based on a "top loaded box cryomodule” design [1]. This choice has been made due to
past experiences of Argonne with assembling this type of
___________________________________________

* Work supported by Fermi Research Alliance, LLC under Contract No.
DE AC02 07 CH11359 with the United States Department of Energy
† vroger@fnal.gov
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Figure 3: HB650 cryomodule configuration.
To validate the current design strategy and to mitigate
the technical risks, one prototype for each cryomodule type
will be manufactured. The first prototype will have a major
impact on the project because it will validate the assembly
sequence common to all cryomodules (see Fig. 4) [5].
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Figure 5: SSR1 Strong-back assembly.

Figure 4: Assembly sequence of SSR1, SSR2, LB650 and
HB650 cryomodules.
Fermilab is using Teamcenter® as a product lifecycle
management (PLM) system and NX® as a CAD model
software. Both are fully integrated in one platform enabling
design teams in different locations to work together. Thus,
all PIP-II partners have access anytime to the most up-todate design. However, being Teamcenter limited to integrate only the NX® CAD software, it limits the interaction
with partners and the effectiveness of the working group if
they are using a different CAD software. For this reason,
the technical requirements system (TRS) and functional requirements system (FRS) have been written and shared
with the partners. Of course, regular meetings are also organised to share design status, ideas and experiences.

Figure 6: String assembly under the lifting tooling.
In the meantime, the insertion tooling used to insert the
coldmass into the vacuum has been validated by performing dry-runs. Then, the magnetic shield has been assembled into the vacuum vessel (see Fig. 7).

SSR1 PROTOTYPE CRYOMODULE
The SSR1 prototype cryomodule will be the first prototype to be completed. Its achievement will be a major milestone for the project because it will validate:
 The “strong-back” design strategy.
 The string lifting tooling.
 The insertion of the coldmass inside the vacuum vessel.
 The alignment strategy included the use of HIEISOLDE Brandeis CCD Angle Monitor to control the
alignment during transportation and cool-down [6].
 The transport frame tooling.
 The cryomodule lifting tooling.
The string assembly was completed in January 2019 [4].
Since then, our focus has been to order all the components
and tooling of the cryomodules and to start the coldmass
assembly process. In May 2019, the strong-back assembly
has been completed (see Fig. 5) and the lifting tooling has
been set up (see Fig. 6). The lifting tooling has been designed to be common to all SSR and 650 cryomodules.
This step is critical because no forces must be applied on
the beam line during this process. Once the string is lifted,
the eight cavities and the four solenoids need to match with
their support post when moving down the string assembly.
MOP094
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Figure 7: Magnetic shield inside the vacuum vessel.
The current leads are right now under manufacturing at
Fermilab. The prototype is currently being inspected and
tested to validate its performance [7] and to proceed with
the fabrication of the production ones.
In addition to the design, this first cryomodule gave us
the possibility to define a procurement and quality control
process. Tools have been set up to follow up each procurement and to know the status of each part, making sure quality control is performed or if addition work is needed. From
this experience we learned that it would be beneficial if for
the production phase we try to minimize the number of orders combining more parts/sub-assemblies in the same order, like LCLS II project at Fermilab did [8]. Also the incoming inspection would be simplified if receive pre-assembles units.
During the assembly, we benefited from the experience
of LCLS II cryomodules. Travellers have been set up and
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a document described the assembly process of each connection: the torque value, the use of indium and Loctite®,
Belleville washers and other hardware.
The SSR1 prototype cryomodule is expected to be completed in October 2019. Then, based on this experience, the
design of the HB650 prototype cryomodule will be updated
to get the preliminary design review by the end of CY2019.

HB650 AND LB650 CRYOMODULES
The HB650 and LB650 cryomodules will have both important contributions from international partners:
 The HB650 cryomodule will be jointly designed by
Fermilab, STFC, CEA and RRCAT with Fermilab
leading the design. The prototype cryomodule will be
assembled at Fermilab and the production will be done
at STFC in UK.
 The LB650 cryomodules will be designed and assembled by CEA based on HB650 cryomodule design. The
LB650 cavity is being designed by INFN in Italy.
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with the exception of the two-phase helium pipe for which
a 6” outside diameter is needed for the interface with the
cavities. All the cryogenic lines have been preliminary designed. The main difference with SSR1 prototype cryomodule is the interface with the heat-exchanger and the
relief line (see Fig. 9):
 The location of the relief line and heat exchanger have
been chosen to limit the displacement during the cool
down in the Y direction.
 The heat-exchanger is fixed to the vacuum vessel to
reduced displacement during transportation and a bellows has been designed between the heat-exchanger
and the two-phase helium pipe to compensate the thermal contraction along z.

To reduce the cost of the project, efforts have been made
to standardise the design of these two similar cryomodules.
Nevertheless, the most important challenge of this international joint design will be the transportation of these cryomodules overseas. The transportation will have a very important impact on the design, every part needs to be designed in a way to reduce vibration and mitigate the risk of
failure.

Design of the HB650 Prototype Cryomodule
Work packages have been defined among the partners to
define the scope of the work and the interfaces:
 CEA is in charge of the design of the strong-back
which includes the study of the insertion of the coldmass into the vacuum vessel.
 STFC is in charge of the design of the transportation
frame.
 RRCAT is in charge of designing the thermal shield.
Based on the experience of the SSR1 prototype cryomodule, improvements have been done in order to make
easier the assembling and the procurement. We are planning to procure an assembly composed of the vacuum vessel, the strong-back, the G11 support posts, the cavity supports, the thermal shield and the 5K line. The Fig. 8 presents the strong-back assembly.

Figure 8: HB650 Strong-back assembly.
All the components of the cryomodules are being designed in metric units, that includes especially all the hardware, the bellows, the flexible tubes and the cryogenic lines
SRF Technology - Cryomodule
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Figure 9: Interface with the relief line and heat-exchanger.
The first transportation analysis including static structural and modal analysis was performed to validate the design concept and to highlight parts that need to be improved. One of the improvements suggested by this analysis was the use of one bellows instead of three for the beam
pipe end assembly (see Fig. 10).

Figure 10: Beam pipe end assembly. On the left: the previous design. On the right: the new design.
The natural frequency of this new beam pipe end assembly is higher than the previous design because there is no
more unsupported mass. Thus, this will reduce the risk of
problem during transportation. The use of one bellows does
not increase significantly the heat loads at 5 K and 2 K (see
Table 2) since the heat loads by radiation is the driving parameter.
MOP094
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Table 2: Heat Loads on the Beam Pipe End Assembly

REFERENCES

Three bellows
configuration

One bellows
configuration

Heat loads at 50 K
[W]

[1] Z. Conway, et al., “Progress towards a 2.0 K half-wave resonator cryomodule for Fermilab’s PIP-II project”, in Proc.
LINAC’16, East Lansing, USA, 2016, THPLR027.

1.35

0.85

Heat loads at 5 K
[W]

0.5

Heat loads at 2 K
[W]

0.75

doi: 10.18429/JACoW-LINAC2016-THPLR027

[2] V. Roger, et al., “Design update of the SSR1 cryomodule for
PIP-II project”, in Proc. IPAC’18, Vancouver, Canada, 2018,
WEPML019.
doi: 10.18429/JACoW-IPAC2018-WEPML019

0.25

0.26

After the completion of the SSR1 cryomodule, the
HB650 prototype cryomodule will validate the transportation and the alignment strategy. Works are still ongoing to
define the best way to align the cavities, to secure them
during the transport and to make sure that they remain
aligned after transportation and during operation at cold
temperature.

Design of the LB650 Prototype Cryomodule
Overall the design of the LB650 cryomodule should be
very similar to the HB650 cryomodule. With four cavities
slightly smaller than the HB650 cavity, this LB650 cryomodule should be also easier to design compared to the
HB650 cryomodule:
 This cryomodule being shorter, the longitudinal thermal contraction will be smaller.
 The size of the cryogenic lines used for the HB650
cryomodule will match with the requirements of the
LB650 cryomodule because the heat loads will be
smaller.
 Several parts and tooling will be identical or similar.
For example, the beam tube having the same diameter,
the string assembly and its tooling will be similar.
 The temperature gradient on the thermal shield will be
smaller and the maximum cool down rate will be
higher.
 The string lifting tooling, the cryomodule lifting tooling, and the vacuum vessel endcap tooling are expected to be compatible for both cryomodule.

[3] V. Roger, et al., “Design of the high beta 650 MHz cryomodule - PIP II”, in Proc. NAPAC’16, Chicago, USA, 2016,
MOPOB36.
doi: 10.18429/JACoW-NAPAC2016-MOPOB36

[4] D. Passarelli, et al., “Lessons learned assembling the SSR1
cavities string for PIP-II”, in Proc. SRF’19, Dresden, Germany, July 2019, TUP094, this conference.
[5] D. Passarelli, et al., “Tooling systems for the assembly and
integration of the SSR1 cryomodule for PIP-II project at Fermilab”, in Proc. IPAC’18, Vancouver, Canada, 2018,
WEPMK010.
doi: 10.18429/JACoW-IPAC2018-WEPMK010

[6] S. Cheban et al., “Alignment monitoring system for the PIPII prototype SSR1 cryomodule”, in Proc. SRF’19, Dresden,
Germany, July 2019, MOP102, this conference.
[7] S. Cheban et al., “Design and manufacturing challenges of the
SSR1 current leads for PIP-II”, in Proc. SRF’19, Dresden,
Germany, July 2019, MOP101, this conference.
[8] T. Arkan, et al., “LCLS-II cryomodules production at Fermilab”, in Proc. IPAC’18, Vancouver, Canada, 2018,
WEPMK010.
doi: 10.18429/JACoW-IPAC2018-WEPMK010

The design stage of this cryomodule should start in 2020
at CEA after the final design review of the HB650 prototype cryomodule.

CONCLUSION
The completion of the SSR1 prototype cryomodule is an
important step to learn and collect possible design improvements for common assemblies to all PIP-II cryomodules. Also, its validation through cryomodule testing will
be an important milestone for the PIP-II cryomodule design strategy. The 650 program has additional challenges:
first from the technical point of view especially considering the transport of cryomodules overseas, but also from
the management point of view by setting up an international joint design.
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PRELIMINARY DESIGN OF THE IFMIF-DONES SUPERCONDUCTING
LINAC
T. Plomion, N. Bazin, J. Plouin, K. Romieu, G. Devanz, N. Chauvin, S. Chel,
CEA, Université Paris-Saclay, Gif-sur-Yvette, France
Abstract
The linear accelerator for the IFMIF-DONES facility
(DEMO Oriented Neutron Source) will serve as a neutron
source for the assessment of materials damage in future fusion reactors. The DONES accelerator, which is based on
the design of IFMIF/EVEDA LIPac (Linear IFMIF Prototype Accelerator, which is under construction in Rokkasho,
Japan [1]) will accelerate deuterons from 100 keV up to
40 MeV at full CW current of 125 mA. This paper presents
the preliminary design of the superconducting linac which
is based on five cryomodules.

INTRODUCTION
The DONES Facility will be a Plant containing all the
necessary buildings and systems to house and run an accelerator-based D-Li neutron source to produce high energy
neutrons at sufficient intensity and irradiation volume to
simulate as closely as possible the first wall neutron flux
and spectrum of future nuclear fusion reactors. The Facility
will produce a 125 mA deuteron beam, accelerated up to
40 MeV and shaped to have a nominal cross section in the
range from 100 mm x 50 mm to 200 mm x 50 mm, impinging on a liquid lithium target 25 mm thick cross-flowing at
about 15 m/s in front of it. The stripping reactions generate
a large number of neutrons that interact with the materials
samples located immediately behind the Lithium Target, in
the Test Modules. Figure 1 shows a 3D Model of the
DONES Facility.

Figure 1: 3D model of the DONES Plant.
The DONES Plant is composed of five major areas [2]:
the Accelerator Systems (AS) devoted to produce the high
power beam, the Lithium Target Systems (LS) were are
produced the neutrons, the Test Systems (TS) which include the irradiation test module(s) and the Test Cell, the
Central Instrumentation and Control Systems (CI&CS)
gathering the systems in charge of performing the global
control of the Plant, and finally the Site, Building and Plant
Systems (PS) which includes the buildings and the systems
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providing power, cooling, ventilation, remote handling of
components and services to the other systems.

THE IFMIF-DONES ACCELERATOR
IFMIF-DONES baseline engineering design is based on
the IFMIF engineering design developed in the framework
of the EDA phase of the IFMIF/EVEDA project [3]. The
low energy section of the IFMIF-DONES accelerator is
similar to the IFMIF/EVEDA one: the Injector System produces and extracts a 140-mA deuteron beam at 100 keV by
its Electron Cyclotron Resonance ion source. A Low Energy Beam Transport (LEBT) section guides the deuteron
beam from the source to a Radio Frequency Quadrupole
(RFQ) accelerator. This one bunches the beam and accelerates 125 mA to 5 MeV. The beam is injected through a
Medium Energy Beam Transport (MEBT) section that conditions it in transverse mode with quadrupoles and in longitudinal mode with rebuncher cavities in order to properly
match it to the superconducting linac where it is accelerated to a final energy of 40 MeV and directed to the neutron
production target by a High Energy Beam Transport Line
(HEBT). The HEBT, which consists of a series of magnetic
optics elements, is required to tailor the beam to provide a
flat rectangular beam profile on the flowing lithium target.

SRF LINAC LAYOUT
In order to minimize the beam losses to meet the ‘handson maintenance’ machine requirement, all the components
of the linear accelerator as well as the distances between
adjacent components are made as short as possible. This
led to a very compact design of the accelerator. For the SRF
Linac, distances between the successive components are
subject to different constraints related to the RF coupler
footprint, the amplitude of frequency tuner displacements,
the flexible elements interleaved between the superconducting components, the room needed for the assembly and
so on.
Thanks to the developments already performed in the
IFMIF/EVEDA project, as-built dimensions of the SRF
Linac components (low beta cavities, solenoids, RF couplers, cold-warm transitions, etc.) are available. Consequently, dimensions of the second cryomodule (equipped
with low-beta cavities too) can be precisely defined, and
those of the cryomodules equipped with high-beta cavities
may be easily extrapolated.
By taking into account these as-built dimensions, lengths
of 3 over 4 cryomodules of the reference SRF-Linacs [3]
are increased. New beam dynamics studies performed with
this updated design have given evidence of some weaknesses, mainly: beam losses in the cavities locally exceeds

MOP097
311

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP097

the acceptable threshold (1W/m) and accelerating fields of
the cavities have to be increased by 10 to 15% to keep unchanged the output energy at 40 MeV, so that risks during
operation are increased and RF power margins strongly
consumed.
Among the various options envisaged to resolve these
weaknesses, it has been decided to improve the SRF-linac
design by adding a fifth cryomodule and using shorter
high-� lattices (1 sol + 2 cavities) [4]. However, the first
cryomodule of the SRF-Linac is intentionally kept similar
to the LIPAc one. Other characteristics of the second cryomodules and the three lasts identical cryomodules (Fig. 2)
are given in Table 1.

Table 2: RF Parameters of the DONES High β HWR

Parameter
Frequency
Optimum beta
Nominal accelerating
field Eacc
Epk/Eacc
Bpk/Eacc
r/Q

Value
175
0.18

Unit
MHz

4.2

MV/m

4.65
8.03
270

mT/(MV/m)
Ohm

The electric peak surface field Epk is located on the central drift tube area (Fig. 3). Its value is 19.5 MV/m at the
nominal gradient (4.2 MV/m). The peak magnetic field
Hpk is located in the stem with a value of 33.7 mT at the
nominal gradient. Both electric and magnetic peak fields at
nominal gradient remain under the ones of the low-beta
cavity.

Figure 2: Layout of the 5-cryomodules SRF Linac.
Table 1: Cryomodules Parameters of the DONES SRFLinac
Cryomodule
CM1
CM2
CM3
CM4
CM5

Output
energy
8.3 MeV
13.9 MeV
21.3 MeV
30.3 MeV
40 MeV

Solenoids

Cavities

8
6
5
5
5

8
11
9
9
9

Type of
cavities
Low-β
Low-β
High-β
High-β
High-β

CAVITIES, COUPLERS AND SOLENOIDS
Specifications for the low beta cavities, the power couplers and the solenoids of the new RFS-Linac design are
identical to the LIPAc ones, as they are already proven to
be achievable [5]:
 the cavities are all above the requirements (Q0>5x108
at the nominal accelerating field Eacc=4.5 MV:m),
 the power couplers have been conditioned up to 100
kW CW which is enough for low beta cavities (more
conditioning up to 200 kW is needed for operation of
high beta cavities),
 the magnetic fields of the solenoids are within the
specifications (1.1 T.m for the main coils and 3.51
mT.m for the H and V steerers).
Same results have been obtained during high power tests
of accelerating units (HWR, tuning system and power couplers) in cryomodule-like configuration [6].
The other family of cavities for DONES is a 175 MHz
high beta (0.18) half-wave resonator whose accelerating
field is 4.2 MV/m and main RF parameters are summarized
in Table 2.
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Figure 3: Field distribution in the high beta cavity.

CRYOMODULE DESIGN: LESSONS
LEARNED
Considering our previous experiences of design and/or
fabrication of QWR and HWR cryomodules (SPIRAL2,
IFMIF/EVEDA, SARAF-Phase II) [7], it is concluded that
the insertion of the cold load into the vacuum vessel following a “top loading” approach has several advantages
with respect to the “side loading” one.
The principle of the IFMIF/EVEDA side loaded cryomodule and the process of the insertion of the cold mass
has already been presented in [8]. It is a complex operation,
which required dedicated tooling. Moreover, a number of
operations is needed to complete the assembly, most of
them being done through the small lateral access doors in
the vacuum vessel: assembly of the current leads with the
welding of the superconducting wires of the solenoid packages, completion of the helium circuitry, including pressure
and leak tests, cabling of the sensors and actuators, installation of the multi layers insulation blankets on the cold
mass, installation of some panels of the thermal shield. Finally, the closing of the vacuum vessel end doors is performed. This critical operation also needs a dedicated tooling to support the vacuum valves of the cavity string while
approaching the several hundred kilos door.
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The principle of the DONES top loaded cryomodule is
presented in Fig. 4. The cold mass identical to the
IFMIF/EVEDA one: A titanium frame supports the cavity
string and a phase separator distributes liquid helium to the
superconducting components and helium gas for the cooling of the outer conductor of the power couplers. The cold
mass is hang to the top lid of the vacuum vessel thanks to
titanium alloy tie rods and horizontal tie rods allows is horizontal positioning in the vessel. A thermal shield cooled
with helium gas at 50 K limits the radiation load on the cold
mass. A global magnetic shield protects the superconducting cavities against the background magnetic field in order
to avoid trapping magnetic flux while cooling down
through transition. Following the manufacturing of the
IFMIF/EVEDA magnetic shielding and the problems of the
interfaces with the vacuum vessel, it has been decided not
to fix every panels of the magnetic shield on the vessel inner surface, but to have a “floating” shield between the vacuum vessel and the thermal shield [9].

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP097

Figure 5: Widening of support frame interface for cavity
string assembly.
Another change it is to design the frame with standard
titanium plates and beams instead of special made I-beam
as done on IFMIF/EVEDA frame. Mechanical studies are
currently under way for design optimisation.

CONCLUSION
The design of the DONES cryomodules is based on the
LIPAc cryomodule developed in the framework of the
IFMIF/EVEDA project. Lessons learned during the manufacturing and the tests of the LIPAc components led to
some modifications and improvements which are implemented in the new design of the DONES superconducting
linac. This design is well advanced, and current optimized
layout is still to be confirmed by beam dynamics errors
studies.
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Figure 4: Conceptual design of the DONES cryomodule
and principle of the insertion of the cold mass (upper mockup) in the vacuum vessel (lower sketch).
With the top loaded configuration, it is important to assess the deformation of the support frame, the top lid and
the vacuum vessel in order to respect the alignment tolerances of the cavity string. For the DONES cryomodule, the
same methodology as for the SARAF cryomodule is
used [10], starting with the design of the support frame.
Taking into account the assembly tests performed on
mock-ups [11], the linear guide type used for the assembly
of the cavity string in clean room is changed. Drylin® T
type dust free linear guides are implemented on the support
frame for the IFMIF/EVEDA cavity string assembly. However, solenoids and cavities did not slide as well as expected due to the small width of the rails. For DONES, it
is planned to use Drylin® W type or equivalent. Therefore,
the interface between the frame and the rails must be
changed as depicted in Fig. 5.
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Abstract
In the framework of the MINERVA (MYRRHA 100
MeV) project a first prototyping period started at the end
of 2017. During this period a prototype cryomodule fully
equipped (Spoke Cavities, Cryomodule Vessel, Cold Tuning System, Magnetic shielding, Power Couplers…) as
well as its operating and controlling components (LLRF,
RF amplifiers…) will be studied and manufactured. The
aim of this prototyping period is first to complete the study
of all the components and to validate the manufacturing
and the assembling procedure in order to freeze the specifications for the serial construction. On the other hand the
prototypes will serve as a test stand allowing to study and
adjust the ‘Fault Tolerance’ strategy parameters, which is a
challenging operating concept specific to the MYRRHA
LINAC. This paper presents the various tasks related to this
Spoke Cryomodule prototyping and their status.

INTRODUCTION
The MYRRHA [1] (Multi-Purpose Hybrid Reactor for
High Tech Applications) project aims to build a hybrid reactor, driven by a superconducting LINAC (600 MeV, 4
mA max. CW) in order to demonstrate radiotoxic waste
transmutation.
Since the first quarter of 2016, SCK•CEN has endorsed
the construction of the first part of the MYRRHA accelerator up to an energy of 100 MeV called MINERVA. MINERVA, planned to be in operation in 2027, will feature a
proton target facility with an ISOL target station.
A period of R&D has started in July 2017 and aims to
manufacture and test the main and critical components of
the MINERVA accelerator. In this framework SCK.CEN
in collaboration with CNRS/IN2P3 laboratories (LPSC,
LAL, IPNO) and the ACS company are in charge of the
prototyping of a full equipped low energy (Beta=0.37, 352
MHz) SRF cryomodule. Each components (SRF ‘Spoke’
Cavities, Cryostat, Low Level RF control, Power Couplers,
RF Amplifiers, Cavity Tuning System…) will be manufactured and assembled to be tested in a dedicated test bench.
Tests will be performed at full RF power and will be focused on the reliability and the ‘Fault Tolerance’ strategy
aspects which are the challenging goals for the MYRRHA
accelerator. In this paper we describe the main characteristics, the conceptual design, the assembly and test facilities
as well as the status of each components and tasks.
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RELIABILITY AND ‘FAULT
TOLERANCE’ STRATEGY
The coupling of the accelerator with the nuclear reactor
requires a very small number of beam trips, in order to reduce the thermal stresses on the reactor mechanical structure. The requirement for the accelerator MTBF (mean
time between failures) is above 250 hours and the allowed
number of beam trips longer than 3 seconds must not exceed 10 per 3-months operating period. These two strong
requirements have been taking into account for the overall
accelerator design by using a reliability study done on the
SNS LINAC operating feedback, during the former MAX
European project. Several engineering typical concepts
were used like conservative design, margins, maintaining
operations improvements, manufacturing reproducibility,
components redundancy, availability requirements.
The injector line components, was identified to have the
greatest beam trips probability. The LINAC is then designed with a double complete injector line, where a fast
switching magnet placed at the beginning of the SRF section will be able, in case of failure, to switch from one injector line to the other.
The main and most challenging concept to overcome the
beam trips on the SRF section is the so called ‘Fault Tolerance’ strategy [2] which aims to a fast (less than 3 seconds)
compensation of a failed cryomodule by adjusting the parameters of the adjacent ones. The general layout and the
beam dynamics of the LINAC was designed to fulfil the
fast compensation requirement. This fixed various design
choices, as the number of focusing components and beam
diagnostics, components specifications with 2 operating
modes ( normal operation and operation with compensation), the number of cavity per cryomodule, on the basis
that if one full cryomodule is off it can be compensated by
the others.

CRYOMODULE
The cryomodule houses 2 Spoke (beta 0.37, 352 MHz)
cavities, cooled at 2K from an external valves box and
powered with a 10 kW CW RF power coupler (see
Figure 1).

Spoke Cavities
The single Spoke cavity have been designed with conservative parameters (Epk/Eacc=4.29, Bpk/Eacc=7.32
mT/MV/m) and taking into account former spoke cavities
manufacturing feedbacks. The cavities will have a beta optimal of 0.37 at 352 MHz with Eacc=7 MV/m for nominal
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operation and Eacc= 9.1 MV/m for fault recovery operation
(Eacc is given at βopt normalized to Lacc = Ngap.β.λ/2).
Two prototypes with identical RF design have been manufactured and tested in the framework of the MYRTE European project. The purpose was to optimize the cavity RF
surface preparation process (chemical etching, High pressure rinsing and mainly high temperature baking parameter
and process optimizations). Tests results (Eacc=9.1 MV/m
with P RF < 10 W) are inside the specified values. The maximum measured gradient with the optimized surface preparation processes was Eacc=15 MV/m before quench, which
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gives a very good margin and fulfils the reliability requirement.
Two additional prototypes for the MINERVA cryomodule are currently under manufacturing and are planned to
be delivered in September 2019. These two prototypes
were optimized for their mechanical characteristics. The
aim is to lower the sensitivity of the RF fundamental mode
frequency to the slow helium bath pressure fluctuations
and to the fast micro-phonics perturbations, in order to
reduce the tuning system overall operating time, for reliability purposes.

Figure 1: MINERVA spoke (beta=0.37, 352 MHz) cryomodule conceptual design.
The design requirements are mainly subjected by the
Tuning System
reliability and the fault tolerance strategy requirements. A
The tuning system for MINERVA (see Figure 2) is de- dedicated cryostat has been manufactured to qualify the pirived from the ESS Spoke cavities tuning System. It ezo electrical actuators, and different mechanical compostretches the cavity on its axis, by means of double lever nents (screw-nut system, ball bearings, planetary gearhead,
arms actuated by a screw-nut system and motorized by a stepping motor…) and will be used for long term operation
stepping motor. Two piezoelectric actuators are inserted in at 80K under vacuum during 1 year.
the lever arm parts to stretch the cavity along its axis with
To handle the fault compensation a very fast detuning
a range of around 10 micrometres at around 2 K and for a (cavity completely detuned in less than 3 seconds) is remaximum oscillation frequency of 800 Hz.
quired. A solution using an over-dimensioned stepping motor with a high acceleration capability has been tested and
has shown its feasibility. The mechanical design is under
progress and 4 tuning systems (two for long term operation
tests and two to be installed inside the cryomodule) are
planned to be manufactured for the beginning of 2020.
In parallel, a specific control board, designed to be inserted in the LLRF MTCA chassis, is under development.

RF Power Couplers

Figure 2: MINERVA spoke tuning system.
MOP098
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The Power Coupler for MINERVA (see Figure 3) features a ceramic warm window maintained above 15°C with
an air circulation and a hollow internal conductor (antenna)
cooled with water and maintained at a maximal temperature of 300K. Several diagnostics and control probes are
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placed on the ceramic block; one electron pick up, an optic
fibre, a glass window, and two Penning vacuum gauges (redundancy for reliability purposes). The outer conductor
features two heat interceptions, one at around 60 K and the
other at around 10 K. The estimated [3] heat loads by solid
conduction are 8.8 W at 60K, 2.3 W at 10 K, 0.4 W at 2K.
The estimated radiative heat load is 0.4 W at 2K. The RF
design [3] was made for 80kW CW in travelling wave
mode operation and a conservative value of the maximal
electric field was obtained (0.5 MV/m@80kW).
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The cavities are supported on a dedicated frame with position adjustment and thermal contraction compensation
functionalities. A part of this frame is assembled with the
cavities, the power couplers, the warm-cold transition and
the cryomodule extremities valves, in a class 4 clean room,
before being inserted inside the cryomodule vessel (cryostating). A special attention was taken to simplify the cryomodule assembly (cryomodule and assembly tools design) in order to obtain a good reproducibility during the
serial manufacturing and during the maintaining operations. The cryomodule vessel is currently under manufacturing and is planned to be delivered in spring 2020.

Cryogenic Valves Box
The cryomodule will be feed with cryogenics fluids from
an external cryogenic valves box, connected by mean of a
cryogenic ‘jumper’ (see Figure 4). The valve box houses
all the cryogenic valves, including the JT valve and the sub
cooling heat exchanger. Such a choice was made to separate the functionality of the cryomodule vessel and the
valve box, with the aim to simplify the manufacturing and
to increase the LINAC components modularity. A special
attention was required for the design of the cryogenic
‘jumper’, as too important thermal loads on the 2K returning tube would unbalance the sub cooling heat exchanger
and impact the mass flow production of the JT valve.
Figure 3: MINERVA spoke power coupler.
The antenna tip is designed with a ‘mushroom type’
shape to reduce the RF perturbations on the cavity. Simulations done on the MUSICC3D [4] software shows that
the first multipacting barrier (not situated at the ceramic
window) occurs at 67 kW @ 0.37 MV/m, which is above
the maximum operating RF power [3].
Other components design, as the transition tee allowing
the connection of the RF coaxial line and the antenna cooling tubes has been done as well as the design of a barometric compensating system aiming to reduce the pressure
loads on the cavities when evacuating the cryomodule vacuum vessel. The manufacturing of 4 power couplers is
about to start and the delivery is planned for the summer
2020.
The power couplers will be conditioned in the LLA facility, formerly used for the X-FEL power coupler production. The design of the specific tooling for the MINERVA
couplers and the manufacturing of a conditioning cavity
are under progress.

Cryomodule Vessel
The Cryomodule Vessel houses the different mechanical
and cryogenic systems required to support and maintain at
2 K the SRF cavities (see Figure 1). It features one thermal
shield cooled at around 60 K, a phase separator feeding the
cavity helium vessel at around 2 K, and various loops at
60K and 10K to feed several heat interceptions used to optimize the overall cryogenic power on the cavity supporting frame, the power couplers and the warm-cold transitions. The evaluated static thermal loads are below 90W
@60K, 8W@10K and below 3W@2K.
SRF Technology - Cryomodule
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Figure 4: Valves box and ‘jumper’.
The valve box designed for the MINERVA prototyping
is for tests purposes only. It is designed to be consistent
with the IPNO cryogenic test installation and will operate
in liquefier mode with external LHe dewars. The 60K fluid
will be provided by mean of liquid nitrogen at 77K, the
10K from liquid helium vaporisation and the 2K pumped
bath by mean of roots pumps at 300K. The characteristics
of the heat exchanger, the cryogenic valves, including the
JT valve, and the phase separator have been over-dimensioned to a maximal power of 90W@2K, in order to test
the SRF cavities at their upper limits.
The valve box detailed design is achieved and the call
for tender is planned to be published in summer 2019.

MOP098
317

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

Test and Assembly Facilities
The cryomodule tests will be done at the IPNO Supratech existing facility. This facility is equipped with a liquid helium liquefier, providing around 50L/h, a helium
bath pumping group providing around 120W @2K and the
different required cryogenic auxiliaries (heaters, tubing,
transfert lines, pressure regulation, gas recovery…) as well
as its C&C system.
For the MINERVA cryomodule a dedicated C&C system
based on Siemens PLC was studied. It is orientated for tests
purposes and consequently features a large amount of diagnostics, especially for the cryomodule thermal behaviour
(thermal loads on cavities’ frame, on power coupler external conductor, on warm cold transitions…) and the cavities
RF dissipated power measurements (calorimetric and bath
pressure variation measurements). For the Cryomodule/Valve Box system the number of I/O is designed for 64
Cernox type temperature sensors, 78 Pt100 type temperature sensors, 20 heaters, 3 pressure sensors, 4 flow meters
and the typical I/O for vacuum and liquid level measurements and control. The cryomodule C&C will have to communicate with the existing cryogenic facility as well as
with the cryomodule RF control system and will have, for
this purpose, EPICS capabilities. The overall PID (see Figure 5) as well as the complete instrumentation list and the
cryogenic sequences have been done and a call for tender
concerning the hardware manufacturing and the programing is planned for the summer 2019.

Figure 5: Valves box and cryomodule PID.
The RF power system implementation in the test area has
started (electrical power supply and cooling system modifications) and the installation of the two 20 kW CW RF
amplifiers and their auxiliary components (RF circulators
and RF loads, measurements couplers, coaxial lines...) is
planned from the summer 2019.
The cryomodule assembly and the cavity surface preparations will be done in the IPNO Supratech facility. The
facility features an 85 m2 clean room with 45 m2 in Iso 4
equipped with a HPR system, a chemical polishing facility,
a 600 litres capacity oven able to operate up to 1400°C at
10-6 mbar and assembly dust free areas for the cryostating
operation. The cavity surface preparation (H2 removal) has
been studied in the framework of the MYRTE European
project. It has led to the definition of the process parameters and to the optimization of the sequence to apply to the
MOP098
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chemical polishing, the high pressure rinsing and the cavity
baking.

Figure 6: Test bench.
The test bench for the MINERVA (see Figure 6) Spoke
cryomodule is equipped according to the different components tests schedules and availabilities; RF amplifier and
equipped RF power lines commissioning, cryomodule and
valves box cryogenic characterisation, cryomodule RF
characterisation at low RF power and at least characterisation of the fully equipped cryomodule (tuning system,
magnetic shielding, power couplers, LLRF and tuning control…) at nominal RF power for components validation
and fault recovery tests.

RF SYSTEMS
A MTCA based digital low Level RF (see Figure 7) is
under development to control the accelerating field induced into the Spoke cavities with a stability of +/- 0.1 degrees and +/- 0.1 % for the phase and the amplitude respectively. The system will have to manage the frequency tuning by fast communication with the cavity tuning system
control board (piezo-electrics actuators and stepping motor
C&C). The LLRF system will also fill the role of a like
Machine Protection for the multipacting current, RF arcs
and reflected powers pending the future global MPS development for MINVERVA by SCK. Concerning the global
supervision, the development is based on EPICS, CSS and
IPMI tools for “Health” MTCA rack monitoring.
An AMC board, IFC-1420 from the IOxOS company has
been chosen for the digital part of the LLRF. The board
features slots for FMC extension boards:
 First slot is used for a signal acquisition board with 10
ADC 16 bit channels and 4 DAC 16 bit channels dedicated to MicroRTM interface.
 Second slot will house a multipacting and arc detections board dedicated to the RF couplers with several
inputs and outputs for externals interlocks from the
cryogenic and auxiliaries PLC in particular and LLRF
status.
 An extension module will also be used for a future specific data interface with a MPS.
The other boards needed for the complete system as the
cavity tuning system control board has been tested with piezoelectric actuators with success. A New version is in progress for implementing the stepping motor control. The
MRTM-based RF front-end board design in collaboration
SRF Technology - Cryomodule
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with IOXOS is in progress including the down-converter
channels and RF output channel. About the timing, the
EVent time Receiver and the EVent timing Master (AMC
boards from the MRF company) tests are in progress.
In parallel with the hardware prototyping, EPICS and
VHDL software developments are in progress. The complete system is planned to be available at the beginning of
2020.
Three RF amplifiers using the solid-state technology for
reliability purposes have been designed and manufactured
by the IBA company. Two 20 kW (CW at 352 MHz) will
be used to power the spoke cavities. With the specified coupling QL= 1.5 106, it leads to a RF power of 4 kW at
Eacc=7 MV/m (nominal operation) and a power of 17.6 kW
for Eacc=15 MeV, which fulfils with a sufficient margin the
fault recovery requirements. One 80 kW (4 times the maximal operating RF power) will be used for the power coupler conditioning in standing waves mode The RF amplifiers are planned to be deliver for characterisation tests before the end of 2019.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP098

ACKNOWLEDGMENT
This work has been funded and achieved within a collaboration contract between SCKCEN and the IN2P3
(CNRS).
The authors would like to thank Franck Pompon,
J. Belmans, F. Doucet, D. Vanderplassche (SCKCEN) for
their support on the technical and administrative aspects.
The authors would also like to thank Florian Dieudegard
from the ACS (Accelerator and Cryogenic Systems)
company who has made the complete valves box design
and Olga Kochebina and T. Junquera (ACS) for their help
on the definition of the measurements instrumentation.
We also thank the other persons highly involved in
the MINERVA Spoke cryomodule prototyping project;
Y. Gargouri, V. Poux, S. Durand, J. F. Yaniche and
S. Berthelot (IPNO).

REFERENCES
[1] About MYRRHA Project, SCK•CEN,
https://myrrha.be/en/about

[2] F. Bouly, J.-L. Biarrotte, and D. Uriot, “Fault Tolerance and
Consequences in the MYRRHA Superconducting Linac”, in
Proc. 27th Linear Accelerator Conf. (LINAC'14), Geneva,
Switzerland, Aug.-Sep. 2014, paper MOPP103, pp. 297-299.
[3] Y. Gómez Martínez et al., “MYRRHA 80 kW CW RF Coupler Design”, in Proc. 10th Int. Particle Accelerator Conf.
(IPAC'19), Melbourne, Australia, May 2019, pp. 4115-4117.
doi:10.18429/JACoW-IPAC2019-THPTS007

[4] T. Hamelin, M. Chabot, J.-L. Coacolo, J. Lesrel, and G. Martinet, “MUSICC3D: a Code for Modeling the Multipacting”,
in Proc. 16th Int. Conf. RF Superconductivity (SRF'13), Paris,
France, Sep. 2013, paper TUP092, pp. 683-685.

Figure 7: LLRF system layout.

CONCLUSION
The MINERVA Spoke (0.37, 352 MHz) prototyping is
under progress. The main components are fully designed
or currently under manufacturing. A special attention, requiring important manpower, is done on the manufacturing
follow-up in order to control the manufacturing methods
and have a sufficient feedback to set, with a quality approach, the specifications and the procedures for the industrialization of the serial production. We assume that a good
reproducibility in the manufacturing is strongly correlated
to the reliability and the availability requirements of the
MINERVA LINAC
The second important aspect of the prototyping period is
to investigate the effects, preferably with long term tests,
of the fault recovery requirements on the various cryomodule components. These tests will give inputs for the components specification but also can give important inputs for
the LINAC operations.
The first cryogenic tests with cavities and at low RF
power are planned to start before the end of 2020 and will
be continued with full RF power and fault tolerance operating tests.
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Abstract
HL-LHC crab cavities are hosted in a cryomodule to provide optimal conditions for their operation at 2 K while
minimizing the external thermal loads and stray magnetic
fields. One crab cryomodule contains more than thirteen
thousand components and the assembly procedure for the
first DQW prototype was carefully planned and executed.
It was installed in the SPS accelerator at CERN in 2018 and
successfully tested with proton beams. A review has thus
been performed right after completion of the assembly in
order to gather all the experience acquired and improve accordingly the design of the next generation of crab cryomodules. A second cryomodule with two RFD cavities is
currently under production.

INTRODUCTION
The High Luminosity upgrade of the CERN Large Hadron Collider (HL-LHC) will be implemented in 2024-2025.
The upgrade aims at increasing the LHC integrated luminosity [1]. One of the key components that contribute to
this increase are the RF compact crab cavities that will be
placed on both sides of Interaction Points (IP) 1 (ATLAS)
and 5 (CMS). Each cavity will apply a transverse kick of
3.4 MV at 400.79 MHz in order to tilt the particle bunches

(i.e. crabbing), increasing their overlap when crossing at
the IP and resulting in a higher number of collisions
[2].There are two types of cavities in the HL-LHC crab
cavity project: the Double Quarter Wave (DQW), which
will be installed around IP 5 for vertical crabbing, and the
Radiofrequency Dipole (RFD) which will be installed
around IP 1 for horizontal crabbing.
The cavities are placed in a cryomodule that contains all
the components and equipment needed for the operation of
the cavities. A section of the RFD prototype of the crab cryomodule can be seen in Fig. 1. Several technologies are
used for its manufacturing and operation. The design of the
cryomodule was conceived not only to optimize its performance but also the assembly process [3]. The design was
driven also by the need for allowing access to the internal
components of the cryomodule until a very late stage of the
assembly. The assembly of the cryomodule is divided in
steps, which consider the different activities that need to be
carried out. Each step was planned and detailed in an assembly procedure. Many different tools were required for
the handling and positioning of the cryomodule subassemblies. Their interfaces have to be properly defined and integrated in the study of the cryomodule. A preview of the
assembly sequence of the cryomodule is shown in Fig. 2.

Figure 1: Section of the RFD crab cavity cryomodule prototype.
___________________________________________
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Figure 2: Preview of the assembly sequence of the first crab cryomodule (activities outside the clean room) [3].

Each cryomodule contains two crab cavities, as depicted
in Fig. 1. A short description of the main components of the
cryomodule is shown in the subsequent subsections.

at 50 K. A third line is used during operation to fill the cavity titanium vessels with 2 K superfluid liquid helium.
All the lines are made of non-magnetic stainless steel
(relative permeability < 1.005) compatible with the use of
cryogenic superfluid helium.

Dressed Cavity

Cavity Support and Alignment

One dressed crab cavity is composed of the cavity itself
in bulk niobium, the helium tank in titanium gr. 2, the cold
magnetic shield in Cryophy®, three High Order Modes
Suppressors (HOM) for DQW (two for RFD) in bulk niobium, two pick up antennas (one for RFD) in copper or
copper with electron beam welded niobium and one Fundamental Power Coupler (FPC) in copper [4].

The position of the cavities needs to be adjustable from
the outside of the cryomodule. The FPC outer pipe is used
as a fixed point for their support, which is also provided by
two additional deformable stainless steel blades oriented
towards the fixed point (see Fig. 4) [6]. The blades and the
FPC outer pipes are thermally intercepted to reduce the
heat load to the 2 K cold bath. The support system design
is conceived to be stiff enough and, at the same time, to be
able to follow the thermal contraction of the cavity.

CRAB CRYOMODULE DESCRIPTION

Cavity String
The cavity string is a closed assembly composed of the
two dressed cavities, one inter-cavity bellow (in stainless
steel 316LN), two cold/warm beam vacuum chambers and
two extremity valves, as shown in Fig. 3. These extremities
ensure that the cryomodule components stay under clean
air until the final installation in the machine. The string has
to be placed in ISO class 5 clean room for preparation,
cleaning and conditioning and ISO class 4 clean room for
assembly [5].

Figure 4: Cavity support for RFD prototype.

Thermal Screen and Super-insulation

Figure 3: Cavity string assembly for DQW prototype.

Cryogenic Lines
The cryomodule uses helium to cool its inner components at different temperatures using three different lines.
One line is used for the cool down of cavities from 300 K
to 4.5 K. A second line is used to keep the thermal screen
SRF Technology - Cryomodule
cryomodule design

The thermal screen consist of a copper structure that is
wrapped with Multi-Layer Insulation (MLI). Both the thermal screen and the MLI have the role of reducing the heat
load on the 2 K volume. To do so, the thermal screen is
actively cooled with a circuit of gaseous helium at 50 K
that flows through copper pipes that are brazed to its walls.
To reduce the heat loss coming from the 300 K external
surfaces, the critical equipment is thermally intercepted
through the thermal screen by the use of copper
braids [7, 8].
There are two levels of super-insulation in the cryomodule. The first level reduces the radiative heat load from external surfaces at 300 K to the thermal screen at 50 K. The
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second level reduces the radiative heat load from the thermal screen at 50 K to the cold surfaces at 2 K.

The experience on the first prototype showed that the accuracy of the abovementioned system is below 50 µm [10].

Tuner

Mechanical and Cryogenic Instrumentation

The tuner has the role of adjusting the cavity to the right
frequency (400.79 MHz). The working principle foresees
a symmetric mechanical local deformation of the cavity
body in the vertical direction. The tuner motor is placed on
top of the cryomodule vacuum vessel. For more information about the tuning system and instrumentation
see [9].

The cryomodule is equipped with thermal sensors
(CERNOX and PT100), level gauges, a pressure transmitter, heaters (installed below dressed cavities for warming
up), and heating cartridges that are installed on the outer
surface of the cryomodule in order to warm-up cold spots
and prevent icing. Several strain gauges are also installed
on the support system of both cavities in order to monitor
the level of stress during transport, installation and operation of the cryomodule. The material and the number of
wires are included in the thermal balance study of the cryomodule [11].

Coaxial Radio Frequency Lines
The coaxial radiofrequency lines (Fig. 5) are transporting the extracted power at unwanted frequencies from the
cavity in operation. The lines are made of a copper-coated
316LN tube that is connected to a commercial coaxial cable. The coaxial lines are connected to the HOM couplers
at one extremity and to the outer vacuum chamber at the
other extremity. The lines must be designed to provide the
best thermal efficiency without compromising RF performance. In fact, the lines are directly linking the cold
dressed cavity at 2 K to the 300 K outer vacuum chamber.
To reduce the heat loss to the 2 K bath, the coaxial lines are
thermally intercepted with the thermal screen at the 316LN
tube and present a ceramic insert at the thermalization level
[7, 8].

Figure 5: Radiofrequency coaxial line.

Magnetic Shields (Cold and Warm)
There are two levels of magnetic shielding to protect the
cavities from stray magnetic fields. The first one, viz. cold
magnetic shield, is positioned directly around each cavity
inside helium tank while the warm magnetic shield is attached like a second skin to the inner surface of the outer
vacuum chamber [5].

Position Measurement System (FSI)
The position of cavities inside the cryomodule is measured using Frequency Scanning Interferometry (FSI). Each
cavity is equipped with eight targets fixed on its beam
flange in insulation vacuum. FSI measuring heads are installed on the outer vacuum chamber. Each head has an optical fiber feedthrough used for the measurement. The deformations must be anticipated (thermal contraction, vacuum forces, etc.) and shall be included in the measurements
to know the exact position of the cavity.
MOP099
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Outer Vacuum Chamber (Cryomodule External
Envelope)
The outer vacuum chamber is made out of bulk stainless
steel and ensures the leak tightness between the outer atmosphere and the insulation vacuum (see Fig. 6) [5]. The
general idea for the vacuum chamber assembly consisted
in a fully equipped top plate that is lowered on the cryostat
(see Fig. 2) [3]. The vessel is equipped with ports for instrumentation and radiofrequency line outlets, in addition
to the ports for the FSI positioning system. Three manual
supporting jacks are installed on the lower face of the outer
vessel in order to adjust its position during installation. The
vacuum chamber design was conceived with bolted connection so that it could be reopened in case of need.

Figure 6: DQW prototype outer vacuum chamber.

Jumper
The jumper connects the cryomodule to the cryogenics
services of the machine (SPS/LHC cryogenic plant). It encloses all the cryogenics lines needed for the operation of
the cryomodule.

SPS TEST RESULTS
The first tests carried in SPS during 2018 showed the
first effect of crabbing on a proton beam, validating the
studies carried out for many years [12]. These tests also
validated many of the choices made on the design of the
cryomodule, such as the radiofrequency coaxial lines and
the tuning system (among others). The thermal loads measured during the test were remarkably close to the numerical
estimations made during the design phase of the cryomodule [7, 8].

SRF Technology - Cryomodule
cryomodule design

SRF2019, Dresden, Germany

LESSONS LEARNT AND IMPROVEMENT
FOR LHC
Lessons Learnt from the First Prototype Assembly

JACoW Publishing

doi:10.18429/JACoW-SRF2019-MOP099

copper on the stainless steel was not good enough and defects on the coating were observable (see Fig. 8). The copper coating has been replaced with a more standard galvanic deposition procedure (under-layer of gold 1-2 µm
and copper coating 10-15 µm).

The design of the components and the assembly strategy
of the cryomodule provided satisfactory results. In particular, the idea of lowering the top plate to the cryostat allowed an easy assembly without inserting huge complications in the design and shall be kept for the next generation
of cryomodules. However, some changes in the design
could improve the design and assembly processes:
Cavity support
The stiffness of the three adjusting rods was not high
enough, partially due to the thickness of the base plate (see
Fig. 7). In addition to that, a layer of bronze needs to be
added below these sliding plates to smooth their displacement in order to remove the stick/slide effect.

Figure 8: Example of a defect after a test on the first FPC
outer pipe coating.
Warm magnetic shield
Contact fingers (see Fig. 9) have proven to be too stiff
when welded at both extremities and they buckle once in
contact with the shield counterpart, instead of providing an
elastic contact force. As an improvement, it has been proposed to weld only one extremity, keeping the other free.

Figure 7: First design of the cavity adjustment. Sliding
plate in orange.
Thermal screen
The previously mentioned copper design of the thermal
screen was selected due to the familiarity of the CERN
team with it, as it was based on the HIE- ISOLDE experience [13]. However, this design is expensive and difficult
to manufacture. It is foreseen to reduce the cost of the future generation of cryomodules by using aluminium panels
with clamped stainless steel pipes. This new design will
provide a reduced (but sufficient) thermal performance
with regard to the copper thermal screen.
The support of the thermal screen must also be redesigned so that its vertical position could be adjusted.
Super-insulation (MLI)
Large blankets are complicated to manipulate and to adjust. It would be recommended to divide the blankets in
smaller pieces and to add adjustment parts that can be cut.
This would also provide a better fitting of the insulation to
complex shapes.
The supports and fixations must be improved to prevent
excessive sagging, especially in the lower face of the thermal screen.
The Velcro used to attach the MLI was too strong, it was
almost impossible to separate two pieces of MLI without
damaging them.
Fundamental power coupler outer pipe
The copper coating procedure tested (sputtering) did not
provide good results on the final parts. The adhesion of
SRF Technology - Cryomodule
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Figure 9: Flexible contact of first DQW prototype welded
at both extremities.
Position measurement and adjustment
The integration team responsible for the installation in
the tunnel was asked to make some intermediate measurement and position adjustment for this first assembly. No
tolerances were fixed, as achievable values were still not
known. A best effort campaign was launched, in which a
lot of time was spent making the best possible alignment.
Thanks to this experience, optimized and realistic tolerances will be provided for the future cryomodules.
Instrumentation
The instrumentation cables (i.e. sensors, gauges, power,
etc.) must be categorized by their owner so they can be
grouped, separated or shielded if needed.
The SPS test results showed that some glued sensors
were lost after a few thermal cycles, while all of the bolted
sensors are still working. Hence, bolted connexion are preferred in the future.
Outer vacuum vessel
Surface finishing should avoid any surface blasting techniques, which have demonstrated to be difficult to be
cleaned by hand.
During the first assembly, some of the O-ring gaskets
were really hard to install (the gasket was falling from the
MOP099
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groove). Trapezoidal grooves (or any other shape that may
hold the gasket) must be used where required.
Jumper
The 3 mm thick centering part in G10 (see Fig. 10) on
the service module side was not strong enough and was
partially broken during transport. This part has to sustain
the forces coming from the thermal contraction of the pipe
and the compensators. A thicker support using the same
material has been designed for the cryomodule.

Figure 10: Jumper centering part on cryomodule.

Additional requirements for LHC
Radiation level
The radiation dose in LHC in the area of the crab cavities
is under calculation. The first estimate shows that the integrated dose close to the beam is in the order of 10 MGy on
12 years when at 50 cm the dose is around 100 kGy. All the
material used in the construction of the cryomodule shall
be able to sustain such dose without damage for the duration of the operation.
Second beam pipe
A second beam pipe must pass close to the crab cavities
in the LHC cryomodules, as shown in Fig. 11. Thus, the
corresponding vacuum chambers shall be included.

Figure 11: Horizontal section of both beam lines and their
corresponding vacuum chamber (LHC cryomodule).
Beam screen with active cooling
The abovementioned second beam pipe passes really
close from the active crab line and is subjected to the 2 K
helium bath. It is required that the beam pipe passing
though the cold sections must be shielded and cooled down
at a temperature of around 20 K. This temperature will be
guaranteed by an active cooling line welded on the beam
screen.
Shielding of vacuum bellows
The radiofrequency impedance of the LHC shall remain
below an acceptable threshold. To do so, the beam must be
shielded from any abrupt change on the vacuum chamber
geometry. The vacuum bellows are one of the most complicated elements to shield as they need to keep their flexibility. A new concept of deformable shield (see Fig. 12)
has been developed at CERN and will be used in the crab
cryomodules [14].
MOP099
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Figure 12: Example of deformable screen in bellows [12].
Cryogenics safety valve
In the SPS accelerator the safety valve for the cryogenic
2 K circuit is installed on the service module side, as the
cryogenic plant is dedicated to the crab cavity test stand. In
the LHC, the cryogenic plant is supplying helium to many
equipment. Therefore, the crab cavity cryomodules need to
be individually protected with a safety valve, dimensioned
specifically for each type of cryomodule. This valve is positioned on the outer surface of the cryomodule and is directly linked to the 2 K cryogenic line, so that it represents
an additional thermal load on the cavity.
Transport of the cryomodule
The assembly of the RFD and DQW series cryomodules
will be done in two external institutes. RFD cryomodules
will be assembled in Triumf (Canada) and DQW cryomodules in STFC (United Kingdom). Some design improvement (e.g. specific protections or stiffeners) shall be introduced to protect the cryomodule during transport. At this
moment a study of the different component behaviour is
ongoing and should be integrated soon.
Outer vacuum chamber
The overall shape of the outer vacuum chamber is
changed in order to be able to integrate additional beam
vacuum equipment. The radiation level increases the risk
of damage on rubber O-rings, so it has been decided to replace some gaskets by welded connections with the possibility to cut them to open the cryomodule.

CONCLUSIONS
The crab cryomodule embeds many technologies and a
lot of studies must be carried out. Every change on the design must be carefully investigated in order to avoid any
unwanted impact on the operation, manufacturing or assembly of the cryomodule. The information that oriented
the design must be documented and shared among all the
involved actors. This work and the review of the first assembly allowed to improve the next generation of cryomodules.
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Abstract
At the ELBE user facility a superconducting RF photoinjector has been in operation since several years. The
injector is routinely applied for THz radiation production
in user beam experiments. For future applications higher
bunch charges, shorter pulses and lower transverse emittances are required. Thus it is planned to replace this SRF
gun by a next version with an RF cavity reaching a higher
acceleration gradient. We also present improvements
concerning the photocathode exchange system and report
on the status of construction and testing of this SRF gun
cryomodule.

hours until June 2019 with most of the time for external
users. The benefits which creates the SRF gun for ELBE
are higher bunch charge of 200 pC, shorter electron
bunches, and higher stability. For the THz radiation production based on super-radiant diffraction and undulator
radiation, the THz pulse energy and power could be increased by a factor of five to 5 µJ and 0.5 W, respectively.
The next step towards higher performance of the THz
source, which will be realized with SRF Gun III, is to
increase the bunch charge to 500 pC. Thus a higher acceleration gradient of 12 MV/m is aimed.

INTRODUCTION
Modern electron accelerators for light sources which
are operating in continuous wave (CW) mode require
adequate electron sources producing high-brightness
beam with up to MHz repetition rate in CW. Sources
which are suitable for this purpose are photoemission
electron injectors either with DC voltage acceleration,
with a low-radiofrequency normal-conducting resonators,
or with superconducting (SC) radiofrequency resonators
(SRF gun). All of these three types of electron injectors
have been made considerable progress during the past
years. They are in use or planned to be used at a number
of new SC accelerators operating in CW. At the user facility ELBE with a SC accelerator based on 1.3 GHz TESLA-type cavities the R&D is focused on the development
of SRF guns. Beginning with a half-cell SRF gun the
technological basic concept was successfully demonstrated [1]. The ELBE SRF Gun I was put into operation in
2007 [2]. It was the first SRF gun which was installed at
an accelerator and was used to deliver beam to ELBE for
the production of secondary radiation like infrared light
from a FEL [3]. In 2014 the SRF Gun II was commissioned at the ELBE accelerator [4,5]. As the previous gun,
it has a 3.5 cell niobium cavity. Additionally a SC solenoid is situated in the gun cryomodule [6].
Although SRF Gun II still did not reach the initially
aimed acceleration gradient, the gun is operating very
successfully und delivers beam for the ELBE user shifts
for the production of coherent THz radiation [7]. Since
2018 the gun has been in regular user operation at the
ELBE facility. In 2019 it has been delivered about 20 %
of the ELBE beam time, which are about 38 shifts of 12
___________________________________________
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Figure 1: The current ELBE SRF gun design with a 3.5
cell niobium cavity and normal-conducting photcathode.

ELBE SRF GUN III
The technical conception of SRF Gun III is very similar
to that of the previous SRF guns at ELBE. The design of
the cryomodule is presented in Fig. 1. The main features
are: a 3.5 cell elliptical niobium cavity with a fundamental frequency of 1.3 GHz operating at 2.0 K, to the cavity
belongs a superconducting RF choke filter; the use of
normal-conducting photocathodes, which are cooled by
liquid nitrogen, a SC solenoid which is integrated in the
cryomodule; an exchange system for photocathodes
which is functional in the cold state of the cavity; a remote controlled alignment and positioning system for the
photocathode; two cavity frequency tuners, one for the
half-cell, and one for the three full cells; two HOM couplers of TESLA cavity type and a pick-up antenna for
LLRF control at the downstream end of the cavity; a
fundamental power coupler at the downstream end with a
liquid nitrogen cooled cold and a warm RF window. The
vacuum vessel has a cryogenic shield which is cooled
with liquid nitrogen. The coil of the SC solenoid is made
of NbTi wire and is cooled with 2 K helium. For align-
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ment the solenoid is situated on a remote-controlled x-ytable with step motors. These motors are also cooled by
liquid nitrogen. In addition to the warm mu-metal shield
of the cryomodule, the solenoid with motor table has a
magnetic shielding.
At present, the SRF Gun II is usually operated at a gradient of 8 MV/m which corresponds to a peak field on
axis of 20.5 MV/m. Compared to the other types of CW
photoinjectors, this value is quite similar to the acceleration field of the low-frequency RF photo gun at LBNL of
21.5 MV/m [8]. For DC photoinjectors the state-of-the art
acceleration field amounts to 5 – 10 MV/m [9-11]. In both
cases there are strong technological limits, the cooling of
the increasing RF power losses for one type, and the highvoltage break-through limit for the other, which prevents
a further significant increase in performance. In contrast,
SRF guns have large potential for further improvements.
In vertical tests SRF gun cavities could achieve peak
fields of up to about 50 MV/m. In the present SRF gun at
ELBE the gradient limit is coursed by field emission. The
gun cluster network, a collaboration of DESY, HZB, and
HZDR within the accelerator research and development
program of the Helmholtz Society, has the aim to push the
gradient limit for SRF gun cavities. For SRF gun III the
existing 3.5 cell cavity produced by RI are being refurbished. A modification of the HPR system at DESY
should improve the cleaning, and the very successful
DESY handling technology for cavities will be adopted.
At the end, the cavity in SRF Gun III should allow for 12
MV/m acceleration gradient. A summarized parameter
comparison is given in Table 1.

order to make the operation more safe and with less hysteresis. Figure 2 shows the modified design with the new
step motor and gear unit.

Figure 2: Cavity tuner motor unit for SRF Gun III.
Another improvement is related to the diagnostics in
the cryomodule. For the photocathode alignment and
positioning system three capacitive distance sensors are
installed. They are placed between the cavity connection
flange and the liquid nitrogen reservoir as can be seen in
Fig. 3. The information of the sensors allows measurements of tilt and position of the photocathode with respect
to the gun cavity. In order to improve the temperature
measurements at places which are on liquid helium temperature level, Cernox sensors replace the old RhFe sensors. The careful thermal connection of the measuring
wires, one example is shown in Fig. 4, and the accurate
calibration ensure the needed temperature precision.

Table 1: Comparison of Current Parameters of SRF Gun
II and Aimed Parameters for SRF Gun III
SRF
SRF
Parameter
Gun II
Gun III
Gradient
12 MV/m
8 MV/m
Peak field on axis

20.5 MV/m

30.7 MV/m

Kinetic energy

4 MeV

6 MeV

Bunch charge

300 pC

500 pC

Beam current
Pulse rep. rate
Photocathode
Quantum efficiency
Dark current
1)

50 µA,1)
500 µA2)
1)
0.1-0.5 MHz, 0.025-1 MHz,1)
13MHz2)
13 MHz2)
Mg,
Mg,
Cs2Te
Cs2Te
0.2%,1)
0.2-0.3%,1)
2)
>1%2)
>1 %
<50 nA
35 nA
30 µA

Mg cathode, 2) Cs2Te cathode

The operational experience leads to some design modification for the cryomodule of SRF Gun III. The cavity
tuners are driven by warm motors at the outside of the
cryomodule. Here an upgrade has been performed in
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Figure 3: Photocathode cooling assembly with capacitive
distance sensors.
It is extremely important to prevent any particle production during the exchange of photocathodes by striking
or touching the inner parts of the cooling assembly or
even the cavity by the photocathode. Therefore the transfer rod which holds the cathode must be precisely adjusted with respect to the cooling unit and cavity. Unfortunately an initial alignment during assembly and installation is not sufficient. The warm-up and cool-down procedures cause position and angle changes of the cavity in
the cryomodule which cannot be measured directly.
Therefore an adjustment system has been developed
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which based on two segmented touch sensors installed at
the transfer rod (see Fig. 5). The eight signals from the
sensors and four actuators at the transfer rod support
frame allow a positioning just before the cathode exchange will be performed. A test bench with transfer rod,
touch sensor, and actuators was set up and the control
software has been developed.
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Figure 4: Photograph of one installed Cernox temperature
sensors at the gun solenoid.
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Figure 5: Design drawing of the cathode transfer rod with
touch sensors und photograph of the touch sensor parts.

OUTLOOK
The components for the cryomodule of SRF Gun III are
nearly complete. At the ELBE facility a new SRF test
laboratory is in the commissioning stage. It will allow
cryogenic and RF tests of SRF cryomodules before they
will be installed at ELBE. In autumn the first use of this
lab is scheduled for another test of the cryomodule with
the SC solenoid. In the past, it turned out that the solenoid
coil was broken. Now the cryomodule and solenoid with
replaced coil will be tested. In parallel the gun cavity will
be treated at DESY with the aim to reach the specified
performance.
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DESIGN AND MANUFACTURING CHALLENGES OF THE SSR1
CURRENT LEADS FOR PIP-II∗
S. Cheban† , D. Passarelli, V. Roger, FNAL, Batavia, IL 60510, USA
Abstract
The SSR1 cryomodule contains eight 325 MHz superconducting single spoke cavities and four solenoid based
focusing lenses operating at 2 K. The focusing lens for SSR1
cryomodule, is a superconducting magnet surrounded by a
helium box which will be filled with liquid helium. The magnet assembly is composed of one solenoid with operating
current 70 A and 2 quadrupoles correctors with operating
current 45 A. The conduction cooled current leads will be
used to power magnets. The details of current leads design, fabrication and room temperature qualification will
be presented. Main emphasis will be put on the design
and production process challenges and possible solutions
to fulfill operation requirements under the low temperature
conditions.

The instrumentation wires combined in one subassembly and
located in the middle stainless-steel tube. The two thermal
intercepts (5 K, 35-50 K) placed along the length of the leads
can alleviate the heat management problem [2]. The particular choice of thermal intercepts depends on the specifics of
the cryostat. The thermal intercepts 2 is actively cooled by
5 K line flow and its copper block directly brazed to cooling
pipe. The thermal intercepts 1 copper block is connected to
35-50 K thermal shield pipe through a set of copper straps. A
set of copper fins will be installed outside of cryostat at room
temperature, this will help to keep temperature at the top
above due point to avoid condensation and freezing during
cool down process. Also it will help to decrease temperature
during operation mode if the temperature of power cable
will be higher than 300 K .

INTRODUCTION
Proton Improvement Plan-II (PIP-II) is Fermilab’s plan
for providing powerful, high-intensity proton beams to the
laboratory’s experiments. Fermilab is planning a program
of research and development aimed at testing of critical
components. The first single spoke resonators cryomodule
SSR1 is a prototype cryomodule containing eight cavities
and four focusing lenses [1]. The focusing lens assembly is
composed of one solenoid with an operating current 70 A
and 2 quadrupole correctors with an operating current 45 A.
The focusing lens being cooled by liquid helium at 2 K and
powered by conduction cooled current leads. The current
leads assembly consist of two 70 A solenoid leads, eight 45 A
quadrupole leads and voltage taps sub-assembly. The focusing lens quench protection system uses cold diodes shunting
the windings. The current leads are the key components that
make a connection between room-temperature electrical conductors and focusing lens superconductor wires at cryogenic
temperature. The conduction-cooled leads where chosen
due to their relative simplicity compare to other options. The
conduction-cooled leads using common materials, have no
superconducting/normal state transition, and have no boiloff vapor circuit. The special attention was paid to conductor
materials and geometry choice, the design of intermediate
heat sinks, feasibility of final integration in tight space environment of the cryomodule on different stages of assembling
process.

CURRENT LEADS DESIGN
The SSR1 cryomodule current leads assembly consists
of 10 stainless tubes with copper conductors inside (Fig. 1).
∗
†
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Figure 1: Current Leads.

HEAT LOADS
The current leads represents one of the major sources of
heat leak into the magnets, thus into the 2K Helium bath. The
heat conduction through current leads assembly and the heat
generation due to the Joule heating in the leads themselves
are the two primary modes of this leak. The design of current
leads aims to minimize the total cooling power. Making
the cross-section of the lead smaller to reduce conduction
will increase its resistance and therefore the Joule power.
Making the cross-section larger to decrease the resistance
and the Joule power will increase conduction. The design
procedure requires calculation to evaluate such operational
characteristic as the heat leak as a function of the geometry
of the conductor. The simulations using the finite difference
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method was performed to evaluated heat loads. The material
of conductor was set to copper. The main variable parameter
is the RRR of the copper. If the RRR is too low, the heat
generated by Joule heating will dominate and therefore will
be a risk of leads run away due to high temperature zone.
If the RRR is too high, the conductivity will be higher, and
the heat loads at 2 K will increase. The RRR of first copper
conductor butch was measured at 102 for 70A leads and 140
for 45A leads. The RRR of production copper conductor
butch was measured at 120 for 70A leads and 180 for 45A
leads. The simulation was performed using latter values to
evaluate heat loads using copper from production butch (see
Table 1) [3].
Figure 2: Current Leads Prototyping.

Table 1: Heat Loads at 2 K
Static
Static &
dynamic

70A RRR=120

45A RRR=180

Total

1.05 W

0.46 W

5.8 W

1.2 W

0.55 W

6.8 W

CURRENT LEADS PROTOTYPING
Prior to the manufacturing of the full prototype current
leads assembly, a comprehensive research phase was performed on small samples in order to validate the best technique and material to fill the gap between the copper conductor and the stainless steel jacket. The filling material
must guarantee the electrical insulation and leak tightness
throughout the entire lead under sever thermal conditions.
Each sample was cold shocked and hipoted to validate used
technique. Figure 2 shows few samples used during testing: 1 - sample filled with epoxy CTD101K, 2 - sample
filled Stycast 2850FT with 23LV catalist, 3 - signal wires
sample, 4 - real length samples for 70A and 45A copper
wires, 5 - brazed copper intercept, 6 - welded cold flange, 7 warm flange filled with epoxy, 8 - tube filled with epoxy and
welded afterwards. The Stycast 2850FT with 23LV catalist
samples proved to be vacuum tight and successfully pass
hipot test after 10 cold shock cycles (submerged to liquid
nitrogen - warmed up with heat gun up to about 170 °F).
The in-vacuum cryogenic service wire was chosen for
instrumentation (Fig. 2 item 3). Cryogenic service wire is
a kapton insulated in-vacuum wire designed for high and
ultrahigh vacuum environments to 1 × 10−10 Torr, suited for
cryogenic service down to 1 K, it is also bakeable to 525 K.
Special sealing technique were used. The 5 mm kapton was
removed from wire and wires were separated and installed
G10 spacer to allow epoxy fully penetrate in between.The
bending technique for full size current lead tubes were developed and tested for both size of copper wires (Fig. 2 item 4).
The geometrical parameters proved to be within tolerances
per drawings. The lead samples were successfully tested.
The brazing procedure at thermal intercepts (Fig. 2 item 5)
and welding procedure at cold flange (Fig. 2 item 6) were
tested to avoid damage of insulation and copper wire inside
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of stainless steel tube. The epoxy performance in proximity
of weld was tested. The distance of 50 mm between epoxy
and weld proved to be safe (Fig. 2 item 8).

CURRENT LEADS PROTOTYPE
MANUFACTURING
The first current leads assembly prototype was manufactured and tested at Fermilab (See Fig. 3).

Figure 3: Current Leads Prototype.
The following manufacturing process was used. Each
stainless-steel tube was etched from inside, washed off with
distilled water, cleaned with alcohol and purged with nitrogen. The copper wires were cleaned with alcohol, covered
with fiber glass braided sleeving isolation and loaded inside
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of the stainless-steel tubes. The middle stainless-steel tube
was left empty for instrumentation wires. The tubes were individually bended. The special aluminum gauge was used to
verify that all tubes were bend identically and per drawings.
The warm and cold stainless flanges were welded to stainless
steel tubes. The copper thermal intercepts 5 K and 35 K-50 K
were brazed to stainless steel tubes. The tin-silver brazing
rod with maximum brazing temperature 450 °F was used.
The fiber glass maximum continuous operating temperature
is 1200 °F. The instrumentation wires were installed. The
hi-pot test was performed. The leak check and pressure
test were performed to qualify the welds. The maximum
allowable working pressure of the current leads assembly
and focusing lens helium box is equal to 59.5 psig. The current lead assembly was purged with dry nitrogen to remove
moisture and vacuumized afterwards.
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to keep epoxy viscosity low. In order to achieve it the epoxy
was preheated to 140 °F before filling process and the lead
assembly was submerged into hot water at 140 °F during
filling process (Fig. 4, Fig. 5). The filling manifold was
vacuumized individually for each stainless steel tube and fill
out with epoxy one by one. The 150 °F curing for 4 hours
was used in order to achieve full penetration epoxy inside
the fiberglass sleeve.

Figure 5: Current Leads Epoxy Filling Fixture.
Figure 4: Current Leads Epoxy Filling Scheme.
The STYCAST 2850FT was used to encapsulate copper
conductor. The CAT 23LV was used as a catalyst. The
manufacturer listed product benefits: thermally conductive,
electrically insulative, low CTE, low viscosity, long pot life,
excellent thermal shock and impact resistance, excellent
low temperature properties. The design aims to maximize
thermal performance (low heat load at 2 K), make leads assembly electrically insulative and leak tight. Making the
epoxy layer thinner to reduce thermal resistance at intercept
zones will increase complexity during filling and chances of
high voltage brake at tube bending regions during quench.
Making the epoxy layer thicker to facilitate the manufacturing process will make assembly envelope bigger, increase
thermal resistance and chances to occur epoxy crack during
cool down-warm up process. To keep epoxy layer thickness
at 0.6 mm suction and injection was used during filling process. The transparent tube was used to calibrate required
amount of injection force. The overall length 1.5m requires
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CONCLUSION
The SSR1 prototype current lead assembly was manufactured and tested at Fermilab. Procedures to successfully
prepare additional four units for SSR1 cryomodule are understood and the plan is to prepare all four units and integrate
them into the cold mass assembly by end of CY 2019.
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ALIGNMENT MONITOR SYSTEM FOR THE PIP-II CRYOMODULES∗
S. Cheban, D. Passarelli, S. Zorzetti† , Fermi National Accelerator Laboratory, Batavia, USA
G. Kautzmann, European Council for Nuclear Research, Geneva, Switzerland
Abstract
For the ﬁrst prototype PIP-II SSR1 cryomodule, an alignment monitor system based on HBCAM will be used. The
main focus will be changes in alignment due to shipping and
handling or during cool down and operation process. The
SSR1 cryomodule contains eight 325 MHz superconducting single spoke cavities and four solenoid-based focusing
lenses, and an alignment error better than 0.5 mm RMS
for the transverse solenoid, based on function requirement
speciﬁcation. The alignment monitor system has been conﬁgured to the objectives of SSR1 cryomodule: low space for
integration; presence of magnetic ﬁelds; exposure to nonstandard environmental conditions such as high vacuum and
cryogenic temperatures. The mechanical design and ﬁrst
results of system performance will be presented.

the cryomodule components, and have as calibrated distance
the diﬀerence between two glass balls mounted in the same
target, at a distance of 12 mm +0.003 mm-0.009 mm. The
glass balls are chosen to have a high reﬂective index (about
2) to act as a retro-reﬂector for the HBCAM device.

MECHANICAL DESIGN
The SSR1 cryomodules contain eight cavities and four
focusing lenses, with a total twelve elements need to be
monitored.
The inner network of four target frames per element creates two internal view zones located from both sides of
two-phase pipe (Fig. 1).

INTRODUCTION
The alignment of the SSR1 cryomodule components was
studied as the acceptable beam deﬂection, oﬀset and defocusing, which may otherwise cause beam loss. Simulations
and measurements established that the maximum deviations
of the vacuum chamber from the reference orbit should not
exceed 5% of the beam aperture. The requirements for cavities and focusing elements (solenoids) are summarized in
Table 1 [1].
Table 1: Alignment Requirements

Angular error RMS, [mrad]
Transverse error RMS, [mm]

SSR1

Solenoid

< 10
<1

<1
< 0.5

ALIGNMENT MONITORING STRATEGY
For this prototype cryomodule the alignment monitoring
will be accomplished using optical targets installed on the
internal assembly. The aim is to monitor relative translations and rotations of the components due to environmental
conditions and cooldown operations. The targets positions
are observed by monitoring cameras (HBCAM) installed on
the metrology tables at the two outside ends of the cryomodule [2].
This alignment concept was inspired by the system used
for the alignment setup of the HIE ISOLDE experiment at
CERN [3]. The design of this cryomodule was initially not
oriented to the alignment and the available space was limited.
We therefore chose to monitor only relative movements of
∗
†
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Figure 1: Cryomodule view.
Each target frame includes one target tube, in which two
glass balls are spaced inside along with ceramic balls and
spring. The target tube is machined with rectangular slot and
allow glass balls being seen from both sides. It is mounted
on target frame within a v-groove, in order to allow initial
position of all targets without over shadowing the frame
mount on survey base. The target frame can be adjusted with
the respect to survey base vertically as well as horizontally.
Once the position of the target frames is established are
locked inside the survey base (Fig. 2).

Figure 2: Frame and target assembly.
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Metrology tables are attached to the cryomodule side
ﬂanges from both sides of vacuum vessel. This allows each
camera to be individually positioned (Fig. 3). The cameras
position can be measured by laser tracker for calibration
purposes.

Figure 6: Cryomodule coldmass view.

Figure 3: Top: Cryomodule end side view. Bottom: Cryomodule top cross section.

A laser source from the camera is ﬂashed on the targets,
the images are acquired on CCD sensors and the position in
pixel points is found by scanning the luminosity peaks in the
picture. A proper calibration is needed to translate pixels to
real measurements in the reference frame (Fig. 7). [4]

Each view zone contains 48 glass balls located in spatial
distribution in order to not over shadow each over and allow
the camera a full view of the target pattern (Fig. 4).

Figure 7: BCAM measuring principle.

Figure 4: Left: Full target frame as seen from the camera.
Right: individual target frame mounted on each component.

The targets are scanned one after the other, by selecting
restricted areas of the image to improve the observation
reliability. Figure 8 shows a view of the targets as seen
from the HBCAM. Repeated measurements are taken and
averaged for a better accuracy.

DATA ACQUISITION
The cameras from both sides of the vacuum vessel can
view all glass balls, although 0.8 m minimum focal length
do not allow to monitor closest cavity and solenoid to each
camera therefore they will be monitored from opposite side.

Figure 5: Cryomodule alignment monitoring scheme.
The ﬁrst upstream and downstream cavities and solenoid
will be monitored by one camera the rest six cavities and
two solenoids will be monitored by two cameras and will
have redundancy in measurements (Fig. 5, Fig. 6).
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Figure 8: Picture of a portion of the frame, including the
retro-reﬂective targets, and the facing camera as observed
by the HBCAM.
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BCAM VALIDATION
First measurements have been performed on a test bench
to evaluate the performances of the setup. On the bench two
cameras are facing each other, the targets are mounted on
translation stages moving in the beam direction (z-axis) and
the transverse horizontal direction (x-axis). A Coordinate
Measuring Machine (CMM) initially acquires the position of
the two cameras and the targets. The survey of the targets is
repeated at each step of the translation stages from both the
CMM and the cameras. Tables 2 and 3 show the geometry
parameters of the bench as measured from CMM, and the
nominal step sizes of the translation stages, respectively.

Figure 9: Step size distribution.

Table 2: Test Bench Geometry, from CMM Survey

BCAM 1, [mm]
BCAM 2, [mm]
Target frame, [mm]

x

y

z

0
2.507
64.795

0
-22.130
83.974

0
2141.723
914.428

Table 3: Nominal Step Sizes
Axis

Step

x-axis, [μm]
z-axis, [μm]

200
500

Figure 10: Relative error.

The raw data from the cameras have been analyzed and
cross-checked with the CMM acquisition. The results are
summarized in Table 4. We observe a good agreement between the independent measurements of the BCAM and the
CMM, with an sub-micrometric error on the x-axis and a
larger
spread
on
the
beam
direction.
Table 4: Results Summary
x-axis
Step size, [μm]
Relative error, [%]
HBCAM 1-2
distance, [mm]

Figure 11: HBCAM 2 to HBCAM 1 distance.

z-axis

mean

var

mean

var

198.1
1.25

0.4
0.84

505.6
1.44

42.1
16.96

2125.5

0.3091

Figures 9 and 10 show the distributions of the step sizes on
the two axes in absolute and relative values. Fig. 11 depicts
the data distribution of the distance between the two cameras.
The absolute error could be resolved through calibration,
while the variance of the data is aligned to the sensitivity
measurement, that depends from the target separation and
distance (d and r, respectively):
√
r2
σ(r) = 2σ(α)− ,
d

(1)

where σ(α) is the uncertainty on the measurement of the
angle between the target and the camera axis [Fig. 7].
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CONCLUSION

The SSR1 prototype alignment monitor system was designed and validated on a test mock up. The plan is to prepare
complete system and integrate it into the cold mass assembly
by end of CY 2019.
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A SUPERCONDUCTING MAGNETIC SHIELD FOR THE
PHOTOELECTRON INJECTOR OF bERLinPro
J. Völker ∗ , A. Frahm, A. Jankowiak, S. Keckert, J. Knobloch,
G. Kourkafas, O. Kugeler, A. Neumann, H. Plötz
Helmholtz Zentrum Berlin, Berlin, Germany
Abstract
Magnetic fields are a big issue for SRF cavities, especially
in areas with strong electromagnets or ferromagnetic materials. Magnetic shieldings consisting of metal alloys with
high magnetic permeability are often used to reroute the
external magnetic flux from the cavity region. Those Mu
metal shields are typically designed for weak magnetic fields
like Earth’s magnetic field. Next to strong magnetic field
sources like superconducting (SC) solenoids, those shields
can be easily saturated, resulting in a degradation of the
shielding efficiency and a permanent magnetization. For
the photoinjector of bERLinPro a new SC solenoid will be
installed inside the cryomodule next to the SRF gun cavity. Calculations show that the fringe fields of the solenoid
during operation can saturate the cavity Mu-metal shields.
Therefore we designed an SC magnetic shield placed between the solenoid and the cavity shield to protect the latter
during magnet operation. In this paper we will present the
design and first testings of this SC magnetic shield.

INTRODUCTION
bERLinPro [1] is the Energy revory linac (ERL) project
under construction at HZB. For this accelerator electron
bunches are extracted inside the injector module from a
semiconductor photocathode by a pulsed drive laser. The
removable photocathode is placed next to the backwall of the
1.4-cell SRF gun cavity. After extraction from the cathode
the electrons bunches are accelerated in the 1.3 GHz field of
the gun cavity. Further components in the injector module
are the cathode transfer system, a superconducting solenoid,
a HOM absorber and some orbit corrector magnets for beam
adjustment. The solenoid magnet is the first focussing magnet downstream the gun cavity and it is essential for the
beam performance of the whole ERL due to the emittance
compensation and the symmetrical beam focussing. The
magnetic field of the solenoid produces a rotation and an
overall focussing of the beam as a function of the integrated
field strength depending on the electric current in the coil.
The shape of the longitudinal field profile defines also the
nonlinear focussing and rotation effects in the beam (aberration effects). To minimize these effects, the field profile has
to be as long and smooth as possible. For the new solenoid
magnet for bERLinPro (see Fig. 1), the magnet geometry
was optimized to combine a minimal aberration field profile
with improved electrical and cooling parameters for a more
stable operation. Additionally to an optimal field profile of
∗
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the magnet, the longitudinal position is relevant. For minimum transverse emittance values the solenoid has to be
placed as close as possible to the exit of the gun cavity. The
combination of a long field profile and a short distance to
the gun cavity produces a huge amount of fringe fields in
the area of the SRF gun.
The SRF gun for bERLinPro has two magnetic shieldings
consisting of metal alloys with high magnetic permeability
to guide external magnetic fields around the sensitive area
of the cavity. They are designed for low field strength in
the range of the Earth magnetic field. The relative magnetic
permeability (𝜇𝑟 ) of those shields can have values up to
300 000 but only for a small magnetic field strength [2].
In case of high field strength they can be easily saturated,
resulting in flux densities of ≈0.85 T inside the material. To
protect those shields for a magnetization and a degradation
of the shielding efficiency, the inner flux density in the metal
alloy should be as small as possible. Such a protection can
be a diamagnetic plate between the magnetic source and
the Mu shield, e.g. a superconducting plate. The necessary
calculations were done together with the optimisaton of the
new solenoid magnet.

Figure 1: Sketch of the new solenoid for the bERLinPro
photoinjector.

SOLENOID
Due to an apparent short-circuit in the initial solenoid [3]
a new magnet should be designed and bought. Based on
the existing magnet design, some modification should be
done to minimize the risk of another magnet damage (for
important parameters of the old and the new version of the
solenoid see Table 1).
Those are:
• reduction of the magnet inductivity
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• use of more robust wires with an increased ratio of Cu
to NbTi ( less ohmic losses in case of a quench)
• an additional electric insulation layer between coil and
the Cu winding bobbin
• a direct cooling of the Cu bobbin for a redundant cooling of the superconducting coil in any case
• displacement of the cooling lines in the yoke from a
region with a high magnetic flux density to achieve a
smoother magnetic flux gradient inside the yoke material
• a more flexible yoke design to change the magnetic
field profile and the effective length (removable pole
shoes)
The magnet design was worked out in collaboration with
the company Niowave [4] which also constructed it. The
final magnet was tested afterward at HZB. Especially the
effects of the geometry changes on the magnetic profile were
studied as well as the magnetic interaction with adjacent regions for all steps of the design process. Most of these field
calculations were done with the field solver SuperFish [5].
However for non-rotationally symmetrical problems also
CST was used. Thereby it was observed that one of the important interactions is between the solenoid and the several
Mu shielding next to it.
Table 1: Important parameters of the old and the new version
of the solenoid. The solenoid values without pole shoes are
shown in parenthesis.
parameter

Solenoid1.0

Solenoid2.0

yoke size (mm)

136.5 x 258.2

coil size (mm)
windings
inductivity (H)
cooling

70 x 17.23
8368
27
only pole shoes
/ yoke edges
83.33

174 x 261.2
(136.1 x 261.2)
70 x 19.67
3030
2.8 (2.6)
coil and
return yoke
92.49 (99.47)

yes

no

effective mag.
length (mm)
Mu shield
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CALCULATION OF THE MAGNETIC
FIELD DISTRIBUTION NEXT TO THE
SOLENOID
For the calculation of the magnetic field distribution next
to the solenoid, the geometry of the magnet and other magnetically sensitive components, like the Mu shields, were
implemented in the field solver. For different coil current
settings of the solenoid, the magnetic flux density in the
magnet and those components were calculated. All materials were defined with variable magnetic permeability curves.
Especially for the Mu shields a data set of measured high
permeability metal alloys at cryogenic temperatures were
used. Figure 2 shows three measured hysteresis curves of
those materials (Cryoperm and MuMetal).

Figure 2: Initial hysteresis curves of three high permeability
metal alloys at 9K temperature (measured data by O. Kugeler,
HZB).
During the design process for the new solenoid the detailed calculations with these real hysteresis curves revealed
a feature in the existing solenoids for bERLinPro photoinjector guns (for gun0 and the solenoid 1.0). Both magnets were
designed with an external Mu-shield around the yoke, which
should suppress the magnetic field outside the solenoid resulting by the residual fields of the magnet yoke. However,
they are mainly used as another thin yoke once the coil is
powered up. This produces high magnetic flux density values inside the Mu metal alloy up to the saturation limit. On
the other hand, such a Mu shield around the solenoid has in
best case only a small shielding efficiency in the adjacent
magnetic sensitive areas, like the gun cavity, in the range
of 30 %. As an example, each Mu shield of the gun cavity
suppress the residual magnetic field of the yoke by a factor
of 99 %. Therefore an additional Mu shield for the solenoid
magnet is not useful.
Furthermore these calculations can be used to observe the
load of the cavity Mu shields (Cryoperm) during solenoid
operation. A simplified model of the inner and outer cavity
shieldings are implemented in Superfish next to the new
solenoid geometry. Figure 3 and Fig. 4 show a radial cut
of this setup with coil, Cu winding bobbin, the main return
yoke and the Mu metal shields of the gun cavity together
with the calculated flux density values as color code. In this
example, the areas with the highest magnetic flux density are
the yoke of the solenoid and the front of the outer cavity Mu
shield. For an analysis of the flux densities inside the shield
material in more detail, these values were sampled along
the path 𝑠 (see Fig. 4) for different solenoid current values
𝐼sol in 5 Amp steps up to 30 Amp (Fig. 5). The maximum
operation current of the solenoid is 20 Amp. Especially in
the front plate of the outer Mu shield high magnetic flux
density values were achieved up to the saturation limit of
the material (red zone). The yellow zone in Fig. 5 marks
the region with the non-linearity in the hysteresis curve and
with starting magnetization processes of such a high permeability material. Even for standard operation currents of the
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Figure 4: Cut through the calculated geometry and definition
of the path line 𝑠 for the magnetic flux density analysis.

Figure 3: Radial cut of the geometry next to the solenoid.
Here, the electron beam propagates from bottom to top at
r=0, the beam axis.

solenoid between 5 Amp and 15 Amp the load of the Mu
shield is in this non linear range.
To reduce these high values inside the material, the cavity
shielding has to be at least 3 time thicker as the existing
metal alloy, which is quite expensive and quite complicated
for the existing shield geometry. One way to protect the
outer Mu shield of the gun is a deflecting shield between
the solenoid and the Mu material consisting of a superconducting plate. This works as a perfect diamagnet during the
solenoid operation and blocks the extreme magnetic field
values of the magnet (Meissner effect). Therefore a thin
superconducting metal alloy like niobium will be placed
next to the outer shield with similar dimension as its front
plate. Most of the magnetic field will flow in front of the
superconductor and only a small fraction will go through the
beam pipe opening and enter the Mu shield. This can be seen
in Fig. 6, which shows the calculation results for this setup.
Here, a quasi-perfect diamagnetic material (𝜇𝑟 = 10−10 )
with a thickness of 1.5 mm and an outer diameter of 300 mm
is implemented in the given geometry shown in Fig. 3 with a
distance of 8 mm in front of the outer Mu shield. As long as
the magnetic flux density next to the superconductor keeps
below a critical values the plate deflects the magnetic field
and only a small fraction enters the mu metal.
The calculations of different geometry setups show that
the SC shield needs to have nearly the same diameter and
has to be placed as near as possible to the outer Mu shield.
In this case (Fig. 6) the maximum flux density value stays
below the critical saturation limit of the Cryoperm material
for all coil currents. A critical point of this SC shield is
the flux density next to the superconductor itself. To avoid
a quench of the niobium plate during operation, the field

Figure 5: Magnetic flux density inside the cavit’s outer Mu
metal alloy along the path 𝑠 for different coil current values.

Figure 6: Magnetic flux density inside the cavity’s outer
Mu metal alloy along the path 𝑠 for different coil current
values. Here, the Cryoperm material was shielded by an
SC shield. The yellow region marks the same non linear
hysteresis domain as shown in Fig. 5.

has to be less than ≈198 mT (at absolute zero) [6]. According to the Superfish simulations the maximum field value
next to the superconductor was determined to ≈80 mT for
𝐼sol =30 Amp, which should be not a problem.
Further detailed calculations based on CST are in progress.
Therefore the final setup and the original geometries were
implemented (Fig. 7), but result in a huge discrepancy of
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temperature as the gun cavity inside the liquid helium bath
(2 K). Thus the clamp ring works also as cooler for the SC
shield. Figure 8 shows this shield design as it was used for
the first module test.

FIRST TEST OF THE SC SHIELD
Figure 7: Sketch of the complete module setup for first
calculations with CST. From right to left: Gun Cavity with
Cathode insertion, inner and outer (blue) magnetic shield.
SC shield directly on the flange → for the current design, the
niobium plate is right of the flange. Solenoid with its red
marked yoke.
the necessary mesh setup between the big setup in total and
the thin structures of the curved shielding alloys. Up to now
it was not possible to find a computable mesh setting which
results in physically correct field distributions.

To test this design the shield was installed together with
the new solenoid and a dummy beam tube in the bERLinPro gun module (Fig. 9). Several hall sensors were placed
around the SC shield and inside the solenoid to measure
the field distribution which can be compared with the field
calculations. Figure 10 shows a sketch of the module setup
as a longitudinal cut. Six 1D-Hall sensors are placed on
both sides from the SC shield and measure the radial field
component (violet arrows).

DESIGN OF THE SC SHIELD

Figure 9: picture of the first test setup inside the gun cryostat.

Figure 8: first SC shield construction for the test in the
bERLinPro gun module
The superfish calculation showed that the superconducting
shield needs to have a diameter of nearly the same size as
the Cavity shield to protect also the edges. Therefore a
300 mm × 300 mm × 1.5 mm niobium plate is used which
can be installed between the Gun shield and the solenoid.
The plate is fixed between two Cu-plates with the same
size, which provide a uniform cooling of the superconductor.
These three layers were pressed together with clamps all
around. The final shield consists of two symmetric pieces
to mount it on the beam tube between the solenoid and the
cavity. A half ring was welded on each of the plates as clamp
connector for the beam line flange which has nearly the same

Figure 10: Scheme of the solenoid ans SC shield setup for
the module test.
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the shield. This additional line can be connected in series
with the superconducting solenoid, cooled down to 5 K by
overcritical helium.

CONCLUSION

Figure 11: Picture of the installed Eddy-current sensor. The
sensor is fixed on the shield by a dielectric holder consisting
of glass-fibre reinforced plastic (GRP).
Another three sensors are placed on the beam tube and
were used for further solenoid tests and calibrations. Additionally a low frequency Eddy current sensor was connected
to the backside of the shield (Fig. 11) to determine the change
of the ohmic resistance during cool down. The sensitivity
of this sensor depends on the used frequency. For this test a
frequency of 30 Hz was used to visualize small ohmic values
and especially the superconducting transition of the shield.
In this test setup the dummy beam tube cannot be cooled
by the helium bath of the gun cavity. To compensate this,
the dummy tube and the shield were connected to 4 K He
lines and the two-phase vessel by several copper strands.
Unfortunately the combination of the cooling mechanism
and a leakage in the Helium system could not provide a
cooling of the niobium plate below 15 K. The leakage of
the 4 K helium system into the insulation vacuum during
a helium pressure of 1 bar was big enough to interfere the
turbo pump of the cryo module. However it was tolerable in
case of the 1.8 K temperature mode with a helium pressure of
only 16 mbar in the system. The temperature of the helium
gas return pipe in this mode is not well defined and can
achieve values of more than 10 K. It seems to be, that the
temperature of the dummy beam tube was dominated by this
quite high value of the helium gas return pipe, because of
the reduced thermal conductivity of the Cu strands for lower
temperatures as these connected to the 2 K He lines.
A second test of the SC shield is planed with a small
cooling modification. The lateral clamps were extended
to connect directly a He tube with a diameter of 8 mm on

It is important to analyze the interaction of strong electromagnets with magnetic sensitive materials especially in compact cryo modules where a superconducting solenoid is used.
In case of high magnetic permeability metal alloys used as
magnetic shielding, the additional fringe fields of such a
magnet can produce magnetic flux density values in the
material up to the saturation. Calculation of the complete
magnetically relevant setup are necessary to define positions
and dimensions, but also to observe the effectiveness of
such a shield. It could be shown for the injector module
of bERLinPro, that a magnetic shield around the solenoid
magnet is not efficient for the protection of an SRF gun cavity next to it, in relation to a magnetic shield around the
cavity. However, even those shield materials can be affected
by the magnet fringe fields. One option which was shown
in this paper is the use of a superconducting shield next to
high magnetic permeability alloy metals. It deflects most
of the magnetic flux and protects the cavity shields during
solenoid operation. The principle and the design of such
a superconducting shield were presented. Unfortunately, it
was not possible during the first test to achieve the superconducting state of the niobium shield. Another test with
improved shield cooling is planned.
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Abstract
We present systematic work investigating how different
doping and post-doping treatments affect the BCS surface
resistance at 1.3 GHz and higher frequencies. We examine
the field-dependent BCS resistance at many temperatures
as well as the field-dependent residual resistance and use
the results to reveal how impurity species and concentration
levels affect the field-dependent RF properties. We further
demonstrate the importance of thermal effects and their direct dependence on doping level. We use the tools of Density
Functional Theory to work towards an ab initio model of
electron overheating to theoretically confirm the impact of
doping, create a full model that includes thermal effects to
predict the field dependent resistance, and show that the
predictions of the model agree with results from doped and
non-doped cavities (e.g. the strength of the anti-Q-slope and
the high-field Q slope). Finally, we use our experimental
results to systematically assess and compare theories of the
field-dependent BCS resistance, showing that the current
theory on smearing of the density of states is incomplete.

INTRODUCTION
Nitrogen doping and infusion have been some of the most
exciting developments in recent fundamental SRF research
[1–4]. These treatments have been shown to increase the
intrinsic quality factors of niobium SRF cavities at low fields
and to cause a further field-dependent increase known as
the “anti-Q-slope” or “positive Q-slope”. Because of the
project-driven nature of the field, much of this research has
been focused on developing doping and infusion “recipes”
that yield the highest performance. In the work presented
here, we sought to perform systematic studies of infusion
and doping treatments at 1.3 GHz and 2.6 GHz in an effort to
improve the fundamental understanding of the physics of the
positive Q-slope. Our studies also included the development
of a full thermal model of the SRF cavity system, calculating
the field-dependent surface resistance including the effects
of quasiparticle overheating due to inefficient heat transfer.
We also assessed several existing models of the positive Q∗
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slope for their applicability to the conditions under which
the phenomenon has been observed.

NITROGEN INFUSION TREATMENTS
In the context of the R&D program for the LCLS-II HE
upgrade [5], the Cornell SRF group has been engaged in systematic fundamental research of impurity doping (∼ 800◦ C)
and infusion (∼ 160◦ C) of niobium SRF cavities. Technical
details of these recent Cornell experiments are presented
elsewhere at this conference [6]; these results are summarized and analyzed here.
While early Cornell results of 160◦ C nitrogen infusion
of niobium cavities as well as more recent testing of a niobium cavity with all-niobium flanges showed quite positive results [4, 6, 7], our more recent tests of cavities with
niobium-titanium flanges suffered high residual resistance,
likely linked to titanium contamination due to flange outgassing [6]. Attempts to ameliorate this contamination by
light surface treatments like HF rinsing and cold VEP (vertical electropolishing) yielded cavities with improved performance, with removals on the order of 5 nm largely curing
the contamination issue and causing a field-dependent decrease in the BCS surface resistance quite similar to that
seen in other cavities with positive Q-slope. After the light
removal some of these cavities indeed exhibited positive
Q-slope, while others showed high residual resistance and
as a result had no positive Q-slope; this was likely related
to trapped flux issues and was not an intrinsic limitation in
these cavities. Some of these cavities also received heavier
removal on the order of 50 to 100 nm (including those that
had previously suffered titanium contamination as well as
those that had not); after this additional surface removal
these cavities had high intrinsic quality factor but did not
exhibit positive Q-slope or a field-dependent decrease in
RBCS . This suggests that the positive Q-slope effect seen in
cavities that have been treated with “infusion” of nitrogen
or other impurities is related to the physics happening in
the very-near-surface layer, i.e. within the first 20 to 50 nm
under the oxide layer.
What, then, does this tell us about the role of the various impurities introduced during doping and infusion in
bringing about the positive Q-slope? Figure 1 shows a look
inside the RF surface by way of SIMS (secondary ion mass
spectrometry) measurements of impurity concentration in
a representative cavity treated with nitrogen infusion. Very
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Figure 1: SIMS measurement of atomic concentration of
impurities in a witness sample from a nitrogen infusion
furnace run. Black bar indicates surface oxide; gray bar
approximates RF penetration layer.
1.6
SC-06 160 C 192 hr
SC-06 160 C + HF
SC-06 160 C + 2x HF
RDTTD-4 160 C 48 hr

RBCS @ T = 2 K (normalized)

1.5
1.4

RDTTD-4 160 C + 2x HF
RDTTD-4 160 C + VEP
LTE1-1 160 C 24 hr
LTE1-1 160 C + OP

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0

5

10

15

20

25

Eacc (MV/m)

Figure 2: RBCS taken for the 160 ◦ C nitrogen infused cavities at 2 K. After infusion cavities received varying surface removal, including HF rinsing (5 nm), oxypolishing
(54 nm), and light vertical electropolishing (100 nm). Peak
field shown here does not indicate quench field.
close to the surface, within the first 10 to 20 nm, the carbon,
oxygen, and nitrogen impurities exhibit “spikes” of greatly
increased concentration. In particular, the nitrogen concentration very near the surface is very similar to the nitrogen
concentration in high-temperature (e.g. 800 ◦ C) nitrogendoped niobium cavities [8]. The oxygen and carbon spikes
are also dramatic but not uniformly so for nitrogen-infused
cavities which show similar RF performance [6].
Because the cavities with more than 30 nm or so of chemical removal no longer exhibited a positive Q-slope, as shown
in Fig. 2, it is reasonable to suppose that these concentration
spikes are directly related to this field-dependent decrease
in RBCS . In addition, the RBCS decrease is characteristically

Fundamental R&D - Nb
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Figure 3: RBCS results shown in Fig. 2, normalized at
4 MV/m.
very similar for the uncontaminated cavity and the contaminated cavities after HF rinses, despite the differences in
impurity concentration levels apart from nitrogen; the quantitative differences are likely accounted for by the change
in RRR between the cavities. This is supported by the normalized field-dependent RBCS as shown in Fig. 3. Moreover,
because nitrogen is the element most thoroughly eliminated
in the etches that removed the positive Q-slope behavior,
the surface removal study suggests that indeed nitrogen is
responsible for causing (or perhaps revealing as a more fundamental behavior) the field-dependent decrease in RBCS
seen in infused cavities, even by acting only in the first 10
to 20 nm of the RF surface. These results are far from conclusive, but they are certainly suggestive.
With this hypothesis, we might next ask what possible
effects a very thin layer of nitrogen impurities at a level
of < 0.1% at. could have on a niobium surface. Prior experimental studies have linked surface nitrogen with suppression of niobium hydrides, which themselves have been
linked to poor RF performance [9–12]. Recent DFT (density
functional theory) calculations with our collaborators in the
Center for Bright Beams find that interstitial nitrogen impurities near the surface of niobium suppress the formation
of surface hydrides [13], consistent with the earlier experimental results. This is a promising lead for the continuing
investigation into the fundamental source of the positive
Q-slope.

HIGH-FREQUENCY SRF CAVITIES
Our group has also been actively engaged in studying
high frequency (> 1.3 GHz) SRF cavities with modern treatments [14–17]. In general, newer surface treatments can
offer greatly reduced RF dissipation and resulting cryogenic
heat load; studying how these treatments behave at alternative frequencies will allow for finding more optimal frequencies for the treatments in terms of cryogenic efficiency
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Figure 4: RF test results of several tests of 2.6 GHz cavity
STE1-1. RBCS taken at 2 K. Peak field shown here does not
indicate quench field.
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Figure 5: RBCS results of the tests of 2.6 GHz cavity STE1-1,
taken at 2 K and normalized at low field. Peak field shown
here does not indicate quench field.

of particle acceleration. Our heaviest study at alternative
frequencies for nitrogen doping and infusion has been at
2.6 GHz; Figure 4 shows the RF test results for a 2.6 GHz
cavity with baseline treatment (800 ◦ C + 6 µm VEP), 2/6
doping, 160 ◦ C nitrogen infusion, and infusion plus HF rinsing and 6 hour 75 ◦ C vacuum bake. All treatments except
for the HF/75 ◦ C were immediately preceded by a chemical
reset of the surface by VEP. Figure 5 shows the RBCS results
at T = 2 K normalized at low field.
Remarkably, the 2.6 GHz cavity showed positive Q-slope
even in the vacuum-baked baseline test, consistent with experiments elsewhere [18]. For the baseline, the cavity had
an electron mean free path ℓ > 1000 nm. 2/6 doping gave
the best overall performance, with a very low RBCS featuring a dramatic positive Q-slope, and ℓ = 47 nm. The first
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test of the nitrogen infusion treatment had a strong fielddependent decrease in RBCS , but both the BCS resistance
and the residual resistance were quite high, the highest of
any of the treatments at 2.6 GHz. This infusion run was done
alongside one of the 1.3 GHz cavities which showed titanium
contamination issues; it is possible that those issues also affected this cavity. It is also possible that the very high RBCS
was only related to the very short mean free path ℓ = 2.7 nm.
We performed an HF rinse as well as a 75 ◦ C vacuum bake
to try to cure potential contamination issues and investigate
the possible effects of low-temperature baking for quench
field increases (see [17] for more details); after these treatments, RBCS and R0 were reduced, suggesting that indeed
this cavity had suffered from mild contamination during the
infusion bake. The electron mean free path ℓ was increased
to 4.8 nm.
Our studies of high frequency cavities will continue at
2.6 GHz as well as at 3.9 GHz and higher as we progress with
our systematic studies of these surface resistance effects.

THERMAL MODELING OF SRF
CAVITIES
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During our early studies of nitrogen-doped niobium cavities, we found that thermal effects are quite important in controlling the magnitude of the positive Q-slope: quasiparticle
overheating due to inefficient heat transfer from the quasiparticles in the RF layer out to the cryogenic bath can lead to
a field-dependent increase in temperature of the quasiparticles [3]. This temperature increase in turn increases the BCS
surface resistance, counterbalancing the field-dependent decrease due to the underlying positive Q-slope effect and
“tuning” the overall field-dependent reduction in RBCS . Our
results indicated that this thermal effect was closely linked
with the concentration of impurities in the RF layer, quantified by the electron mean free path, through the effect of
impurities on the electron-phonon energy transfer rate.
In order to study these effects in infused cavities, which
have material parameters that vary over the RF penetration layer, we developed a new framework for calculating
the surface resistance of SRF cavities. Early results using this framework were published last year [16], showing
good agreement between the model (using the Gurevich theory [19] as the underlying source of positive Q-slope) and
experimental results of an infused cavity. Figure 6 reproduces these results.
The principle of the model is to calculate the surface
resistance Rs given a model of the quasiparticle conductivity
as a function of the quasiparticle temperature, local material
properties, and field strength, and from this to calculate
a flow of power per unit area dissipated by the RF field
P/A = H 2 Rs /2. The framework can be used with any model
of the quasiparticle conductivity, so long as it is a local
(i.e. dirty-limit) model. We consider the electrons to be
in thermal equilibrium with each other within the RF layer,
though they may be at a temperature higher than that of the
lattice.
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The framework hinges on a self-consistent calculation of
the heat flow through the cavity wall, considering the surface resistance model and a model of the niobium-helium
system comprising the Nb thermal conductivity and the NbHe Kapitza interface conductance [20]. Using these combined models the framework solves for the self-consistent
surface resistance, the temperatures of the quasiparticles,
lattice, outer cavity wall, and helium bath, and the power
per unit area dissipated and transmitted thermally through
the system: starting with a range of Tlattice guesses (Tin ), the
framework calculates the RF power dissipated and from this
the value of Tlattice consistent with this power flow based
on the thermal model (Tout ). The self-consistent solution is
where Tin = Tout .
Figures 7–9 demonstrate example inputs and intermediate
results of calculations using the framework. Figure 10 shows
the final results of these calculations for two different underlying positive Q-slope models; these results were previously
shown in [21].

Figure 7: Example field-dependent material parameter input
to thermal model framework.

In order to complete this thermal model framework, we
are working with our collaborators using DFT to establish
a theoretical model of the electron-phonon heat transfer
coefficient Y as a function of impurity concentration. As
described in [13, 21], this work has yielded positive early
results in approximating the electron mean free path for
niobium with varying impurity concentrations, calculations
that agree well with experimental results. This is promising,
suggesting that the DFT calculations may indeed lead to a
full theoretical model of Y . Until then, we plan to treat Y as a
free parameter in our simulations, either as a fitting variable
or as an empirical parameter based on our model presented
in [3].
Figure 8: Example calculation results for the niobiumhelium thermal system with quasiparticle overheating.
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Figure 6: BCS surface resistance for a 96-hour nitrogeninfused 1.3 GHz cavity, with theoretical fits using the Gurevich positive Q-slope model, our electron overheating model,
and our new thermal model. Previously published in [16].
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Figure 9: Example calculation results for the self-consistent
power flow solution for the thermal model and surface resistance model.
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function. This means that other aspects of the model will be
able to be tested with our forthcoming DC field dependence
cavity [24].
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Figure 10: Example simulation output for a 1.3 GHz Ndoped cavity, using the original Gurevich model of RBCS as
well as our version with corrected distribution function. Y
is the electron-phonon heat transfer coefficient, here treated
as a free parameter. Previously shown in [21].

ASSESSMENT OF ANTI-Q-SLOPE
THEORIES
As previously reported [21], we have worked recently
with our collaborators in the Center for Bright Beams to
assess existing theories of the positive Q-slope and potentially develop alternative models. We present the results of
our consideration for what we consider to be the three most
relevant extant theories.
While we have previously found good agreement between
the predictions of a 2014 theory involving surface-currentrelated “smearing” of the quasiparticle density of states as
a method of reducing the BCS surface resistance with increasing surface field strength [3, 19], more recent experimental results at alternative frequencies greater or less than
1.3 GHz do not agree well with the theory [15, 22]. Moreover, this model predicts the opposite dependence of the
positive Q-slope effect on cavity frequency: experiment
shows an increasing strength of the field-dependent decrease
in RBCS [18], while calculations using the model predict
the opposite dependence [23]. Deeper investigation of this
theory found a potential physics error in an unjustified assumption about the quasiparticle distribution function which
does not take into account additional quasiparticles driven
out of equilibrium by the RF field. When replacing this
distribution function with a simple model using detailed
balance, the positive Q-slope prediction is replaced with
a uniformly decreasing intrinsic quality factor. Figure 10
shows the results of calculations using the original model
and the replacement distribution function, calculated with
our new thermal model framework. We do note that this
correction does not affect the “weak RF” case in the Gurevich model, where the relative strength of the RF field is
too low to significantly change the quasiparticle distribution
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We also considered a recent theory of a field-dependent
decrease in the superconducting surface resistance that relies on a non-thermal quasiparticle distribution function to
produce the field-dependent effects [21, 25]. Experimental
results on stripline resonators have been reported to agree
with the theory [26]. The field-dependent decrease arises
from quantum mechanical perturbations in the distribution
function that are most dramatic when ℏω ∼ kBT. Unfortunately, this condition is not met in doped niobium SRF
cavities, where in energy units the temperature is nearly a factor of 50 greater than the frequency. Further, the field levels
observed in the experiment are also substantially lower than
those typically seen in SRF cavities with positive Q-slope.
On top of this, the model makes no link to cavity doping
or other surface treatments and how these treatments might
bring about the field-dependent decrease in RBCS . Because
of these considerations, we find that this model may not be
appropriate for describing the positive Q-slope observed in
SRF cavities.
A third theory that we studied, in our understanding,
considers nitrogen-doped niobium as a disordered composite of small pockets of material with poor superconducting properties (like Tc , Hc , or ∆); as the strength of the
RF field increases, these pockets transition to the normalconducting state and become proximity-coupled due to their
small size [27]. This decreases the overall quasiparticle
conductivity in a manner dependent on both field strength
and frequency; in turn this decrease lowers the BCS surface resistance. The paper describing the model finds good
agreement between the theory and recent SRF experiments
exhibiting positive Q-slope, especially as it varies with frequency. However, our calculations using the model find
that its prediction of the effects of the electron mean free
path on the strength of the positive Q-slope are in strong disagreement with experiment: the model predicts that cleaner
cavities (i.e. with longer electron mean free path) should
exhibit stronger positive Q-slopes; this is in direct contradiction with experimental observations [3]. We also find
that the model contains many finely tuned parameters and
some physics assumptions that are not well justified; these
findings are not conclusive but suggest that this theory is not
appropriate for describing the positive Q-slope.
Our conclusions from this study of positive Q-slope models is that, indeed, no satisfying theory yet exists. The existing models are either not applicable in our estimation to
the SRF cavity regimes where positive Q-slope has been
observed or rely on potentially flawed calculations. Moving
forward, our work in the Center for Bright Beams will look
to develop a new model of the field-dependent surface resistance, with an eye towards using Floquet states in a DFT
framework to describe the periodically driven quasiparticle
system in SRF cavities.
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CONCLUSIONS
We have performed systematic studies on nitrogen-infused
SRF cavities, finding no strong dependence in the positive
Q-slope behavior on doping time but a correlation between
chemical removal of surface spikes in nitrogen concentration
and the presence or lack of the positive Q-slope. These findings point towards nitrogen above other impurities present
in the RF surface as the cause of the positive Q-slope in
infused cavities, either by fundamentally causing RBCS to
decrease with increasing RF field strength or by removing
surface effects that counterbalance an intrinsic anti-Q-slope
in niobium. We have studied the field-dependent BCS surface resistance in a 2.6 GHz niobium cavity under various
treatment protocols, finding the best overall performance and
strongest positive Q-slope in the 2/6-doped test. We have
developed a full thermal model of SRF cavities which calculates the field-dependent surface resistance as influenced
by the overheating of quasiparticles on the RF surface. Finally, we considered existing models of the positive Q-slope,
finding that the current models are either incorrect or not
relevant to the conditions under which the positive Q-slope
has been observed. Future work will look towards developing a new model of the field-dependent surface resistance
using Floquet theory.
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NEW INSIGHTS ON NITROGEN DOPING*
D. Bafia1†, A. Grassellino, A. Romanenko, M. Checchin, O. S. Melnychuk, D. A. Sergatskov,
Fermi National Accelerator Laboratory, Batavia, USA
J. F. Zasadzinski, 1Illinois Institute of Technology, Chicago, USA
Table 1: Optimized N-doping Treatment

Abstract
This paper covers a systematic study of the quench in
nitrogen doped cavities: a cavity was sequentially
treated/reset with different N-doping recipes which are
known to produce different levels of quench field. Analysis
of cavity heating profiles using TMAP are used to gain insight on the origins of quench; new recipes demonstrate the
possibility to increase quench fields well beyond 30
MV/m. In addition, a new signature of nitrogen doping is
explored, namely, a dip in the superconducting resonant
frequency below the normal conducting value just below
the critical transition temperature, giving further insights
on the mechanisms responsible for the large increase in
performance of cavities subject to this surface treatment.

INTRODUCTION
The 2/6 nitrogen doping surface treatment of Nb superconducting radio-frequency (SRF) resonators has been
shown to produce cavities with very high quality factors [1,
2]. However, the quench field of cavities subject to this
treatment are lower than are achieved via others [3-6]. The
simultaneous improvement of the quality factor and the accelerating gradient of N-doped cavities is necessary to decrease the cost of future accelerators.
To gain insight on the current limitations of quench in
2/6 N-doped cavities, the performance of a 1.3 GHz single
cell SRF cavity subject to sequential treatments to the optimized variants of N-doping shown in Table 1, which have
been shown to give accelerating gradients well above 30
MV/m [7], are investigated via RF testing and the thermometry mapping set up described in [8]. Heating profiles
of the cavity post sequential treatments are used to draw
conclusions on the location and possible nature of quench
in N-doped cavities.
In
addition to insights on quench mechanisms, a systematic
study of a newly observed signature of nitrogen doped cavities is discussed and presented, namely, the prominent dip
in the superconducting (SCing) resonant frequency below
the normal conducting (NCing) value that exists just below
the critical transition temperature. The effects of nitrogen
concentration and cavity design frequency on this dip are
studied. A discussion of the origin of this dip is presented
along with possible implications on the superconducting
properties of the resonator. This dip in the resonant frequency could help in understanding the possible microscopic mechanisms responsible of the large increase in Q0
of cavities subject to this surface treatment.
___________________________________________

* This work was supported by the United States Department of Energy,
Offices of High Energy Physics and Basic Energy Sciences under Contracts No. DE-AC05- 06OR23177.
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2/6 DopingBaseline
800 C 3 h in
UHV

2/0 DopingFNAL
800 C 3 h in
UHV

3/60 DopingJLab
800 C 3 h in
UHV

800 C 2 min
25 mTorr N

800 C 2 min
25 mTorr N

800 C 3 min
25 mTorr N

800 C 6 min
UHV

N/A

800 C 60
min UHV

5 µm EP

5 µm EP

5 µm EP

QUENCH MECHANISMS IN N-DOPING
Sequential Study of Single Cell
The performance of the 1.3 GHz single cell cavity,
AES025, post the sequential treatment to the recipes outlined in Table 1 with a 40 μm EP reset of the surface in
between is shown in Figure 1.

Figure 1: (Left) Q0 vs Eacc measurements of AES025 post
sequential treatments to the recipes outlined in Table 1.
(Right) BCS resistance vs Eacc of AES025 post sequential
treatments. The curve for AES017 shown in blue is present
due to the absence of low temperature data of AES025 post
2/6 N-doping.
Cavity AES025 post 2/6 N-doping gave a quench field of
27.5 MV/m with a max Q0 of 4E10. After resetting the cavity surface and treating with 2/0 doping, the quench field
increased by about 6 MV/m, giving a final quench field of
33 MV/m and a max Q0 of about 4.4E10. Performing another RF surface reset and treating with 3/60 doping gave
a quench field of an unprecedented value of 35 MV/m and
max Q0 of 5.9E10. Note that the sudden drop in Q0 at high
gradients post 2/0 and 3/60 N-doping occurred after soft
quench and is attributed to trapped flux. Processing increased the gradients to their final values. The BCS surface
resistance for the cavity post 2/0 nitrogen doping is like that
of a standard 2/6 nitrogen doped cavity. However, 3/60
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doping gives a very low BCS resistance, achieving a minimum of 3.5 nΩ at 21 MV/m.

Sequential TMAP Studies
The heating profiles of cavity AES025 post sequential
optimized N-doping treatments is now presented. The 3/60
N-doping plus 10 µm EP treatment is first shown. The resulting Q0 vs Eacc curve and TMAP profile taken just before
quench are shown in Figure 2.
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spot of the cavity was just above the cavity equator. It is
interesting to see that the point of strongest local pre-heating just before quench does not correspond to the quench
spot.

Figure 4: (Left) Q0 vs Eacc curve of AES025 post 2/0+5 µm
EP N-doping. (Right) TMAP profile taken just before
quench with a helium bath temperature of ~1.5 K. Note that
data was taken up to 30 MV/m for T = 2 K.
Figure 2: (Left) Q0 vs Eacc curve of AES025 post 3/60+10
µm EP N-doping. (Right) TMAP profile taken just before
quench with a helium bath temperature of ~1.5 K. Note that
data was only taken up to 20 MV/m for T = 2 K to avoid
quench.
The cavity quenched at 30 MV/m. Inspection of the heating
profile just before quench shows that the quench spot was
above the equator but there was uniform heating over the
surface
After a 40 µm EP reset of surface, AES025 was subject
to the 2/0+5 µm EP recipe. The RF and TMAP test results
are shown in Figure 3. The cavity quenched at 18 MV/m,
which is far earlier than was obtained for the first time this
cavity received this same surface treatment, as shown in
Figure 1. Further investigation of the furnace RGA scans
showed that there were higher levels of impurities because
the furnace had not been baked out for several months. As
such, this nitrogen doping treatment is labelled as a failed
2/0 N-doping treatment; however, lessons may still be
learned from the TMAP profile

Figure 3: (Left) Q0 vs Eacc curve of AES025 post of the
failed N-doping treatment of 2/0+5 µm EP. (Right) TMAP
profile taken just before quench with a helium bath temperature of ~1.5 K.
The heating profile shown in Figure 3 shows that there was
very strong local heating near the bottom iris. The quench
spot was located at the point of strongest pre-heating.
The surface of AES025 was again reset with another
40 µm EP and treated to a successful 2/0+5 µm EP nitrogen
doping run. The testing results are displayed in Figure 4.
This time, the cavity quenched at the extraordinarily high
accelerating gradient of 38 MV/m at T < 1.5 K. The quench
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For the final test, AES025 received an additional 2 µm
of EP, resulting in a doping treatment of 2/0+7 µm EP. The
results are displayed in Figure 5. The additional 2 µm of
EP appears to have drastically lowered the effect of nitrogen doping; the anti-Q slope has been replaced with the
high field Q-slope (HFQS). Note, however, that the onset
of the HFQS is about 10 MV/m higher than for standard
EP cavities, which occurs at ~25 MV/m. The TMAP profile
taken just before quench shows that the cavity quenched
below the equator. As the cavity quenches at higher accelerating gradients, the location of quench tends to be closer
to the equator.

Figure 5: (Left) Q0 vs Eacc curve of AES025 post 2/0+7 µm
EP. (Right) TMAP profile taken just before quench with a
helium bath temperature of ~1.5 K.
To gain more insight on the mechanisms responsible
for the above quenches, the heating profiles as a function
of the magnetic field of the RTD sensor located closest to
the positions of quench for each respective test are shown
in Figure 6. Both the 3/60+10 µm EP and successful 2/0+5
µm EP N-doping treatments show very little pre-heating
before quench, with the highest temperature measured below 0.01K. Due to this lack of pre-heating, the quench
mechanism of these tests is likely to be of magnetic origin.
The quench location of the failed 2/0+5 µm EP N-doping,
however, shows much stronger pre-heating, which starts at
~8 mT. The heating increases with the peak magnetic field
until 40 mT, where a discrete jump occurs in the heating up
to higher values. After this jump, the temperature continues
to increase with field, reaching a value of ~1 K before
quench. This jumping behavior was witnessed at the same
field when then He bath was at a temperature of 2 K. This
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discrete jump coupled with the strong heating might be indicative of the fact that the quench is due to the heating of
a
nitride
that
exists
on
the
surface.

DT (mk)

cavities, general features observed in frequency vs temperature (FvsT) data must first be discussed, as is done in the
following section.

Zoology of FvsT Features
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The resonant frequency of a cavity is measured at low
fields with a network analyser as the cavity is warmed up
through transition. The temperature is measured using
Cernox RTD temperature sensors. As the cavity temperature increases, the resonant frequency of the cavity decreases due to the temperature dependence of the penetration depth, which increases with temperature. This is well
described by the Gorter-Casimir two-fluid equation

3/60+10um EP
2/0+5um EP - Failed Treatment
2/0+5um EP
2/0+7um EP
HFQS Quench

10

1

0.1

0.01
10

100

H (mT)

Figure 6: A log vs log plot of the measured temperature
difference as a function of the peak magnetic field of the
RTD located closest to the position of quench for each of
the above TMAP studies. The He bath temperature was
~1.5 K. The heating profile of a cavity with high field Qslope (HFQS) is shown in orange squares for comparison.
The last temperature profile studied is that of AES025 post
2/0+7 µm EP N-doping. The heating increases quickly
with the peak magnetic field, reaching 0.2 K just before
quench. As such, the quench might be of thermo-magnetic
origins. The Q0 vs Eacc curve of this last test post 2/0+7 µm
EP N-doping showed the onset of HFQS. It is interesting
to compare this heating profile with that of a cavity with
strong HFQS. From Figure 6, it is seen that the heating profile of a cavity that experienced HFQS has a slope that is
not as steep as the one observed in the 2/0+7 µm EP Ndoping case. However, there is a sharp increase in the slope
at 100 mT. This behavior is not observed in the 2/0+7 µm
EP surface treatment even though HFQS is present.
To summarize, the quench of nitrogen doped cavities
seems to be of either magnetic or thermo-magnetic origin.
Higher (lower) quench fields of nitrogen doped cavities
tend to have quench locations that are closer to the equator
(iris). With some insights on the quench mechanisms of nitrogen doped Nb cavities obtained, attention is now turned
to another feature of nitrogen doping; a prominent dip in
the superconducting resonant frequency of the cavity below the normal conducting value that occurs just below the
critical transition temperature. This is explored to gain possible insights on the mechanisms responsible for the large
increase in quality factor of cavities subject to this surface
treatment.

NEWLY DISCOVERED SIGNATURE OF
N-DOPING: A DIP IN F0 BELOW TC
To explore the prominent dip in the superconducting
resonant frequency below the normal conducting value
that occurs just below the Tc of nitrogen doped Nb SRF
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where � is the penetration depth at zero Kelvin. However,
deviations from this equation have been observed in experimental data as it does not consider the effect of the superconducting gap [9]. It is understood that any model that
considers a gap will show that the penetration depth will
more rapidly approach its zero-temperature value than one
that does not [10]. As such, the superconducting gap of a
resonator will influence its penetration depth into the surface, which in turn varies the profile of the resonant frequency as a function of temperature. The model states that
as the temperature approaches T c, the penetration depth
goes to infinity, causing a discontinuity from the normal
conducting value, which is governed by the normal conducting skin depth. Experimental data of Nb SRF cavities
shows that the resonant frequency of a cavity remains finite
in this region. Not only is the frequency finite, cavities also
display five unique and distinct features in this region. Figure 7 outlines the five unique features observed in FNAL
FvsT data.
The first feature is a lack thereof, in which there is a
sharp transition from the superconducting (SCing) to the
normal conducting (NCing) frequency, arbitrarily labelled
“Standard”. The second feature is described as a foot,
which has a small hump before going NCing. The third feature is a dip with a bump, indicating that the frequency goes
slightly below the NCing value and then back above it, after which it decreases back to the NCing value. The fourth
feature is quite similar and only has a small bump. Lastly,
there is a prominent dip in the SCing frequency below the
NCing value. An explanation for the origins of this dip will
be discussed later. Although all five features are fundamentally interesting, this prominent dip in the frequency is
the most striking. As such, a systematic investigation of
this dip will now be discussed.

Signature of N Doping
To investigate when this dip in the resonant frequency
below the normal conducting value occurs, a single cell 1.3
GHz TESLA shaped Nb SRF cavity was subject to the
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Figure 8: Frequency vs temperature data for a 1.3 GHz single cell cavity subject to three different surface treatments.
The inset shows a zoomed-out plot of the three profiles.
Table 2: Occurrences of Features Near Tc Observed for
Various Surface Treatments.
Figure 7: The five features observed in FNAL FvsT data.
The normal conducting frequency is set to correspond to 0
Hz for each case.
following surface treatments with a surface reset of 40 μm
via EP in between to compare same surface morphology;
75/120 C bake [4, 5], nitrogen infusion [3], and nitrogen
doping. The cavity resonant frequency was then measured
with a network analyser as the cavity was warmed up
through transition. The results are outlined in Figure 8.
Note that each curve is corrected for pressure differences
within the dewar. Although the inset on the lower left of
Figure 8 shows the expected differences in temperature dependence of the frequency due to differences in impurity
structures, it is striking to see that the three surface treatments produce three of the five observed features near T c
discussed in Figure 7. This signifies that the surface preparation is responsible for these different features. The cavity post 75/120 C bake shows a foot near T c. Nitrogen infusion, instead, gives a small dip with a bump. The cavity
post nitrogen doping gives a prominent dip in the frequency vs temperature data just below Tc. For all the data
studied (48 sets), this prominent dip occurs 100 % of the
time in nitrogen doped cavities and appears to be a signature of it. Using the 48 sets of data studied, Table 2 outlines
the number of instances in which different surface treatments displayed the features shown in Figure 2. All 27
studied nitrogen doped cavities displayed a prominent dip
in the frequency just below the transition. Note that although there exists one instance of a dip in a cavity post
nitrogen infusion and one instance of a dip in a cavity post
75/120 C bake, both dips were quite small. As such, this
prominent dip in the frequency is concluded to be a signature of N-doped cavities. The effect of different cavity parameters on this dip will now be explored.

Effect of Cavity Design Frequency on the Dip
To study the effect of cavity design frequency on the
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dip, four cavities of different resonant frequencies were
treated to the same 2/6 nitrogen doping surface treatment.
The four resonant frequencies studied were: 650 MHz, 1.3
GHz, 2.6 GHz, and 3.9 GHz. The resulting frequency vs
temperature profiles are shown in Figure 9. It is observed
that the higher the design frequency of the cavity, the larger
the dip. In fact, the figure on the right in Figure 9 shows
that the dip depth appears to increase linearly with the design frequency. One simplified possible model to explain
this linear relationship could stem from the frequency dependence of the NCing skin depth. Because it goes as the
square root of the inverse of frequency, higher resonant frequency cavities will exhibit a shorter skin depth. As such,
the discontinuity between the normal conducting skin
depth and the penetration depth that occurs at the superconducting transition may increase with frequency, increasing
the depth of the observed dip because the skin depth must
effectively “catch up” to the penetration depth.
This increase in the magnitude of this dip for higher
resonant frequency cavities appears to also have a strong
correlation with the frequency dependence of the anti-Q
slope of post N-doping, as shown in [11]. Higher resonant
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Figure 9: (Left) Frequency vs temperature data for cavities
of different resonant frequencies subject to 2/6 N-doping.
The lower left inset gives a zoomed-out picture of the FvsT
profiles. (Right) Comparison of the dip depth versus the
resonant frequency.
frequency cavities exhibit a larger dip depth and stronger
anti-Q slope. The relation of these two effects will be the
subject of future study.

Effect of Nitrogen Concentration on Dip
To study the effect that nitrogen concentration has on
the dip, one single cell 1.3 GHz TESLA shaped Nb SRF
cavity, TE1RI003, was treated with the 3/60 nitrogen doping recipe discussed in Table 1. The cavity was then tested
after sequential removal of the surface via EP. This sequential removal decreases the concentration of interstitial nitrogen that exists within the RF layer, causing the mean
free path (MFP) to increase. The cavity resonant frequency
through warm up and the Q0 vs Eacc curves after each step
of removal are shown in Figure 10.

Figure 10: (Left) Effect of nitrogen concentration on the
dip in FvsT data for cavity TE1RI003. The inset shows a
zoomed-out picture of the profiles. (Right) A plot of Q0 vs
Eacc after various amounts of removal all taken at a temperature of 2 K.
After a 10 µm removal of the RF surface, TE1RI003 had
a prominent dip in frequency just below T c. The Q0 vs Eeacc
curve for this test shows a typical N-doped profile, with the
existence of the anti-Q slope phenomenon [1]. After removing an additional 5 µm, giving a total of 15 µm of removal, the dip depth decreased while the transition temperature of the cavity increased. Compared to the previous
test, the Q0 of the cavity was not as high; it also has little to
no anti-Q slope. Removing another 3 µm of the surface
causes the magnitude of the dip to decrease further and the
transition temperature to increase slightly. It should be
noted that the Q0 vs Eacc curve of the cavity after a total of
18 µm of removal of the surface showed the onset of high
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field Q-slope [12]. However, data was only taken to 27
MV/m to avoid quenching the cavity at 2 K for this test.
Further measurements at ~1.5 K showed that the cavity
reached accelerating gradients up to 36.5 MV/m and was
power limited. The final test shown in Figure 10 is after a
total removal of 25 µm of the RF surface. The magnitude
of the dip is now very small, with a depth of about ~100
Hz, which is just above the noise level. In addition, the T c
increases further, up to a value of ~9.26 K. In summary, as
the concentration of nitrogen decreases, the doping effect
gradually diminishes in: 1) the temperature dependence of
the penetration depth, 2) the depth of the dip, 3) the Q 0 vs
Eacc curves.
Some trends with MFP near the surface can be observed from this sequential removal study. The MFP of the
cavity after each step of removal was extracted using the
BCS Halbritter routine [13]. The MFP values obtained
were then plotted against the depth of the dip in frequency,
measured relative to the normal conducting value, and
against Tc. The results are shown in Figure 11.

Figure 11: Effect of MFP on (Left) dip depth (Right) transition temperature.
As can be observed above, dip depth appears to vary
linearly with the mean free path of the cavity. A mean free
path of 220 nm for the cavity corresponds to an absence in
the anti-Q slope, as observed in Figure 10 after 15 µm of
removal. A mean free path of 283 nm is obtained when the
cavity had the onset of high field Q slope. Continuing the
linear trend, the dip is expected to disappear entirely when
the MFP is ~400 nm.
The presence, absence, or magnitude of this dip could
give a tool in helping to assess the level of doping in cavities. For undoped EP cavities, the MFP of cavities is very
large (>800 nm); as such, from the linear trend observed in
Figure 11, a dip is not expected; it is indeed not observed
in data. For doped cavities (MFP~100 nm – 300 nm, low
BCS that decreases from low to mid-field), a prominent dip
is expected. Underdoped cavities, which tend to have
higher quench fields and a BCS resistance that is flat or
increasing with field, could be defined as the point at which
there is no longer an anti-Q slope to the undoped region
(~220 nm – 400 nm). Heavily-doped cavities (MFP <
100nm, steep BCS slope, early quench) have not been yet
studied but will be the subject of future research.
The transition temperature also appears to have a linear relationship with the mean free path of the cavity. From
the plot, it is seen that the effect of nitrogen interstitial on
Tc is small, varying only 60 mK for MFP values that range
from 150 nm to 380 nm.
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DISCUSSION
Origin of Dip
Although this dip in the resonant frequency below the
normal conducting value just below the superconducting
transition have been discussed elsewhere [14, 15], a short
summary of this phenomenon is presented here followed
by possible implications. Because the normal conducting
skin depth decreases with temperature (due to the longer
scattering times of electrons in the Drude model), this skin
depth can be pushed into the anomalous regime, making
non-local effects important. As a result, Mattis-Bardeen
(MB) theory can be used to gain insight on the mechanisms
responsible for this dip in the frequency. In MB theory [16],
the conductivity of a superconductor is described by
�� = � + �� ,

(2)

where � and � are conductivities of quasi-particles and
Cooper pairs. The surface impedance of the superconductor normalized to the NCing conductivity �� is
�

��

=

�� − /

��

.

(3)

For there to exist a dip in the frequency below the NCing
value, the penetration depth must be longer than the NCing
skin depth �� . For this to occur, the penetration depth must
increase relative to the value of �� as the temperature decreases through transition. Using (3), for values where of
�� − �� /�� ≪ 1 and if the superconductor is in the dirty
limit, Varmazis et al. obtain the following expression for
the change in the superconducting penetration depth very
close to and below Tc:
�� =

��
4

�

��

−�

�

��

,

(4)

where the second term in the parentheses denote a change
in the quasi-particle conductivity. This states that for there
to exist a dip in the resonant frequency of a cavity close to
and below Tc, the increase in the conductivity of the superelectrons must be larger than the increase in the conductivity of the quasi-particles. Thus, the superelectrons in a superconductor are responsible for the existence of a dip in
the frequency.
There are two cases that will determine the existence
of this dip in a superconductor which involve the mean free
path �, the extreme anomalous skin depth ��∞ , and coherence length � :
1. ��∞ < � : dip is likely to exist regardless of the value
of �
2. ��∞ > � : a dip may exist if the mean free path if sufficiently low enough.

In the case of niobium, case 2 is applicable. This means
that the mean free path of the cavity will play a role in determining if the phenomenon in question will occur.
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This last point is important in helping to understand
why only nitrogen doped cavities seem to experience this
dip. Electropolished cavities have very long mean free
paths (~1000 nm). As such, this fails the case 2 condition
laid out above, implying that there should be no dip in the
frequency near Tc. Indeed, Table 2 shows that electropolished cavities display only one distinct feature in frequency near Tc in addition to the otherwise expected sharp
transition to a plateau in the normal conducting regime. In
addition, cavities subject to 120 C bake, 75/120 C bake,
and nitrogen infusion tend to have a very short mean free
path at the surface; however, this is only true very close to
the surface. Further from the surface the MFP becomes
very long, failing again the case 2 condition. This, along
with the fact that cavities subject to these surface treatments do not display a prominent dip, hints that perhaps
the immediate RF surface is not the only region of importance. To contrast this, nitrogen doped cavities have interstitial nitrogen all throughout the RF layer, with mean
free paths that are significantly shorter than that of electropolished cavities (~60-400 nm). As a result, cavities
subject to this surface treatment are expected to, and do indeed, show a dip in the frequency below the normal conducting value close to and below T c.

Possible Implications: Differences in Coupling
between Electrons and Phonons
In addition to being fundamentally interesting, the dip in
the frequency below the normal conducting value near T c
might be indicative of a difference in electron-phonon interactions of SRF cavities. In BCS theory, when plotted
against the temperature, there exists a peak in the quasiparticle conductivity, � [17]. This peak is called the coherence peak and occurs at temperatures of ~0.85T c. This
coherence peak comes from the increased conductivity of
quasi-particles that arises from the breaking of Cooper
pairs by thermally activated phonons [18-20]. To couple
with the above studies of the effect of nitrogen concentration and frequency on the dip, the effect of the superconducting gap and resonant frequency on the coherence peak
are calculated and shown in Figure 12.
Figure 12 shows that the resonant frequency of a cavity
strongly controls the height of the coherence peak. Higher
frequencies give lower coherence peak heights. Note that
the resonant frequency also weakly alters the width, which
tends to be centred around ~7 K. In contrast, the superconducting gap Δ appears to strongly control the width of the
coherence peak, with higher gap values yielding thinner
widths of the coherence peak. This coherence peak can be
calculated with experimental Q0vsT and FvsT data by obtaining first the surface impedance and calculate the conductivity, as discussed in [18]. Such a study was done by
[20], where Q0vsT and FvsT data were taken on a Nb sample in a 60GHz resonator. The Nb FvsT data shown in this
paper presents a dip in the frequency just below T c, as
shown in Figure 13. Note that Klein et al report preparing
the Nb samples with nitric acid. Using the method laid out
in the paper, the Q0vsT and FvsT data given there are used
to calculate the quasi-particle conductivity. The resulting
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quasi-particle conductivity that the authors show is given
in Figure 13. The resulting coherence peak was found to be
better fit with Eliashberg strong coupling theory, giving
first hints that the presence of the dip could be indicative
of stronger electron phonon interactions.

Figure 12: (Left) BCS calculations of the quasi-particle
conductivity for various resonant frequencies of cavities
with a superconducting gap of 1.5 meV. (Right) BCS calculations of the quasi-particle conductivity for various superconducting gaps for a resonant frequency of 1.3 GHz.
Both figures are done for niobium with a T c of 9.25 K.
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Figure 13: (Left) FvsT data taken from Figure 3 in [20].
(Right) the quasi-particle conductivity as shown in [20].
The solid line gives a BCS weak coupling fit. The dashed
line is obtained from Eliashberg strong coupling theory.
One possible cause of this enhanced electron phonon
interaction could come from the suppression of the formation of niobium hydrides. Nitrogen interstitial captures
hydrogen that exists in the lattice, preventing the nucleation of metallic inclusions that distort the lattice. This could
in turn increase electron phonon interaction.

CONCLUSION
Gradients well above 30 MV/m with quality factors up
to 6E10 for nitrogen doped Nb single cell 1.3 GHz SRF
cavities have been obtained with optimized surface treatments. TMAP investigations and analysis of the heating
profiles of the quench spot suggest that the quench in Ndoped cavities could be of magnetic or thermo-magnetic
origin.
The depth of the prominent dip in superconducting resonant frequency below the normal conducting value just before the transition temperature of N-doped Nb cavities is
shown to increase linearly with the cavity design frequency, showing strong correlation with the frequency dependence of the anti-Q slope of N-doped cavities.
In addition, this dip decreases linearly as the near surface
MFP increases, implying that higher concentrations of nitrogen near the RF surface will increase the dip depth. For
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a cavity post 3/60 N-doping, the anti-Q slope disappears
when the MFP is 220 nm. The onset of HFQS appears when
the MFP is 283 nm. This dip is expected to disappear when
the MFP ~400 nm. In conclusion: as the effect of nitrogen
doping on the Q0 vs Eacc curve diminishes, so does its effect
on the dip in the frequency. This relationship allows for a
quantitative assessment of the level of doping of N-doped
cavities that can be used to feed into future models to further understand differences in performance.
The transition temperature of a 1.3 GHz Nb cavity has
also been observed to vary with the MFP of nitrogen. The
transition temperature increased by 60 mK when the MFP
of the 3/60 N-doped cavity TE1RI003 increased from 150
nm to 380 nm, implying that the concentration of nitrogen
interstitial has a small but measurable effect on the T c of
cavities.
One possible implication of this dip could be that it signifies an increase in the electron phonon interaction. This
could result from the capturing of hydrogen by nitrogen,
thereby preventing the formation metallic inclusions in the
lattice. To check for differences in electron phonon coupling, the size of the coherence peak that occurs in the
quasi-particle conductivity of BCS theory can be used. Future work includes carrying out the calculations presented
in Figure 13 on cavities subject to various surface treatments and tested at FNAL.
With this new signature of nitrogen doped cavities, some
insight on the microscopic origins of excellent performance has been gained. The full understanding of these
mechanisms will help to better tailor surface treatments of
Nb SRF cavities that serve as an enabling technology for
future accelerators.
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RECENT DEVELOPMENT ON NITROGEN INFUSION WORK TOWARDS
HIGH Q AND HIGH GRADIENT*
Pashupati Dhakal† Jefferson Lab, Newport News, VA 23606
Abstract
We report the rf performance of several single-cell superconducting radiofrequency cavities after low temperature baking in nitrogen environment. The cavities are
treated at different temperature in the range of (120-160ºC)
for extended period of time (~48 hours) with and without
nitrogen gas injection in the furnace. The improvement in
Q0 with Q-rise in some case was observed when nitrogen
gas was injected at elevated temperature (~250-290 ºC) and
held at the temperature range 120-200 ºC without any degradation in accelerating gradient over the baseline performance. When nitrogen gas in injected at lower temperature
(~120 ºC) the rf performance did not show any improvement on Q0 over the conventional 120 ºC in-situ bake.

INTRODUCTION
Recent advances in the processing of bulk superconducting radio frequency (SRF) niobium cavities via interior
surface impurity diffusion have resulted in significant improvements in their quality factor (Q0). The motivation for
the development of these processes is to reduce the cryogenic operating cost of current and future accelerators
while providing reliable operation [1-3]. Most recently, efforts have been made to preserve high accelerating gradients while also increasing the quality factor of SRF cavities
[4-6]. In these new nitrogen “infusion” cavity processing
recipes, cavities were heat treated at 800 °C for 3 hours,
then the furnace temperature is reduced to 120-200 °C and
nitrogen is introduced into the furnace at a partial pressure
of ~ 25 mTorr for ~48 h. This process has shown an improvement in Q0 over the baseline measurements, without
the need for post-annealing chemical etching. Even though
diffusion of the nitrogen into the bulk of the SRF cavity is
limited in depth at these low temperatures (120-200 °C)
[7], the introduction of nitrogen is sufficient to modify the
cavity surface within the rf penetration depth as seen from
rf results, which are similar to those previously reported for
high-temperature nitrogen doped cavities. Furthermore,
while post-doping electropolishing is required to remove
coarse nitrides from the surfaces of high-temperature nitrogen doped cavities, no further processing is required for the
low-temperature “infusion” recipe showing a clear benefit
in reducing processing steps as well as keeping higher gradient with high Q0 values. In this manuscript, we present
the results from several rf tests on a single cell cavity
treated in low temperature nitrogen environment as well as
analyses of sample coupons treated under similar conditions.
___________________________________________

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract No. DE-AC05-06OR23177.
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CAVITY SURFACE PREPERATION
The cavities used in this study consists of one low loss
shape single cell 1.5 GHz (RDL-02, Low loss shape,
Bp/Eacc = 4.19 and geometric factor, G= 277.23) and four
1.3 GHz, TESLA shape (Bp/Eacc = 4.23 and geometric
factor, G= 277.85) fabricated in house with high purity fine
grain Nb from Tokyo Denkai. Prior to the rf measurements
reported in the manuscript, the cavities went through several R&D cycles of heat treatments, chemical polishing and
nitrogen doping. The baseline rf measurements reflect the
surface reset via electropolishing by removing ~ 30 µm
from the inner cavity surface.
Before the heat treatment, the cavity was high pressure
rinsed and then dried in an ISO4/5 cleanroom. While in the
cleanroom, special caps made from niobium foils were
placed to cover the cavity flange openings as shown in Fig.
1. The cavity was then transported to the furnace in a clean
sealed plastic bag. The vacuum heat treatment procedure
started with the 800 ºC/ 3hours degassing step followed by
lowering temperature to (120-200 ºC) range. The furnace
is continuously pumped during the cooldown process. Two
different gas injection mechanisms were explored; (a) the
gas was injected at ~ 250-290 ºC at which the total pressure
(also corresponds to nitrogen partial pressure) increased to
~ 25 mTorr by introducing high purity nitrogen. Such pressure was maintained without active pumping of the furnace
enclosure. Once the temperature has fallen to the desired
value (120-200 ºC), which takes about 2 hours, the temperature was held for 46 hours. (b) The gas was injected in to
the furnace when the desired temperature was reached
(120-200 ºC) and was held for ~48 hours without active
pumping.

Figure 1: Installation on Nb caps in clean room (left) and
cavity in furnace enclosure (right) with two thermocouples
attached to cavity surface.
During our earlier cavity heat treatments, we relied on
the temperature measured by a thermocouple attached to a
panel inside the hot-zone. Later, the modification was
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made such that the thermocouple can be directly attached
to the cavity surface to accurately measure the cavity temperature. On average, the cavity temperature is about ~2030 ºC higher than the hot-zone plate. Furthermore, the fluctuation of temperature is smaller on the cavity compared
to hot-zone plate. Figure 2 shows the typical temperature
and pressure measured during the heat treatment process.
After the heat treatment, the standard cavity cleaning
procedure was applied before the rf test. Each cavity’s
surface was reset by ~10 µm by electropolishing before
the cavity goes for next heat treatment cycle.
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transition temperature (∼9.2 K), which provides good flux
expulsion conditions. Most of the rf measurements were
done at 2.0 K acquiring Q0(Eacc) curves and in some occasions Q0(T) from 4.2-1.5 K was obtained at low accelerating gradient in order to extract the residual resistance.

RDL-02
The cavity RDL-02 was treated with the profile similar
to that shown in Fig. 1(a), where the nitrogen gas was injected at elevated temperature. The baseline measurement
was limited by high field Q-slope at Eacc = 40±2 MV/m and
in-situ LTB at 120C for 48 hours extended the high gradient to 46±2 MV/m, which corresponds to a peak magnetic
field of 196±8 mT, close to the thermodynamic critical
field of Nb at 2.0 K. The summary of rf measurements are
presented in Table 1 and also in Fig. 3. The details of the
analysis was already presented in Ref. [6].

Figure 3: Q0(Eacc) at 2.0 K for cavity RDL-02. The arrow
represents that the cavity was limited by quench. The baseline measurement was limited by Q-slope. The temperature
during heat treatment was measured on the hot-plate zone.

RDT-14
Figure 2: Typical heat treatment cycles. (a) N2 injection at
higher temperature (250-290 ºC) during the cooldown of
furnace from 800 ºC. (b) N2 injection when the cavity surface reaches the target temperature.

CAVITY TEST RESULTS
Standard procedures were followed to clean the cavity
surface in preparation for an rf test: degreasing in ultrapure
water with a detergent and ultrasonic agitation, high pressure rinsing with ultrapure water, drying in the ISO4/5
cleanroom, assembly of flanges with rf feedthroughs and
pump out ports and evacuation. The cavity was inserted in
a vertical cryostat and cooled to 4.2 K with liquid helium
using the standard Jefferson Lab cooldown procedure in a
residual magnetic field of <2 mG. This procedure results in
a temperature difference between the two irises ΔT > 4 K
when the equator temperature crosses the superconducting
TUFUA5
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The cavity was limited by high field Q-slope at
Eacc~31±2 MV/m with Q0 = (0.8±0.1)×1010. After the baseline test, the cavity was subjected to the heat treatment recipe described in Fig. 1(a), where the furnace temperature
was maintained at ~140±10 ºC during nitrogen hold which
corresponds to cavity surface temperature being ~ 160 ºC.
The cavity quenched at 36±2 MV/m with Q0 =
(1.4±0.2)×1010. The reduction of Q-slope is consistent with
the conventional in-situ baking, however a clear increase
in Q0 was observed over the whole range of accelerating
gradient. Figure 4 shows the Q0(Eacc) curve at 2.0K.
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measurement showed an excellent performance with both
increase in Q0 and Eacc over the previous test. The cavity
quenched at gradient 44±2 MV/m with Q0 =
(1.4±0.2)×1010. The cavity was then subjected to ~8 µm
inner surface removal via EP and the performance of the
cavity was limited by Q-slope at 41±2 MV/m with high Q0.

Figure 4. Q0(Eacc) at 2.0 K for cavity RDT-14. The arrow
represents that the cavity was limited by quench. The baseline measurement was limited by Q-slope. The temperature
during heat treatment with nitrogen was measure on hotplate zone.

RDT-06
The rf measurement on cavity RDT-06 was done with 5
different conditions. The baseline measurement was done
after ~ 30 m EP and the cavity was limited by high field
Q-slope at 31±2 MV/m. During the test of this cavity, a
new recipe was reported [8], where the cavity was in-situ
baked at lower temperature (~70 ºC) for few hours before
ramping up to 120 ºC and held for ~48 hours. This recipe
resulted in higher Q0 compared to conventional 120 baking. After the baseline test the cavity was baked at ~75 ºC
for 4 hours and increased the temperature to 120 ºC and
held for 110 hours. The malfunction of the controller resulted in the extended baking time. The baking was performed on test stand while the cavity was continuously
pumped. The rf test shows the decrease in Q0 with elimination of Q-slope while the accelerating field increased to
39±2 MV/m (see Fig. 5). Since the baking time and condition wasn’t exactly the same as reported in ref. [8], we
weren’t able to confirm the result presented. Nevertheless,
the high field Q-slope was cured as a result of low temperature baking.
The cavity was then subjected to 800 ºC for 3 hours followed by 120 ºC baking for 48 hours in furnace while no
gas injection and no active pumping. This step was done
with Nb caps being installed on cavity in order to check the
quality of the furnace. The rf results showed that the quality
factor didn’t change in medium field range < 30 MV/m
from the previous measurements with similar gradient increase within the measurement error. This confirmed the
good quality of furnace without any contaminations.
Next, the cavity was subjected to 800 ºC for 3 hours followed by 120 ºC baking for 48 hours in the furnace while
~25mTorr of nitrogen was injected with the recipe similar
to that shown in Fig. 1(a), where the gas injection occurred
~250 ºC, during the cooldown from 800 ºC. The temperature was directly measured on the cavity surface. The rf
Fundamental R&D - Nb
processing (doping, heat treatment)

Figure 5. Q0(Eacc) at 2.0 K for cavity RDT-06. The arrow
represents that the cavity was limited by quench. The baseline measurement was limited by Q-slope. The temperature
with nitrogen during heat treatment was measured on cavity surface.

RDTTD-01
The baseline rf rest was limited by high field Q-slope at
32 ± 1 MV/m. The cavity was then subjected to the 120 ºC
baking in nitrogen with gas injected ~250 ºC. The cavity
was limited by field emission at 33±2 MV/m with FE onset
~21 MV/m. The test results are shown in Fig. 6

Figure 6: Q0(Eacc) at 2.0 K for cavity RDTTD-01.
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RDTTD-02
The baseline measurement was limited by high field Qslope at 29 ± 1 MV/m. After the baseline test, the cavity
was subjected to 75 ºC bake for 4 hours followed by 120ºC
bake for 48 hours in test stand. The cavity was limited by
quench at 37 ± 2 MV/m with Q0 = (1.1±0.2) ×1010. After
this test, the cavity’s inner surface was reset by ~ 30 m
EP to measure the new baseline. The new baseline measurement was also limited by high field Q-slope at 33±2
Cavity
ID

f
(GHz)
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MV/m. As a final test, the cavity was heat treated at 800 ºC
for 3 hours followed by 120 ºC for 48 hours while the nitrogen gas being injected into the furnace when the temperature of cavity surface reaches to ~120 ºC (scheme (b) in
Fig. 2). The cavity was limited by quenched at 28±1MV/m
with no change in Q0 over the baseline test. The test results
for this cavity are shown in Fig. 7.
The summary of rf test results for all cavities is summarized in Table 1.

Table 1: Summary of RF Test Results
Cavity Treatment

Eacc,max
(MV/m)
40±2
46±2
40±2
39±2
30±1
31±2
36±1
32±1
39±2
40±2
44±2
41±2
32±1
33±2
29±1
37±2
33±2
28±1

Q0(Eacc,max)
1010
0.56±0.07
0.87±0.09
1.0±0.1
1.1±0.1
1.7±0.2
0.8±0.1
1.4±0.2
0.82±0.08
1.1±0.1
0.68±0.06
1.4±0.1
1.4±0.3
0.74±0.05
0.72±0.04
0.8±0.1
1.1±0.2
0.94±0.07
1.6±0.1

Limitation
Q-slope
quench
quench
quench
quench
Q-slope
quench
Q-slope
quench
quench
quench
Q-slope
Q-slope
FE
Q-slope
quench
Q-slope
quench

Baseline EP (~30 m)
+120 C/ 24 hours in test stand
RDL-02
1.5
+800 C/3hrs+120/48hrs with 25 mtorr N2#
+baseline+800 C/3hrs+140 C/48hrs with 25 mtorr N2#
+baseline+800 C/3hrs+160 C/48hrs with 25 mtor N2#
RDT-14
1.3
Baseline EP (~30 m)
+baseline+800 C/3hrs+140 C/48hrs with 25 mtorr N2#
Baseline EP (~30 m)
RDT-06
1.3
+75 C /4hrs + 120 C/110 hours in test stand
+800 C/3hrs+120 C/48hrs in furnace
+800 C/3hrs+120 C/48hrs with 25 mtorr N2#
+ ~ 8 m EP
RDTTD-01
1.3
Baseline EP (~30 m)
+800 C/3hrs+120 C/48hrs with 25 mtorr N2#
Baseline 1 EP (~30 m)
RDTTD-02
1.3
Baseline 1 +75 C/4hrs+120 C/48hrs in test stand
Baseline 2 EP (~30 m)
Baseline 2+ 800 C/3hrs+120C/48hrs with 25 mtorr N2
#
gas injected at elevated temperature (250-290ºC)
Q-slope. The LTB not only eliminated the high field Qslope; it showed an increase in the achievable gradient,
most likely due to the operator stopped the measurements
once the Q-slope is steeper and rf coupling to the cavity
becomes weaker. In fact, recent studies showed that that
the cavity can sustain higher field and power dissipation is
as high as 200 W for a single cell cavity [9]. Nevertheless,
a comprehensive model capable of explaining all of the experimental results related to the high field Q-slope and baking effect is still lacking.
In our present study, the introduction of nitrogen during
the low temperature baking showed improvement on Q0 as
well as the elimination of high field Q-slope similar to that
obtained by LTB in UHV environment. The improvement
on Q0 was clearly evident when the N2 was injected at
higher temperature ~ 250-290 ºC during the cooldown of
the cavity from 800 ºC. Our earlier studies showed that the
presence of the NbN1-xOx layer between the bulk niobium
and top most Nb2O5 layer may be responsible for the high
Q0 [6]. The electronic properties of such layer and their inFigure 7 Q0(Eacc) at 2.0 K for cavity RDTTD-02.
fluence on the electronic density of states of the adjacent
superconducting Nb might explain the difference in the rf
DISCUSSION
performance of “nitrogen infused” cavities compared to
In the past, low temperature baking (100-150 ºC) under those which were subjected to the standard UHV baking.
UHV has been the standard practice for the final preparation of SRF cavities in order to recover from the high field
TUFUA5
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The rf measurements and sample surface analysis
showed that the heat treatment at lower temperature significantly alters the rf surfaces, mostly driving the superconducting Nb towards the dirty limit where the electronic
mean free path is closer to superconducting coherence
length with the rf penetration depth. A recent theoretical
model proposed by Gurevich extends the zero-field BCS
surface resistance to high rf fields, in the dirty limit [10].
Such model calculates Rs(H) from the nonlinear quasiparticle conductivity 1(H), which requires knowledge of the
quasiparticles’ distribution function. Qualitatively, the
model was able to reproduce the Q-rise phenomenon observed several high temperature impurity doped and low
temperature baked cavities in nitrogen environment [6].
The surface modification due to thermal treatments are also
evident from the sample coupons study using x-ray photoelectron spectroscopy, magnetization and ac susceptibility
measurements done on the samples those were treated
along with the cavities [11].

SUMMARY
Improvement in the quality factor of an SRF Nb cavity
was observed after annealing at 800 °C/3 h in vacuum followed by baking at 120-160 °C in low partial pressure of
nitrogen inside a furnace (“N-infusion”) compared to the
traditional 120 °C bake in UHV. The improvement in Q0
was observed only when the gas was injected in the furnace
at an elevated temperature during the cool-down from the
800 ºC. During this study, a total of 18 rf tests were performed on 5 different cavities subjected to several surface
treatments. The average accelerating gradient Eacc = 37 ± 5
MV/m with Q0 = (1.1±0.3)×1010 was observed. Such performance would be of great interest for lowering the cryogenic heat load of high-energy accelerators such as the proposed Linear Collider [12].
As previously reported [6], the near surface impurity
management may be responsible for the rf performance on
these cavities. Further studies are ongoing to better identify
the role of impurities and precipitates on the cavity performance. Explorations of several parameters such as the duration of bake time, optimal temperature and partial pressure of nitrogen is ongoing.
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Abstract
Muons spin rotate in magnetic ﬁelds and emit a positron
preferentially in spin direction after decay. These properties enable muon spin rotation (μSR) as a precise probe for
local magnetism. μSR has been used to characterize SRF
materials since 2010. At TRIUMF a so called surface beam
implants muons at a material dependent depth of about 150
μm in the bulk. A dedicated spectrometer was developed
for ﬁeld of ﬁrst vortex penetration and pinning strength measurements of SRF materials in parallel magnetic ﬁelds of
up to 300 mT. A low energy beam available at PSI implants
muons at variable depth in the London layer allowing for
direct measurements of the London penetration depth from
which the lower critical ﬁeld and the superheating ﬁeld can
be calculated. This facility is limited to parallel magnetic
ﬁelds of up to 30 mT. Here, surface and low energy μSR
results on SRF materials are reviewed and cross-correlated
to each other and to further results from additional experiments. Finally, we present the status of a new facility based
on the similar beta-NMR technique enabling measurements
in the London layer of SRF materials exposed to parallel
magnetic ﬁelds above 200 mT.

INTRODUCTION
μSR (muon spin rotation) [1, 2] is a powerful condensed
matter technique to understand superconductors in terms
of their magnetic-phase diagram and penetration depth, as
well as characterize impurities based on muon diﬀusion. In
the early 1970’s new high-intensity, intermediate-energy
accelerators were built at PSI, TRIUMF and LAMPF. These
new “meson factories” produced pions (and therefore muons)
several orders of magnitude more than previous sources and in doing so, ushered in a new era in the techniques and
applications of μSR. Since 2010 the SRF group at TRIUMF
has been using the μSR technique to characterize materials
and processing techniques typical for the SRF community
using the TRIUMF surface muon beam [3]. This type of
muon beam is refered to as a surface beam as the muons are
produced from pion decay at the surface of the production
target.
In case of niobium the implantation depth is about 150 μm
and large compared to the London penetration depth of a few
tens of nanometers. In order to probe magnetic ﬁelds in the
London layer the energy of surface muons has to be reduced
from about 4 MeV to a few tens of keV using large band-gap
solid moderators. This process requires a high surface muon
current as the eﬃciency for low energy muon production
is only about 10−4 − 10−5 [4]. This process has ﬁrst been
∗
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explored at TRIUMF and is now implemented in a user facility at PSI [5]. Note that the extraction scheme from the
cyclotron at TRIUMF is not suited to produce a large enough
muon current for a LE-μSR user facility. LE-μSR has ﬁrst
been used to study niobium in 2005 by Suter et al. [6] to
proof non-local eﬀects in superconductors. The ﬁrst application of LE-μSR to SRF materials has been reported by
Romanenko et al. [7]. A strong change in Meissner screening with depth has been reported for samples treated by low
temperature baking. LE-μSR at PSI is available for magneitc
ﬁelds parallel to the sample surface up to 30 mT, which is
small compared to ﬁelds relevant for SRF application. When
designing a spectrometer for this ﬁeld conﬁguration one has
to take into account that the magnetic ﬁeld seen by the muon
before implantation will not only cause spin rotation but also
bend the beam trajectory. This eﬀect becomes more pronounced for lower energy. betaNMR is a technique similar
to μSR but uses heavier 8Li ions instead of muons as the
magnetic probe. A spectrometer dedicated for SRF studies
and therefore called betaSRF is currently under construction
at TRIUMF [8, 9].
This paper gives a brief overview of μSR studies of SRF
materials. For more detailed information the reader is refereed to previous publications

SURFACE μSR STUDIES
Initial studies have been performed on coin shaped samples with the sample surface orientated perpendicular to the
magnetic ﬁeld [3], see Fig.1. In this conﬁguration samples
can be tested in terms of their pinning strength. The ﬁeld
will ﬁrst break in at the edges where it is enhanced. If the
pinning strength of the material is large the movement of the
ﬂux to the sample center, where it is probed by the muons, is
delayed, see Fig. 1. This is demonstrated in Fig. 2 for a coin
which went through diﬀerent treatments typically applied in
cavity production i.e forming, etching and annealing.

Figure 1: Left: Field breaks in at the edges ﬁrst. At Hentry it
will redistribute to the center for a pin free sample. Pinning
resists redistribution requiring a higher ﬁeld to reach the
center.
In order to measure the ﬁeld of ﬁrst vortex penetration
ellipsoidal samples have been produced for tests in the initial transverse ﬁeld spectrometer. However, this conﬁgura-
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Figure 2: Field Free Volume fraction (FFVF) for a coin
shaped sample with the magnetic ﬁeld applied perpendicular
to the sample surface.
Figure 3: Four generic arrangements of sample, muon and
ﬁeld direction used for pinning and ﬁeld of ﬁrst vortex penetration studies [10].
20 nm AlN interlayer between the NbTiN ﬁlm and the Nb
substrate. Here the cosh shaped penetration proﬁle signiﬁes
ﬁeld penetration from both sides of the sample. The same
behavior is observed for the SS sample above the critical
temperature of Nb. Note that at 9 K Tc is already reached as
it depends on applied ﬁeld.
1.04

1.02

1

B/B0

tion was still found to be sensitive to pinning. Therefore, a
dedicated parallel ﬁeld spectrometer has been developed to
test both ellipsoidal and coin shaped samples. In total four
generic sample-ﬁeld conﬁgurations can be used at TRIUMF
depending on the property of interest, see Fig. 3 [10]. The
coin in transverse ﬁeld is best suited for pinning studies while
the ellipsoid in parallel ﬁeld is best suited for ﬁeld of ﬁrst
vortex entry studies. The coin in parallel ﬁeld is also well
suited for these studies as it is only slightly more sensitive
to pinning. For thin ﬁlm studies coin shaped samples need
to be coated on both sides and at least partly on the edges to
prevent ﬂux penetration from both sides of the coating.
Utilizing the parallel ﬁeld spectrometer we have demonstrated that a layer of a higher Tc material on niobium can
enhance the ﬁeld of ﬁrst vortex penetration by about 40%
from a ﬁeld consistent with the lower critical ﬁeld Hc1 to
a ﬁeld consistent with the superheating ﬁeld Hsh. This enhancement does not depend on material or thickness suggesting that the superconductor-superconductor (SS) boundary
is providing eﬀective shielding up to the superheating ﬁeld
of niobium. For details refer to [11].
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LOW ENERGY μSR STUDIES
Le-μSR enables to probe the magnetic ﬁeld in the London
layer. It can therefore be used for a direct measurement of
the London penetration depth. Several SRF materials have
been tested. These include micrometer thick niobium ﬁlms
on copper substrate [12], NbTiN [13] and Nb3Sn [12, 14].
Comparing penetration depth values obtained with LE-μSR
to RF frequency shift results there is a better agreement for
the two methods for Nb3Sn compared to Nb. This might be
related to the non-local properties of Nb.
When preparing thin ﬁlm samples it is crucial to coat
the whole sample surface area to avoid ﬁeld penetration
from both sides of the ﬁlm. This is especially relevant for
superconductor-insulator multilayer samples where ﬁelds
can penetrate through the insulator. Fig. 4 shows results
of two NbTiN on Nb samples. The NbTiN layer of the SS
sample is about 160 nm thick and there is no interlayer. The
SIS sample has a NbTiN thickness of about 80 nm and a
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Figure 4: Field penetration in NbTiN on Nb samples with
and without insulating interlayer.
In [12] LE-μSR and point contact tunneling are used to
investigate paramegnetic impurities in Nb on Cu samples. A
strong correlation between the two methods was found and
it is suggested that magnetic impurities form along grain
boundaries for Nb on Cu samples. Whether these are a dominant source for RF dissipation remains an open question.

COMBINED SURFACE AND LOW
ENERGY μSR STUDIES
In a recent study surface and low energy μSR have been
combined and correlated to RF critical ﬁeld measurements
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performed with a Quadrupole Resonator. Critical ﬁeld of
Nb3Sn prepared for SRF application [14] have been investigated. The combined experimental results strongly conﬁrm
that Nb3 Sn SRF cavities can indeed be operated in a ﬂux
free Meissner state above Hc1 . It is suggested that localized vortex penetration with little or negligible preheating
prevents current Nb3 Sn SRF cavities to reach higher ﬁeld
values. This might be interpreted as a local suppression of
the superheating ﬁeld potentially at coating ﬂaws as reported
in [15].

DEVELOPMENT OF A BETANMR
FACILITY FOR SRF STUDIES
Surface and low energy μSR have both shown to be useful
tools to study SRF materials as outlined above. However, surface μSR implents muons deep in the bulk, while LE-μSR
is only available for parallel magnetic ﬁelds up to 30 μT. Ideally one would like to have a facility enabling strong (above
200 mT) parallel magnetic ﬁelds and their localized detection in the London layer of SRF materials. For this purpose
TRIUMF is currently constructing a facility based on the
beta-NMR technique (Fig. 5) [8, 9]. Initial commissioning
is scheduled for June 2020.

OVERVIEW OF MEASUREMENT
CAPABILITIES
Table 1 gives an overview of the three experimental techniques described in this contribution in terms of their capabilities for SRF material studies.
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MAPPING FLUX TRAPPING IN SRF CAVITIES TO ANALYZE THE
IMPACT OF GEOMETRY
F. Kramer ∗ , J. Knobloch, O. Kugeler, J.-M. Köszegi, Helmholtz Zentrum Berlin, Germany
Abstract
A combined temperature and magnetic field mapping system was used to investigate the impact of an ambient field
on trapped flux and on the resulting local surface resistance.
For this, a 1.3 GHz TESLA single cell cavity was cooled
through the superconducting transition at different magnetic
field angles with respect to the cavity axis. The measurements suggest, that the field is trapped homogeneously over
the cavity volume, without changing its orientation. Flux
trapped perpendicular the surface contributed significantly
more to the surface resistance, than trapped flux parallel to
the surface.

INTRODUCTION
With increasing quality standards for superconducting
cavities, losses due to trapped flux must be considered, to
push the cavities to their limits. Since the complete shielding
of the earth’s and other stray magnetic fields is impossible,
research is going into understanding how magnetic flux lines
are being trapped and how they increase the surface resistance.
For this purpose a combined temperature and magnetic
field mapping system was designed. This setup allows to
measure the temperature of the outer cavity wall of a 1.3 GHz
TESLA single cell cavity in form of a heatmap and the
magnetic field surrounding the cavity in 3D at 20 positions.
With the aid of three Helmholtz coil pairs a magnetic field
with different orientations was applied while the cavity was
cycled through its transition temperature several times.
The field measured with the magnetic field sensors suggest that the magnetic flux is trapped in the cavity homogeneously and does not change its orientation because of
the cavities geometry. For each orientation of the externally
applied magnetic field, a QvsE curve was taken at different temperatures so the average residual resistance could be
calculated. Here an increase of the residual resistance was
observed when the field was applied parallel to the beam axis
as opposed to when the field was applied perpendicular to it.
Furthermore the recorded heatmaps were used to calculate
the local surface resistance caused by the trapped flux. Here
the largest increase in surface resistance was observed when
the trapped flux was perpendicular to the cavity surface.

EXPERIMENTAL SETUP
The experiment was performed in a vertical test stand
with magnetic shielding to reduce the ambient field below
1 µT. The investigated cavity is a 1.3 GHz TESLA single cell
cavity fabricated from fine grain niobium.
∗
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Figure 1: CAD rendering of the measurement setup. It consists of the cavity in the middle, circuit boards for measuring
the temperature and B-field around it and three Helmholtz
coils. The red coil generates the field in z direction, the blue
in x direction and the green in y direction. The boards for
measuring the magnetic field are highlighted purple, but in
this depiction only two of four are visible. All other boards
were used to map the temperature.

Figure 1 shows a 3D rendering of the combined temperature and magnetic field mapping system. The cavity in the
middle is surrounded by up to 48 circuit boards that contain
either temperature sensors or magnetic field sensors. The
last experiment was performed with four boards for magnetic
field measurements. They were spaced 90◦ apart and in line
with the Helmholtz coils. In Fig. 1 they are marked purple.
On the boards are 5 sensor groups consisting of 3 sensors
each, so the magnetic field can be measured in 3D. The used
sensors are AMR sensors AFF755B from Sensitec. [1]. The
boards are described in more detail in [2].
The other available slots were used for temperature mapping cards as far as possible. The cards have either 19 or
13 100 Ω carbon Allen-Bradley resistors on them that are
pressed against the cavity with springs. As their resistance
is highly temperature dependent at cryogenic temperatures,
the resistance can be measured and used to calculate the temperature [3]. The cards with 13 and 19 sensors are alternated
around the cavity, since the cavity gets narrower towards the
irises and only boards with 19 sensors would not fit.
The voltage drop over the resistors and the output voltage
of the AMR sensors are measured with five imc SPARTAN
voltmeters with 128 channels each.
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Around the cavity and circuit boards three Helmholtz coil
pairs are mounted. They can be used to apply a magnetic
field in an arbitrary direction. They are also described in
more detail in [2]. For the experiment the cavity was cycled through its transition temperature several times. First
a baseline measurement was performed were no magnetic
field was applied during the phase transition. After that a
B-field of 10 µT was applied with different orientations with
respect to the cavity. The polar angle α was swept from 0◦
(perpendicular to beam axis) to 90◦ (parallel to beam axis)
in 15◦ steps. The azimuthal angle ϕ was also changed 90◦
once with α = 0◦ . The used coordinate system is depicted
in Fig. 2.
Figure 3: Measured magnetic flux density before phase transition from normal to superconducting with an applied magnetic flux density of 10 µT in z direction. The numbers show
the magnitude of the flux density in µT. The blue arrow indicates the direction of the applied external field during the
phase transition. However, it is not to scale.
very slightly compared to Fig. 3. This indicates that most of
the flux got trapped during the phase transition.

Figure 2: Used coordinate system.

EXPERIMENTAL FINDINGS
Since there was no absolute calibration of the AMR sensors possible all shown magnetic field data is not absolute
but relative. As a calibration point the field configuration
with the cavity in a superconducting state but without any
applied field was chosen. This point was taken during the
baseline measurement once the cavity was superconducting.
The output voltages from the AMR sensors at that time were
then said to correspond to 0 magnetic field. Consequently
all measured trapped flux corresponds only to the additional
trapped flux due to the Helmholtz coils and not all trapped
flux, including the background.

How the Flux is Trapped

Figure 4: Measured magnetic flux density after phase transition from normal to superconducting with an applied magnetic flux density of 10 µT in z direction. The numbers show
the magnitude of the flux density in µT. The blue arrow indicates the direction of the applied external field during the
phase transition. However, it is not to scale.

First the distribution of the magnetic field surrounding
the cavity before and after the phase transition from normal
to superconducting will be presented. In this example the
field was applied with α = 90◦ .
Figure 3 shows the magnetic field when the cavity is still
in a normal conducting state. The Helmholtz coils were
turned on. The blue arrow indicates the orientation of the
magnetic field during phase transition. However, it is not to
scale. The red arrows show the magnetic field measured by
the AMR sensors and the numbers next to them indicate the
magnitude of the measured field.
Figure 4 shows the cavity in a superconducting state while
the Helmholtz coil is still turned on. Here it can already be
seen that the field orientation and magnitude only changed

Figure 5 shows the cavity again in a superconducting state,
but now the Helmholtz coils are turned off. This way only
the flux trapped inside the cavity is measured.
In order to investigate what configuration of trapped flux
would lead to the field measured at the sensor positions
simulations were performed. The result of a simulation is
shown in Fig. 6. Here a remanent flux density of 10 µT
with α = 90◦ was set in the cavity walls. With that two
assumption are being made: First that the flux gets trapped
homogeneously across the material and second that it gets
trapped in the direction the external field was applied. The
µr of the material was set to 0.0001 to represent the cavity in
its superconducting state. The slice though the cavity shows
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Figure 5: Measured magnetic flux density after phase transition from normal to superconducting with an applied magnetic flux density of 10 µT in z direction. During these
measurements the Helmholtz coil was turned off. The numbers show the magnitude of the flux density in µT. The blue
arrow indicates the direction of the applied external field
during the phase transition. However, it is not to scale.
how the flux lines close around the superconducting cavity
creating a field very similar to the one in Fig. 5.
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Figure 7: Simulated trapped flux at sensor positions. The
external field was applied in z direction. The data was taken
from the same simulation as in Fig. 6. It shows a good
agreement to Fig. 5.

applied field. So when the phase front reaches the upper half
of the cavity the surrounding field is already distorted, since
the lower half expelled some of the flux.

Amount of Trapped Flux
With the data recorded by the AMR sensors an estimation
of how much flux is being trapped is possible as well. However, since there was no absolute calibration possible and
there are still some errors on the circuit boards the results
have to be treated with care. But with the assumption of
perfectly working AMR sensors one can use the quotient
of the magnitude of measured and simulated flux densities
to estimate the amount of trapped flux. Table 1 shows the
averaged quotient over all sensor groups.
Table 1: Estimated Trapped Flux by Comparison with Simulations for Different Angles of the Applied Field

Figure 6: Simulated slice though the cavity. A remanent
B-field of 10 µT in z direction is set in the cavity walls. The
black squares around the cavity indicate the sensor positions.
As the lower two groups are spread further apart the squares
are bigger.
To be able to compare the simulations with the measurement results the field data from the simulation was taken at
the real sensor positions, indicated by the black rectangles
in Fig.6. The extracted data was then visualized in the same
way the measured data was. Figure 7 shows the visualization
of the simulated data.
By comparing Fig. 5 and Fig. 7 the similarities become
apparent. This suggests that the flux is being trapped homogeneously and without reorientation in the niobium. One
difference is the relation between the magnitude of the upper
two sensor groups. This is likely caused by the fact, that the
cavity is cooled from the bottom to the top. Consequently
the phase front moves up the cavity. The niobium under
the phase front is superconducting and expels some of the
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α[deg]

< B®meas / B®sim >[%]

0
15
30
45
75
90

66±2
52±3
80±12
76±1.3
71±6
88±3

Here a trend is visible that more flux is trapped when
the field is applied parallel to the beam axis. However, this
effect is probably amplified by a systematic error of the AMR
sensors during the measurements.
Another way to estimate the amount of trapped flux is to
investigate the amount of expelled flux: When 100% of the
applied field gets trapped, the phase transition is not visible
on the magnetic field sensors, since the field configuration
does not change. When all flux gets expelled and 0% gets
trapped, the transition is very clear, as the flux gets pushed
out the cavity and in some sensor positions the flux density
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increases and in other the flux density decreases. In the real
experiment only a fraction of the flux gets trapped and the
change in flux density is in between the two extreme cases.
As a first approximation a linear interpolation between the
extreme cases was performed and compared with the data
of a cooldown.
The data for the case of 100% trapping was taken from
Fig. 3 when the cavity was still normal conducting (Bn ).
The case of 0% trapping is shown in Fig. 8. This data was
taken after the baseline measurement where the cavity was
cooled down without any applied field. While the cavity
was still superconducting a magnetic field was applied. This
mimics full expulsion (B f e ). However, data of this kind is
only available for α = 90◦ and α = 0◦ . To calculate the
fraction q of trapped flux, the following equation was used
q =1−

Bn − Bt f
.
Bn − B f e
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have the chance to redistribute or even leave the cavity, depending on the size and position of the quench. The surface
resistance RS can be calculated via Rs = G/Q0 . Here G is
the geometry factor which is 250 Ω for single cell TESLA
cavity [4]. By using
Rs =






bTc
af2
exp −
+ Rres
T
T

(2)

the residual resistance Rres could be extracted from the surface resistance. a and b are fit parameters which depend on
material properties, f is the RF frequency, T is the cavity’s
temperature and Tc is the critical temperature of niobium [5].
The results of the fit for 5 MV/m are shown in Fig. 9 where a
dependency on the polar angle of the applied field is visible.
5 MV/m

(1)
55

With the measured flux density Bt f when flux was trapped
partially. The results are shown in Table 2. This method
also shows less flux being trapped when the field is applied
perpendicular to the beam axis.
Rres [nΩ]
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Figure 8: As the Helmholtz coil was turned on after the
cavity was superconducting, this state mimics full expulsion.
The field was applied in z direction (α=90◦ ).
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Figure 9: Scaled Rres vs. α for 5 MV/m. There are two points
at 0◦ , because for both applied field in x and y direction α
equals zero. The residual resistance for the x direction is
higher.

Local Surface Resistance
Table 2: Estimated Trapped Flux by Interpolating Linearly
between 0% and 100% Trapping
α[deg]

< q >[%]

0
90

81±2
93±4

Average Surface Resistance
For each applied field a systematic quality factor measurement was carried out. So the quality factor was measured at
accelerating fields of 2.5, 5, 7.5, 10, 12.5, 15, 17.5 MV/m at
1.51, 1.61, 1.72, 1.8, 1.86 K. Higher fields were left out on
purpose, since the risk of quenching the cavity would get
too high. Once the cavity quenched the trapped flux would
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Figure 10 shows the heatmap of the baseline measurement
when no external field was applied during cooldown. It
shows more or less even heating of the cavity surface.
Figure 11 shows the relative heating of the cavity when
the external magnetic field was applied in x direction (α =
0◦, ϕ = 0◦ ). Relative heating means that the heatmap
recorded during the baseline measurement without any externally applied field (Fig. 10) is subtracted from the heatmap
recorded when there was a field present during cooldown.
In this representation the field is perpendicular to the cavity
surface at ϕ = 352.5◦ and ϕ = 172.5◦ at equator level. At
these positions the cavity heats up more.
The heatmaps can also be used to calculate the local surface resistance. This is done in the following way: The
quality factor of the baseline measurement was used to calculate the average surface resistance of the cavity with no
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surrounding points. That was done by weighing the point
itself times four and the surrounding sensors times one. If
the sensor was on an edge, it was only averaged with the
remaining two or three neighbours. Figure 12 shows the
resulting local surface resistance. Here a clear dependency
on the azimuthal angle ϕ is visible in the bar chart.

Figure 10: Heatmap of baseline measurement without any
applied external field. The bar plots show the average temperature for a column or row respectively.

Figure 12: Calculated local surface resistance, with applied
field in x direction. Only the middle section of the heatmap
was used (row 5-15).

Figure 11: Relative heating for applied field in x direction.
The externally applied magnetic field is perpendicular to
the cavity surface at ϕ = 352.5◦ and ϕ = 172.5◦ at equator
level. The bar plots show the average temperature rise for a
column or row respectively.
applied field with Rs = G/Q0 and G = 250 Ω [4]. Assuming a homogeneous surface resistance allows to calibrate the
thermal connection of the sensors:
The surface resistance is proportional to the rise of temperature ∆T when the RF field is turned on. It is also inversely
proportional to the square of the RF magnetic field H 2 . For
every sensor a calibration constant ξi can be introduced, so
the measured temperature rise of this sensor ∆Ti corresponds
to the mean surface resistance Rs .
Rs =

ξi ∆Ti
Rs H 2
⇔
ξ
=
i
∆Ti
H2
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Rs vs azimuthal angle
100

80

60

(3)

Of course the surface resistance is not perfectly homogeneous across the cavity, even when no field is applied. But
this spread is an order of magnitude smaller then the differences observed when an external field was applied.
In the following calculations, only the middle part (row 5
to 15) of the heatmaps were taken into account. As there is
a more consistent coverage of the surface with temperature
sensors. Also the RF magnetic field only has a deviation of
5% over this area. In order to get a more even and realistic
heatmap, the temperature points were averaged with the four

TUFUB3

Figure 13 shows the surface resistance versus the azimuthal angle ϕ extracted from Fig. 12. Since the B-field
perpendicular to the surface is suspected to cause the highest increase in surface resistance, | cos(ϕ)| is also shown the
plot. It is the absolute of the cosine, because in this model
it does not matter, whether the frozen flux points in or out
of the surface. It is shifted 7.5◦ to the left, as the field is
perpendicular at 352.5◦ and 172.5◦ instead of 0◦ and 180◦ .
It is also scaled up and shifted upwards, to fit the data points.
The resulting equation is y = (65 · | cos(ϕ + 7.5)| + 22)nΩ

Rs [nΩ]
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Figure 13: Calculated surface resistance vs azimuthal angle
with applied field in x direction. The blue marks show the
averaged columns from Figure 12. The red graph follows
y = (65 · | cos(ϕ + 7.5)| + 22)nΩ
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The plot in Figure 13 again supports the statement, that the
surface perpendicular to the B-field creates the largest contribution to the surface resistance, as the resistance follows
the | cos |.
Figure 14 and Fig. 15 show the averaged surface resistance
of the columns and rows for applied field in z direction
respectively.
Rs vs azimuthal angle

Rs [nΩ]

80

60

40

0

100

200
ϕ [deg]

The plots in Fig. 14 and Fig. 15 show the expected result.
There is no dependency on the azimuthal angle. The dependency on the polar angle also shows that at the equator
the surface resistance is at its minimum. Here the field is
parallel to the surface. The top bottom asymmetry shown
earlier in the results of the magnetic field mapping is also
visible.

SUMMARY AND OUTLOOK
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Figure 14: Calculated surface resistance vs azimuthal angle
with applied field in z direction. The blue marks show the
averaged surface resistance. The red graph follows y =
(65 · | cos(ϕ + 7.5)| + 22)nΩ. It visualizes the difference
between these results and the ones in Fig. 13.

Rs vs polar angle of sensor
120

With the three dimensional magnetic mapping system it
was possible to resolve and visualize the magnetic field surrounding a superconducting cavity for the first time. With
this data a statement could be made, about how the magnetic
field is trapped. Comparing the measured data to results
from simulations suggests that the field gets trapped homogeneously over the cavity volume without any reorientation
of the flux lines, regardless of the applied field angle.
On the heatmaps moving hotspots were observed depending on the direction of the applied field. By calibrating the
sensors with a baseline measurement, the local surface resistance could be calculated. The results showed a bigger
increase of surface resistance where the field was perpendicular to the surface and a smaller increase where it was
parallel.
In the future similar experiments with different materials
can be performed to investigate the flux expulsion of those
materials and how the trapped flux influences their surface
resistance. The next test is planed with a cavity fabricated
from large grain niobium, to examine the influence of the
grain structure on flux trapping.
Also dynamic processes can be studied with the setup.
This means flux expulsion while the phase front is moving
up the cavity can be investigated. Quench studies can be
carried out as well where the redistribution of the trapped
flux during a quench can be observed.
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EFFECTS OF STATIC MAGNETIC FIELDS ON A LOW-FREQUENCY
TEM CLASS SUPERCONDUCTING CAVITY*
M. K. Ng#, M. P. Kelly, Z. A. Conway, K. W. Shepard
Argonne National Laboratory, Argonne, IL, USA
Abstract
Systematic studies on the effect of magnetic fields on a
337 MHz superconducting (TEM-mode) half-wave cavity
are presented. The practical application of the results is
for a possible future 2 K operation in the ATLAS heavyion accelerator at Argonne. The low frequency and the
integral stainless steel jacket, rather than titanium, provide
important new data for this full production model lowbeta cavity. The studies include multi-axial magnetic field
measurements near the cavity surface due to ambient and
applied fields. Cavity performance under different
conditions is measured at temperatures ranging between
1.6 K and 4.5 K. A residual resistance of approximately
5-7 nΩ at 1.6 K is observed. Data suggest that an
appreciable fraction arises from losses that are not due to
flux trapping.

INTRODUCTION
Trapped flux can be a major contributor to the residual
resistance of a superconducting cavity. Many studies have
been performed on the effects of magnetic field on
elliptical superconducting cavity performance examining
the effects of ambient field [1, 2], cooling rate through
transition [3, 4], thermocurrents [3, 5] and other factors
[6].
This paper reports a study of the effects of trapped flux
on a low-frequency, TEM-type cavity of a class used in
ion accelerators such as those used for the ATLAS heavyion accelerator facility at Argonne and FRIB at Michigan
State University. Such low frequency TEM cavities differ
in geometry and field distribution from elliptical cavities
previously studied. Also, the work reported below uses a
cavity housed in a stainless-steel (SS) jacket: different
from the titanium-niobium system used in most of the
earlier reported studies using elliptical-cell cavities. These
significant differences motivated this study of static
magnetic fields on a low-frequency TEM cavity.

RRR=280 niobium manufactured by ATI Specialty Alloys
and Components. The parameters of the cavity are shown
in Table 1.The entire cavity was encloseded in a stainless
steel (SS) helium jacket, as modelled in Fig. 1. The
niobium cavity was copper-brazed to the SS outer-jacket
at each of the seven coupling and beam ports. Details of
the cavity can be found in [7]. There are five coupling
ports: two at each end of the cavity, and one at the
bottom. Two beam ports are at the center of the cavity
with the axes perpendicular to the bottom coupling port as
shown in the figure. Two helium inlet ports were placed at
the top of the helium jacket, allowing cooling from the
cryostat helium reservoir During the cooldown, helium
gas was drawn from the top through the relatively smalldiameter cooldown port near the bottom of the helium
jacket. At each end of the helium jacket, there are two
additional access ports. These ports enabled the placement
of fluxgate magnetometers within the liquid helium and
closely adjacent to the cavity niobium surfaces.
Table 1: Cavity Parameters
Parameter
Cavity resonant frequency
Effective Length (βλ)
β
Epeak / Eacc
Bpeak / Eacc
Geometry Factor (RsQ)
Rsh/Q

Value
337
0.26
0.29
4.5
9.6
97
194

Unit
MHz
m
mT/(MV/m)
Ω

EXPERIMENTAL SETUP
337 MHz HWR Niobium Cavity
A 337 MHz niobium half-wave resonator (HWR) was
tested and evaluated under different conditions of
magnetic field. The cavity was made with fine grain,
_________________________
*This material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, under contract
number DE-AC02-06CH11357, and the Office of High Energy Physics,
under contract number DE-AC02-76CH03000. This research used
resources of ANL’s ATLAS facility, which is a DOE Office of Science
User Facility.
# tng@anl.gov
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Figure 1: A schematic model of a 337 MHz HWR
niobium cavity with Helmholtz coils.
Pior to the tests, the cavity was processed using the
standard Argonne recipe, which has been used
successfully on many cavities. The cavity was
Fundamental R&D - Nb
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electropolished [8], degassed at 625 ºC for 10 hours and
high-pressure rinsed.

Temperature and Magnetic Field Measurements
A total of nine silicon diodes were clamped onto the
outside surface of the stainless steel flanges on the helium
jacket for temperature measurements. Indium was placed
between the diodes and the cavity jacket to improve
thermal conductivity.
As shown in the dotted rectangles in Fig. 2 (top), five
fluxgates were installed inside the helium space through
the access ports at the ends of the cavity jacket in order to
measure the magnetic fields. Four fluxgates were installed
on an insertion platform and inserted through the left
helium port. Three of them covered three axes and the
other one was set vertically inside a small solenoid coil.
The actual set up is shown in Fig. 2 (bottom). A fifth
fluxgate was installed near the SS-Nb junction on the
other (right) side of the cavity. This fluxgate will be
utilized to measure thermocurrent in future investigations.
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To vary the magnetic field around the cavity, Helmholtz
coils were installed with its axis along the cylindrical axis
of the cavity, as illustrated in Fig. 1. The generated
magnetic field magnitude depends on the current applied
and was generally much larger than the ambient field
inside the cryostat. In this study, applied fields of 315 mG
and 620 mG were generated. Figure 3 shows a CST
Microwave Studio simulation of the applied magnitude
field distribution over the (normal conducting) cavity. The
uniformity of the applied field was estimated to be ±17%.

Figure 3: The CST Microwave Studio simulation of the
applied magnitude field distribution over the cavity.

Cooling Procedure

Figure 2: Cross-sectional view of the cavity model and
the fluxgate installation, indicated inside the dotted
rectangles (top); an actual setup of fluxgate platform
(bottom)

Magnetic Field Shielding and Generation
The cryostat in which the cavity was tested provides
magnetic shielding, which reduced the ambient magnetic
field to 18 ± 1 mG in the region of the cavity. A coil was
installed under the cryostat, where a hole on the cryostat
magnetic shielding was required to provide access to the
cavity for the variable rf power coupler. Adjusting the dc
current through the coil provided active shielding and was
used in several cases to lower the magnetic field in the
region of the cavity to 4 ± 1 mG.
Fundamental R&D - Nb
flux trapping

To cool the cavity to the testing temperature, i.e. 4.5 K
and 1.6 K, the cryostat was pre-cooled by running liquid
nitrogen through the heat-shield. Over a period of a
couple of days, the cavity cooled by radiation and to
about 200K. Then, the cavity was cooled directly by
injecting cold helium at the top of the cavity helium
vessel and extracting the helium through the cooldown
port at the bottom of the cavity helium vessel, as indicated
in Fig. 1. Cooling down as rapidly as possible with this
scheme, we could cool through the Q-disease region
(150–50 K) in about 2 hours. Once below the Q disease
region, the temperature was held between 20-30 K by
throttling the helium flow. The cavity sat at this
temperature for some time to allow rough equilibration of
the system before finally cooling through the transition.
Cool down through the transition at a designated cooling
rate was performed by controlling the flow of LHe. After
the transition, the cooling rate of cavity would gradually
slow down and stop at 4.5 K with an equilibrium bath
pressure of 1040 Torr. For 1.6 K measurement, the
refrigerator was disconnected from the test cryostat and
the pressure inside the dewar of the cryostat was reduced
monotonically by pumping and controlled within a
pressure window of 5-6 Torr.
To study magnetic field effects on the cavity required
going through the superconducting transition temperature
repeatedly with different magnetic fields. Therefore, the
cavity needed to be warmed up and cooled down multiple
times. To stay below the Q disease zone during the warmTUFUB5
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up and cool-down, the cavity was warmed up by boiling
off LHe and then taken to 20-30K with a pair of 50 W
heaters installed at the bottom of the helium jacket, as
shown in Fig. 2. After allowing time for temperature of
the cavity to stabilize, the cavity was filled with LHe for
cool down again. It is believed that this scheme enables
the warm up and cool down repeatedly without the
deterioration of the cavity performance due to Q disease.

RESULTS AND DISCUSSION
Q Curves
Cavity performance curves (Q vs. EACC) at 4.5 K and
1.6 K, with and without active field cancellation during
cavity transition were measured and are shown in Fig. 4.
All Q measurements were obtained with a same
electronics and the cavity field gradient was limited to
10 MV/m, the onset of field emission, in order not to
introduce unwanted Q degradation. The 1.6 K curves
show the observed cavity performance at two fields
(17 mG and 5 mG), and also the improvement obtained
by the use of active shielding. Initially, the cavity was
first cooled through the transition with active
cancellation, giving 5 mG ambient field (blue circles).
After obtaining the Q curve at 1.6 K, the cavity was
warmed above the transition and then cooled down
through transition without active shielding, i.e 17 mG
ambient field. The 1.6 K Q curve (blue square) shows
reduced Q presumably due to additional trapped flux.
Both Q curves have similar Q slopes. The offset in the Q
curves corresponds to about difference in surface
resistance of about 2.4 nΩ.
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would be preferred. For this reason the flux change was
observed at a measured temperature slightly higher than
the Tc for niobium. This is especially true for the fastest
cooldown rate where the niobium cooled before the SS
helium jacket. In Figure 4 the x-axis shows the
temperature decreasing from left to right, corresponding
increasing time. The magnetic field on the y-axis is the
magnitude of the field along the applied field direction
and was close to the inner-conductor surface of the cavity.
Data points were collected at 1-minute intervals. The data
points are denser when cooling rate is low and the
distance between data points increases with increasing
cooling rate. Based on Fig. 5, when the temperature
decreases to near Tc, modest flux motion is seen for all
cases. There was a factor of more than 10 between the
minimum (0.03 K/min) and maximum possible
(0.46 K/min) cooling rates in this system. All the
measurements indicate about a 2% flux increase. The
results show that the flux change of the subject cavity is
independent to the cooling rate with this range and of the
magnitude of the applied field.

Figure 5: Flux change cooling through Tc with different
applied magnetic fields and cooling rates.

Surface Resistance
Figure 4: Q curves of the cavity for different temperatures
and ambient magnetic fields.

Flux Change Cooling Through Tc
To study the flux expulsion of the Nb cavity during
transition, magnetic fields of 315 mG and 620 mG
generated with the Helmholtz coils were applied during
the cool down through the transition temperature (Tc) as a
function of cooling rate. The measured flux changes are
shown in Fig. 5. Note that the temperature on the x-axis is
measured by a silicon diode attached to the outside of the
SS jacket, and not to the niobium cavity surface was
TUFUB5
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To look at the dependency of surface resistance on
magnetic field from 5 to 620 mG, the surface resistance
was calculated with the measured Q at low rf-field and
the cavity geometry factor of 97 Ω. Figure 6 shows the
surface resistance for different applied magnetic fields
ranging from 5 to 620 mG at 4.5 K and from 4 to 18 mG
at 1.6 K. The dotted lines show the best-fit linear
relationship between the magnitude of the trapped flux
and the rf surface resistance. At 4.5 K, we find a
sensitivity to trapped flux of 0.19 nΩ/mG. The data
points obtained at 1.6 K are shown (magnified) in the
bottom graph of Fig. 6. The data at 1.6 K was measured
with the applied magnetic field being only the ambient
field inside the cryostat both with and without active
Fundamental R&D - Nb
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shielding. The surface resistance at 1.6 K is about 5 nΩ
for a 5 mG trapped field, and 7 nΩ for 17 mG. This
implies a sensitivity at 1.6 K of about 0.17 nΩ/mG. The
well-known empirical formula relating the surface
resistance due to trapped flux as a function of rf
frequency and trapped magnetic field (Hext) [9] is:
𝑅
𝑛Ω
0.3𝐻 𝑚𝐺 𝑓 𝐺𝐻𝑧
The coefficient of 0.3 in the equation is material
dependent and it is for Nb. The extracted coefficient of
0.28 in the present study is, perhaps, surprisingly close.
At 1.6 K, the (BCS) temperature-dependent surface
resistance is so small that, within errors, it can be ignored.
When we extrapolate the dotted line in Fig. 6 (bottom),
this implies a 4.2 nΩ surface resistance at zero field. This
is strong evident that the ~4 nΩ of residual resistance is
not due to the bulk external magnetic field at 1.6 K. In
other words, there is a substantial fraction of residual rf
loss is not attributed to the trapped flux, but other,
unknown factors.
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cooling through transition is largely independent of
cooling rate between 0.03 and 0.5 K/min cooling rate and
also independent of the magnitude of the applied
magnetic field.
Further, we observed a ratio of surface resistance to
trapped magnetic of 0.17 and 0.19 nΩ/mG at 1.6 K and
4.5 K, respectively: in reasonable agreement with the
well-known rule-of thumb; At our lowest achieved 5 mG
level, trapped flux may not be the dominant factor
affecting the performance of the HWR cavity.
Additionally, so far there is no evidence of thermocurrents
(< 5 mG induced field) in the subject SS-Nb cavity. We
hope to repeat the thermocurrent measurements at a
higher resolution.
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MEASUREMENT OF SURFACE RESISTANCE PROPERTIES WITH
COAXIAL RESONATORS – REVIEW*
HyeKyoung Park1, 2 †, S. U. De Silva1, J. R. Delayen1
1
Center for Accelerator Science, Old Dominion University, Norfolk, VA 23529, USA
2
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
Abstract
Achieving ever decreasing surface resistance at higher
field in superconducting RF accelerating structures is one
of the most outstanding developments in modern
accelerators. The BCS theory [1] has been used widely to
estimate the surface resistance and to guide the technology.
However, recent research results show that the behaviour
of the surface resistance further deviates from the BCS
theory [2]. So far, the study on surface resistance was
performed usually with cavities of single frequency which
limited the study of frequency dependent surface resistance.
The Center for Accelerator Science at Old Dominion
University has designed and built several half-wave
coaxial cavities (HWR) to study the frequency,
temperature, and RF field dependence of surface resistance
of superconductor [3]. TRIUMF in Canada also joined this
line of research using such multi frequency quarter wave
(QWR) and half-wave coaxial cavities [4, 5]. This type of
multi- mode cavity will allow us to systematically study
the parameters affecting surface resistance on the same
surface. In this paper, we review the results ODU and
TRIUMF collected so far and present proper analysis
methods.

MHz). The modes and their design frequencies are listed in
the Table 1.
Table 1: Mode and Frequency of Half-Wave Cavities
Mode

Frequency [MHz]
ODU HWR

Frequency [MHz]
TRIUMF HWR

TEM1

325

389

TEM2

651

778

TEM3

976

1166

TEM4

1301

1555

Material was carefully selected to be compatible with
future surface treatment. Figure 1 shows the completed
cavities.

MULTI-MODE CAVITIES
Historic Note
The frequency dependence study of Rs and Rres using half
wave coaxial was done by L. Szécsi in 1970 [6]. He used a
lead-coated half-wave coaxial cavity and tested the
frequency dependence of the surface resistance. He
measured the surface resistance of superconducting lead
from 375 MHz to 5 GHz and reported in his paper that the
frequency dependence of RBCS ~ ω1.83 and Rres ~ ω1.78.

Cavity Design
The advantage of a coaxial cavity is that the surface field
is concentrated on the center conductor and the distribution
is almost identical for all TEM modes. Therefore, we can
study the same surface for the all TEM frequencies. ODU’s
half-wave coaxial cavity was designed to provide a range
of frequencies of particular interest and separate TEM
modes from neighbouring TE or TM modes. It was also
designed to achieve high rf surface field in the center
conductor and be free of multipacting [3]. TRIUMF
designed and fabricated both HWR and QWR (217 and 648
___________________________________________
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Figure 1: HWR and QWR of TRIUMF and HWR of ODU.
Bottom picture is the center conductor subassembly before
welding the outer conductor of ODU HWR.

STUDY METHODOLOGY
Cavity Preparation
Cavity preparation followed a typical recipe. The listed
steps below are used for ODU half-wave coaxial cavity.
TRIUMF’s QWR was prepared with almost identical steps
but with different duration of the 800 C heat treatment 6
hours and the 120 C bake for 48 hours.
• Bulk BCP – 200 microns.
• Heat treatment – at 800 C for 3 hours. See Fig. 2 for
the furnace temperature profile and the residual gas
trace.
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• Test – Cavity was loaded (see Fig. 5 and Fig. 6) in the
same dewar and cooled down same rate as the baseline
test.

Figure 2: 800 C heat treatment of ODU HWR.
• Light BCP – 20 microns.
• High pressure rinse – ODU HWR has 4 ports on each
end cap. Rinsing wand went through the 2 ports.
• Cleanroom assembly – Cavity was assembled with a
power input coupler, a pick up coupler, vacuum valve,
and burst disc. Both couplers are fixed loop couplers.
• Instrumentation – Before the cavity was loaded in a
dewar, temperature sensors and magnetic field probes
are installed on the cavity.
• Baseline test
• Low temperature (120 C) bake for 6 hours – Cavity
was baked in the bake box where the control
thermocouple was attached in the center of the outer
conductor (see Fig. 3). Cavity was actively pumped
during the baking. During the baking, the partial
pressure of residual gas was monitored. The trace of
the elements is shown in Fig. 4.

Figure 5: ODU HWR being loaded in the dewar at JLab.

Figure 6: Loading cavity in the dewar. The QWR at
TRIUMF.

Testing

Figure 3: ODU HWR with thermocouples installed in the
bake box.

Figure 4: RGA monitoring of half wave coaxial cavity
during 120 C bake.
Fundamental R&D - Nb
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The tests followed the procedure below.
• Cooldown – For the first test we cooled down the
cavity as fast as we could to minimize trapped flux.
The cooldown rate was about 1 hour from room
temperature to 4.3 K as shown in the Fig. 7.
• System calibration – Mainly cable calibration when
the helium bath temperature and cavity temperature
reached 4.3 K.
• Multipacting processing – Multipacting was observed
mostly at first frequency 325 MHz. Usually
multipacting did not appear again or minimal at next
frequency.
• Fine Q measurement at 4.3 K.
• Slow cooldown to 2 K and Q measurement at a fixed
series of field levels during cooldown.
• Fine step Q measurement at 2 K.
• Further cooldown to 1.5 K.
• Cable calibration – A full cable calibration was
performed at the end of the test to verify the cable
attenuation has been consistent during test. A typical
change was 0.1-0.2 dB.
• Warm up – The dewar was warmed up to 4.3 K and
the test was repeated at the next frequency.
TUFUB7
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Average Rs is expressed as a function of temperature T.
These fitted functions are shown in Fig. 9 for baseline tests
of ODU HWR.

Figure 7: Cavity temperature change during cooldown
from room temperature to 4.3 K.

Analysis Procedure
After performing the Q measurement, the data are
processed as follows:
• Extract average Rs from geometric factor for series of
fixed Bp. The average surface resistance Rs can be
calculated from each series of Q measurement.
2
dV H

V
G=
Rs ( H ) = G / Q( H )
2
dS
H

S

• The average Rs points are fitted to the following
formula with 3 fitting parameters A, D and Rres.
A
 D
Rs = exp  −  + Rres
T
 T
The formula has a temperature dependent part which
is based on BCS theory and a temperature
independent part called residual resistance.
• From the fit we obtain A(Bp), D(Bp), Rres(Bp) at a given
frequency. This allows us to obtain the average Rs for
any fixed bath temperature T is found.
• Extract real Rs(Bp) for any fixed bath T [7].
• Repeat for each frequency.
• Find frequency dependence of all parameters: A(Bp,ω),
D(Bp, ω), Rres(Bp, ω).
• Correction for bath temperature vs internal surface
temperature if needed.

TEST RESULTS AND ANALYSIS
A typical Q measurement data obtained from the process
described above is shown in Fig. 8.

Figure 9: Average Rs as a function of T at different field
levels at TEM frequencies baseline. The solid lines are
fitted line based on measured data points. The asterisk *
shows unrealistic fit Rs due to insufficient amount of data.
The analysis of TRIUMF QWR data followed the similar
procedure. The example plots of QWR 217 MHz data is
shown in Fig. 10.
Figure 8: An example of Q measurement on ODU HWR.
Test after 6 hour bake of 1302 MHz.
TUFUB7
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Figure 11: Real Rs extracted from ODU HWR 325 MHz
baseline test at 4.3K. The red line is calculated real Rs.

Figure 10: TRIUMF 217 MHz QWR data. The Q
measurements (top) and the extracted average Rs (bottom).
During the process of data fitting, it was noted that the
insufficient amount data leads to a grossly deviated outlier.
Those outliers are excluded in next analysis step.
Real Rs can be calculated from the average Rs using
newly developed procedure [7].
The distribution of the surface magnetic field in a
particular mode in a cavity can be represented by the
function 𝑎 ℎ which is the fraction of the total cavity area
where the surface magnetic field is less than ℎ 𝐻 where
𝐻 is the peak surface magnetic field. For half-wave
cavities the function 𝑎 ℎ is the same for all the TEM
modes and can be obtained analytically.
If the average surface resistance 𝑅 𝐻 can be expanded
in a sum of powers (not necessarily integer) of the
magnetic field, then the real surface resistance 𝑅 𝐻 will
have the same power expansion but with the coefficient of
each power term modified by the parameters 𝛽 𝛼 .

Figure 12: Real Rs extracted from data. Solid markers are
extracted Rs from geometric factor, dotted lines are fitted
line and dashed dot line is real Rs. Data are from QWR
measurement by TRIUMF.
From the fit, one can find field dependence of 3 fit
parameters; A, D, and Rres and examine the field and
frequency dependence.

Parameter A
The field dependence of parameter A is found shown Fig.
13 for ODU HWR case.

αi

 H 
Rs ( H ) = R0  rαi 

αi
 H0 

αi

 H 
Rs ( H ) = R0  rαi β (α i ) 

αi
 H0 
1

β (α ) =

2 dh h[1 − a (h)]
0

1

(2 + α )  dh h1+α [1 − a (h)]
0

An example of real Rs is plotted in Fig. 11 and Fig. 12.
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Figure 13: Field dependence of parameter A.
Figure 14 is the field dependence plot of parameter A of
TRIUMF QWR.
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Figure 16: Frequency dependence of parameter A.

Figure 14: TRIUMF QWR result. Baseline is after bulk
BCP, heat treatment 800 C 6 hours and flash BCP. Low
temp baking at 120C was for 48 hours.
In both cases of HWR and QWR, the parameter A
exhibits a field dependence. It seems the parameter A has a
linear dependence on the field. However, a linear fit
equation is purposely not shown because it seems
premature to quantify the dependence with the data
including localized defect.
Once all frequency data are collected, the frequency
dependence can be found. Figure 15 shows the frequency
dependence of parameter A at very low field.

At the baseline test, the frequency dependence has the
same trend over the different field levels. However, after 6
hour bake, the field dependence decreases as the field
increases.

Parameter D
The ODU HWR did not show any particular trend as
shown in Fig. 17. The average over all data points is
19.14 K.

Figure 17: Field dependence of parameter D of ODU
HWR.
TRIUMF QWR results show a weak field dependence of
the same parameter (see Fig. 18).

Figure 15: Frequency dependence of parameter A at 3 mT
on ODU HWR.
At low field, the parameter has power dependence over
frequency, ω~1.8. According to the BCS theory, which is
determined by the factors such as temperature (T), angular
frequency (ω), and material properties of penetration depth
(λ), energy gap (Δ), coherence length which expressed as
following formula.
 Δ 
μ 2ω 2 λ 3σ n Δ  C1k BT 
RBCS = 0
ln 
exp  −


k BT
 ω 
 k BT 
Here µ0, kB, ℏ are permeability in free space, the
Boltzmann constant, and the Planck constant respectively.
Often, it is said that the RBCS is dependent on ω2. But
when the material parameters of niobium were substituted
in the formula or in codes used to calculate the surface
resistance, the frequency dependence is closer to ω~1.8 due
to the ln[1/ω] factor.
The frequency dependence at higher fields appears to be
different, as shown in Fig. 16.
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Figure 18: Field dependence of parameter D for QWR.

Parameter Rres
The temperature independent parameter Rres are plotted
as a function of field in Fig. 19. Throughout different
frequencies and treatment, Rres shows its dependence of the
field.
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It appears the frequency dependence (slope) decreases as
the field increases (see Fig. 22). Trapped vortices are
known to be a source of residual resistance and frequency
dependant. Effect of trapped vortices in this results is
subject of further experiment.

Figure 19: Field dependence of parameter Rres for ODU
HWR.
TRIUMF QWR results also shows the dependence of
Rres on the field as in Fig. 20. Interestingly, their slopes are
composite with initial zero slope at lower field and constant
slope at higher field.

Figure 20: Field dependence of Rres for TRIUMF QWR.
The effect of baking is opposite for HWR and QWR. For
HWR the baking made Rres decrease but it made Rres of
QWR increase. The difference between two cases is mainly
baking time. HWR was baked for 6 hours and QWR was
baked for 48 hours.
In terms of frequency dependence of Rres, it shows the
dependence of ω~1.5 at very low field (see Fig. 21).

Figure 21: Frequency dependence of parameter Rres at
3 mT.
Fundamental R&D - Nb
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Figure 22: Frequency dependence of parameter Rres.

LESSONS LEARNED
We found both HWR at ODU and QWR at TRIUMF
were not able to reach the maximum field at 4.3K. As one
can see in the Fig. 8 and Fig. 10, the quench field is
increasing as temperature decreases which tells the limited
field at the higher temperature was due to insufficient
cooling. To improve the cooling, ODU is planning to
increase the center conductor diameter for the new cavity.
TRIUMF changed the position of the cavity (place cavity
in vertical instead of horizontal) in the dewar and saw the
improvement already. The Q measurement shows a Q
switch at low field around 5 mT. The temperature
monitoring during the cryogenic test indicates a defect
potentially at the top end of the center conductor. These
localized defects make the interpretation of the data
analysis difficult since the analysis is based on the
assumption of uniform surface property. It is crucial for
this study that the cavity should be free of defects,
multipacting or field emission.

FUTURE EXPLORATION
In short term, ODU will repeat the experiments with
second HWR cavity and is in process of building third
cavity. TRIUMF is starting test with HWR cavity soon and
their QWR is ready for nitrogen infusion study.
The main goal of the long-term program is to understand
the origin of nonlinear loss mechanisms and how to
improve the cavity performance based on the insight
obtained from the analysis. The following cavity
treatments are subject to the initial test campaign.
• Low temperature baking – As shown in the test results
of ODU and TRIUMF, further investigation will be
helpful to see how baking time affects the surface
resistance in the frequency range of interest. If it does,
the field and frequency dependence will provide
insight behind the mechanism and how to optimize it.
ODU will continue baking study incrementally
increasing baking time up to 96 hours.
• Nitrogen doping/infusion
TUFUB7
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• Flux expulsion study
• Electropolishing
• High temperature heat treatment
In fact, the above surface treatments have been
extensively studied with elliptical cavities of 1.3 – 1.5 GHz.
The treatment optimized for a particular design and
frequency may not be the best solution for low frequency
and complex structured cavities like HWR, QWR, spoke
cavities, or crabbing cavities. We expect these studies will
find the best option for these cavities.
Another long-term goal is to explore new srf materials
such as Nb3Sn coating, NbTi, and MgB2.

CONCLUSIONS
Studies on surface resistance with multimode cavities
show great potential that will help us to understand all the
contributions to the power dissipation in superconductors
at rf frequencies of interest. As we observed from the
preliminary results and their analyses, the methodology
can extract the field and frequency dependence of each
surface treatment. The findings can be applied to the
surface treatment for a specific frequency.
One should keep in mind the underlying assumption is
that the surface has uniform rf properties.
Surface field distribution is almost identical for all TEM
modes of HWR and QWR, much better than elliptical
cavities but not exactly so. This is a source of errors in
addition to the measurement errors. The errors will have to
be vigorously analysed.
Wide range of data collection is absolutely necessary for
correct analysis. Since we do not yet have full control of
all parameters, results contain randomness and no final
conclusion should be drawn based on limited set of data.
Reproducibility is utmost important to establish
trustworthy analysis results. It is advisable to repeat the
same experiment preferably in different institutions.
We would like to emphasize that these results are
preliminary and that no definite conclusion can yet be
drawn. We are in the initial stage of an extensive campaign
that will benefit from a collaboration between laboratories
interested in improving the performance of
superconducting cavities, especially those of complicated
shape, operating cw, and at low frequencies.
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Abstract
Chemical vapor deposition (CVD) is a promising alternative to conventional sputter techniques for coating copper substrate cavities with high-quality superconducting
films. Through multiple SRF-related DOE SBIR awards,
Ultramet has developed CVD processes and CVD reactor
designs for SRF cavities, and Cornell University has conducted extensive RF testing of CVD coated surfaces. Here
we report results from thin-film CVD Nb3Sn coated copper
test plates, and for thick-film CVD niobium on copper, including full-scale single cell 1.3 GHz copper substrate cavities. Detailed optical inspection and surface characterization show high-quality and well-adhered coatings. No copper contamination is found. The Nb3Sn coated plates have
a uniform Nb3Sn coating with a slightly low tin concentration (19 -22%), but a BCS resistance well in agreement
with predictions. The CVD Nb coatings on copper plates
demonstrate excellent adhesion characteristics and exceeded surface fields of 25 mT without showing signs of a
strong Q-slope that is frequently observed in sputtered Nb
cavities. Multiple single-cell 1.3 GHz copper cavities have
been coated to date at Ultramet, and results from RF testing
of these are presented and discussed.

INTRODUCTION
Superconducting radio frequency (SRF) cavities are a
key component for modern accelerators. Bulk niobium has
been widely used in SRF cavity fabrication. The performance of the bulk Nb cavities achieved high quality factor
and high gradient. Since high RRR Nb is quite expensive,
thin-film Nb has been employed for low-frequency and
high-beta SRF cavities to save material cost. More than
three hundred 350MHz and sixteen 400MHz Nb-Cu thinfilm cavities were installed and operated in LEP II and
LHC respectively [1]. As the quality of the Nb layer has
been improved, thin-film Nb is becoming an option that
can be applied to high-frequency (> 500MHz) SRF cavities. In addition, the Nb-Cu cavities have higher thermal
stability because the thermal conductivity of copper (~3002000 W/(m∙K)) is much larger than that of Nb (~75
W/(m∙K)). Another advantage of a thin film is that the Nb
layer can be uniformly coated on complex shaped parts absent machining defects on surface.
___________________________________________

* Work supported by U.S. DOE SBIR phase-II award DESC0015727.
† mg574@cornell.edu
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CHEMICAL VAPOUR DEPOSITION
The conventional method of coating thin-film Nb layers
is via sputtering techniques. One of the main limitations of
the sputtered SRF cavities is Q-slope, as is described in
Refs [2, 3]. Another drawback of the sputtering is that the
Nb layer can have poor adhesion to the copper substrate. It
had been observed that the Nb layer of some sputtered NbCu cavities peeled off during a standard high-pressure water rinsing (HPR) [4].
As an alternative method, chemical vapor deposition can
coat a high-quality Nb or Nb3Sn layer on a copper substrate
with complex shaped structure. In the CVD process one or
more precursors and reactant gasses are exposed to the substrate (in a chamber called the reactor) and either react or
decompose, leaving behind the coating material. A common process for coating niobium is to vaporize NbCl5 (the
precursor) in a bubbler, carry it into the reactor using a gas
e.g. argon, while simultaneously pumping in hydrogen gas
(the reactant gas). The reaction 2 NbCl5 + 5 H2 → 2 Nb
+10 HCl takes place, leaving niobium on the substrate
while the remaining gasses being pumped out of the reactor. In addition, the substrate is heated e.g. to 700 ˚C, so
that the reaction primarily takes place on the substrate [58].
CVD can form a metallurgical diffusion bond layer on a
substrate surface, which is strong enough to withstand
high-pressure water rinsing (HPR). In addition, the strong
bonding promotes good thermal contact minimizing thermal resistance across the Nb-Cu interface. CVD has a high
deposition rate of ~300um/hour, allowing to make both
thick and thin films of highly pure Nb. Potentially, impurities can be introduced in the CVD Nb layer to increase Q0
via impurity doping.
To fully optimize CVD for SRF cavities, several technical and performance challenges must be overcome. The
CVD Nb must be:
1. Of high quality and purity
2. Sufficiently thick and robust to be compatible with
conventionally proven surface treatments e.g. HPR,
mechanical and chemical polishing, etc.;
3. Of uniform thickness over a large surface area;
4. Able to be applied to complex geometrical structures
e.g. a full-scale cavity;
5. Of low residual resistance (R0);
6. Achieve High accelerating gradients (Eacc);
7. Not show severe Q-slope.
Ultramet researchers began developing CVD process
technologies for use in SRF applications in 2005 through
TUFUB8
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DOE-SBIR funding. A collaboration supported by the U.S.
DOE SBIR program between Ultramet and Cornell University to develop CVD for SRF started in 2012. Since
then, high quality CVD Nb-Cu samples have been coated
at Ultramet and tested at Cornell, as is shown in Fig. 1. The
RRR of the samples achieved more than 250, which was a
first milestone for the CVD R&D work. In 2016, Ultramet
successfully coated a 5” diameter Nb-Cu plate. A bulk
CVD Nb cavity was produced successfully in 2012.

JACoW Publishing
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thickness of the Nb layer is more than 200um, thereby enabling surface treatments, e.g. electropolishing and tumbling.

Figure 3: Cross-section SEM of a sample cut off from
LTE1-CVD-3.

CVD Cavity Test Preparation at Cornell
Figure1: RRR measurement of a CVD Nb-Cu sample at
Cornell showing RRR high than 250.

CVD Nb-Cu CAVITIES
1.3GHz CVD Nb on Cu Single-Cell Cavities
The 1.3GHz CVD Nb on Cu cavity work started in 2017
supported by a DOE SBIR phase-II award. To date, three
CVD Nb on Cu substrate cavities (LTE1-CVD-2, -3, and 4) have been successfully coated at Ultramet, and tested at
Cornell as shown in Fig. 2.

Figure 2: 1.3GHz CVD Nb-Cu SRF cavity; left plot shows
CVD processing at Ultramet; right plot shows the CVD
cavity.

The primary surface treatment used for the first CVD
cavities tested was vertical electropolishing (Cornell VEP
setup is shown in Fig. 4). LTE1-CVD-2 received 10um
VEP followed by HPR and clean assembly in class 10
cleanroom in preparation for RF testing. LTE1-CVD-3 was
first RF tested (Vertical Tests 1 and 2), and then received
5um VEP before additional RF testing was performed (Vertical Tests 3 - 5).

Figure 4: Vertical electropolishing (VEP) of a CVD cavity
at Cornell University.

The cross-section SEM images of a sample cut from the
cavity LTE1-CVD-3 (Fig. 3) showed that the average
TUFUB8
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cleanness, which can be obtained from frequency vs. temperature and surface resistance vs. temperature measurements. The extracted MFP and R0 as well as other superconducting parameters of LTE1-CVD-1 and 2 are listed in
Table 1. The large MFP (~1000nm and above) and low R0
(<10 nΩ) of the both cavities indicate that the CVD Nb
layers coated on the cavity surfaces are very pure and
clean.

Resistor 1-17

The standard vertical test (VT) setup is equipped with a
Helmholtz coil for ambient magnetic field compensation,
as well as a slow cool stinger for cooldown speed controlling, as is shown in Fig. 5 (left). The temperature mapping
set up, shown in Fig. 5 (right) was installed for quench location detection.

Board 1-38

Figure 5: Vertical set-up of the CVD cavities; left plot
shows Helmholtz coil from magnetic field compensation;
right plot shows full temperature mapping system dressed
on a CVD cavity.

CVD Cavity Test Results
The Q0 vs. temperature curves of LTE1-CVD-2 and 3 are
shown in Figure 6 (a) and (b) respectively. The highest Q0
of CVD-2 achieved ~2.5×1010 at 1.6K; the Q0 at 2K was
higher than 1×1010 which is quite close to the Q-value of a
heavy (e.g. 100um) electropolished cavity. LTE1-CVD-3
was tested before and after the VEP for performance comparison. The Q0 before VEP (in VT1 and 2) was dominated
by high residual resistance due to contaminations on surface from CVD processing. After 5um VEP, the contamination was removed, and the Q-value was significantly improved. The high Q results indicate that the dirty surface
layer from CVD is very shallow; a light surface removal
can clean the surface and the surface below is pure and
clean.
The mean free path (MFP) and residual resistance (R0)
are important parameters in evaluating surface purity and

(a) LTE1-CVD-2 Q0 vs. temperature curve.

(b) LET1-CVD-3 Q0 vs. temperature curves.
Figure 6: Q0 vs. temperature curves of (a) LET1-CVD-2
and (b) LTE1-CVD-3.

Table 1: Fitted Superconducting Parameters of LET1-CVD-2 and 3
Cavity
Mean Free Path
Tc
Energy Gap
(nm)
(K)
LET1-CVD-2
4500
9.20
1.994
LET1-CVD-3
948
9.21
1.910

Measuring RF dissipation from trapped flux is another
powerful tool to evaluate the Nb layer purity. In LTE1CVD-2 tests, two cooldowns were performed with ambient
magnetic field ~150 mGauss and with the field < 10
mGauss, respectively. Since the cooldown rate was slow, it
can be assumed that nearly 100% flux were trapped. The
Fundamental R&D - non Nb
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R0
(nm)
8.5
5.4

sensitivity was found to be 0.73nΩ/mGauss, calculated
from R0 vs. ambient magnetic field, as is shown in Fig. 7.
The sensitivity value was close to an electropolished cavity
[9], again indicating that the Nb layer coated on the cavity
is pure. In summary, high purity and cleanness were
demonstrated by a series of excellent measurement results,
TUFUB8
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i.e. high-Q0 (> 1×1010 at 2K), low R0 (<10 nΩ), large MFP
(>900 nm), and low flux trapping sensitivity (~0.73
nΩ/mGauss).
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there likely is some common feature over a large surface
area that caused the quench. Motivated by this conclusion,
Nb-Cu sample studies were carried out to better understand
surface characteristics of the CVD coatings, as is described
in the next section.

Figure 7: Flux trapping sensitivity measurement indicating
that the surface of the CVD cavity is very clean.
The Q-slope comparison with a sputter cavity is shown
in Fig. 8. The LET1-CVD-2 Q-value dropped by about
10%, while the Q0 of LET1-CVD-3 dropped 20%; as a
comparison, a sputtered cavity Q0 dropped 50% [3].

Figure 9: Summary of Q0 vs. accelerating gradient curves
for LET1-CVD-2 and -3.

(a) Temperature mapping result of LTE1-CVD-3 at
Eacc=3.28MV/m;

Figure 8: Q-slope comparison between the CVD cavities
and a sputtered cavity [3].
The Q0 vs. Eacc curves of LET1-CVD-2 and -3 of all
vertical tests are plotted in Fig. 9. The temperature of the
LET1-CVD-3 data taking was limited to >2.3K due to a
cavity cold leak. The quench fields of LET1-CVD-2 and 3 were ~3MV/m and ~5MV/m respectively. To determine
the nature of the cavity quench, in VT5 of CVD-3, a full
temperature mapping system was mounted onto the cavity.
The measured heating map taken at 3.28MV/m is shown in
Fig. 10 (a), indicating small heating uniformly around the
entire high magnetic field region of the cavity. The cavity
exhibited quench over a large area, as is shown in Fig. 10
(b). This quench data indicates that the cavity did not
quench at a single spot due to a surface defect. Instead,
TUFUB8
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(b) Quench location detection showing the quench
spot is large.
Figure 10: Temperature mapping results of LTE1-CVD-3.

CVD NB-CU SAMPLE STUDY
Two witness samples were coated with the cavities during the CVD processing. One sample surface was treated
by 10um electropolishing. SEM scan images of the nonelectropolished sample and the electropolished sample are
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showed in Fig 11. The non-electropolished sample exhibits
sharp edges on grain boundaries; while after 10um EP, the
sharp edges were significantly smoothed.
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This lower Sn percentage drops the critical temperature of
Nb3Sn from 18K to 6-8K [10]. Hence, the surface resistance calculated by BCS theory is increased to the uΩ
level. The surface resistance measurement of the plate is
close to this theoretical calculation, as is shown in Fig. 14.

Figure 13: A 5-inch large Nb3Sn-Cu plate coated by CVD
(left plot); and SEM images (right plot) indicating that the
coating layer is uniform.

Figure 11: SEM scan comparison on electropolished and
non-electropolished samples.
Cross-section SEM was carried out on the two samples
to view surface topology. The comparison images are
shown in Fig. 12. The images of the non-electropolished
sample show significant surface roughness, with sharpedged bumps of approximate 90um height. Similar bumps
were found on the 10um electropolished sample, but with
edges smoothed by the electropolishing. It has to be
pointed out that the cavity surfaces appear to be smoother
than these sample surfaces.

Figure 14: The surface resistance vs. magnetic field result
of the Nb3Sn-Cu plate compared with the calculation using
BCS theory.

CONCLUSION

Figure 12: Cross-section SEM comparison of non-electropolished and electropolished samples.

CVD Nb3Sn-Cu PLATES
The CVD can also be used to coat Nb3Sn on copper substrate. A 5-inch large Nb3Sn-Cu plated (Fig. 12 left plot)
was successfully coated at Ultramet and tested via the
4GHz sample host cavity at Cornell. The SEM image in
Fig. 13 (right) shows that the coating layer is uniform. The
Sn content of the coating was measured to be at 19%-22%,
which is a bit lower than the ideal percentage target of 25%.
Fundamental R&D - non Nb
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In this paper, test results are presented and discussed of
demonstrated high performance of the first CVD Nb coated
copper substrate SRF cavities. RF measurements show that
high-purity Nb (RRR>250, MFP>900nm) was successfully coated on the cavity surfaces. The cavities reached
high-Q (>1×1010 at 2K) with low residual resistance
(R0<10) after 5-10um EP. The CVD cavities show only
modest Q-slope with increased RF field, much lower than
seen in typical sputtered cavities. Surface roughness
caused the cavities to quench around 3-5MV/m. The SEM
images reveal sharp edges and 70-90um high bumps on
witness samples. Future preparations will use mechanical
polishing prior to electropolishing to reduce surface roughness. Excellent adhesion of the CVD niobium layer on the
copper substrate was demonstrated, without layer peeled
off after electropolishing, tumbling and HPR.
A first of-its-kind 5-inch diameter Nb3Sn-Cu plate was
successfully coated by CVD. The measured Sn content was
19-22% which is close to the ideal target of 25%. Surface
TUFUB8
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resistance measured is consistent with predicted values
from the BCS theory calculation.
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MODELING OF SUPERCONDUCTING SPOKE CAVITY WITH ITS CONTROL LOOPS SYSTEMS FOR THE MYRRHA LINAC PROJECT
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Abstract
In the construction framework of a future 600MeV/4mA
CW Superconducting Linac accelerator for the MYRRHA
project at SCK•CEN (Mol, Belgium), modeling works under Matlab/Simulink are carried out upstream to understand the behaviour of 352.2MHz single Spoke cavity with
its environment and its associated feedback control loops
(LLRF and Cold Tuning System). One of the main goal is
to assess the feasibility of cavity failure compensation in
the Superconducting Linac. Indeed, stringent reliability requirements must be fulfilled to ensure an efficient operation of the MYRRHA Accelerator Driven System: unexpected beam interruptions, due to failures, must be compensated in less than 3 seconds. Our preliminary study focuses on the fast frequency re-tuning of the cavity and the
power balances. Our goal is to prepare the R&D tests foreseen at IPN Orsay on a prototype cryomodule including
two SC Spoke cavities equipped with couplers, tuners with
feedback loop and connected to dedicate LLRF.

in the case of an accelerator failure. In the ADS systems,
the accelerator failures producing beam stops need to be
carefully handled. The "fault recovery" procedure proposed for MYRRHA, requires a beam stop of less than 3
seconds in order to limit the thermal stresses in the reactor,
the mechanical fatigue of the spallation target, fuel and assemblies, and the long start procedures in the reactor. To
ensure a good reactor performance over long periods, it
was estimated to be below 10 beam stops per 3-month cycle equivalent to a mean time between two breakdowns
must exceed 250 hours. The full Linac consists of an ion
source, an injector, a section of copper cavities and a section of SC cavities. The 17-100MeV section, concerned by
our study, is composed of 30 SPOKE cryomodules. Each
cryomodule (Figure 1) contains two superconducting cavities that are cooled down to 2K under ultra-vacuum conditions. The cryomodule assembly contains thermal and
magnetic shieldings which is connected to a Valve Box
needed to control and distribute cryogenic fluids.

INTRODUCTION
In the transmutation framework of highly radioactive
wastes, the MYRRHA ("Multi-purpose Hybrid Research
Reactor for High-tech Applications") is an ADS project initiated by SCK•CEN (Belgium), to study the reduction of
nuclear wastes radio-toxicity. A subcritical nuclear reactor
of 65-100MWth will be driven by a continuous protons
Linac (Linear Accelerator) of 600MeV and 4mA. This accelerator fires protons at a spallation target, creating the
neutrons that will maintain the fission chain reactions in
the reactor. MYRRHA Phase 1 [1] (MINERVA project) is
composed of a Linac of 100MeV, 4mA that will allow to
prove the technical feasibility of a high reliable Linac. It
will install, at the high energy beam line, a radioactive ion
beam facility (ISOL type) for fundamental physics experiments, and a new facility for radioisotopes production.
SCK•CEN’s BR2-reactor – is already producing for at least
25% of the worldwide radioisotopes. MYRRHA will expand this radioisotope production, while also developing a
new generation of isotopes in the fight against cancer.
MYRRHA will also be used to expose materials to extreme
conditions that approach those in nuclear fusion reactors.
The construction of MYRRHA Phase 1 (100MeV) started
in 2018 and, the construction of MYRRHA Phase 2 (subcritical reactor and 600 MeV proton accelerator) will start
in 2027. In the initial phase (MINERVA), our objective is
to analyze the feasibility of the "Fault Tolerance strategy"

Figure 1: Schematic view of the Tuning System [2] installed on a single SPOKE on the left, and the SPOKE cryomodule containing two cavities on the right.
Each cavity operating at 352.2 MHz is equipped with a
power coupler adapted for transfer the RF power coming
through a coaxial transmission line 50 needed by the
beam acceleration. Thus, 18kW of power are transported
from the RF amplifier to the cavity. In nominal operation,
the RF power is 10kW. A cavity model based on theoretical
equations and its two feedback control loops (LLRF &
Tuning System) was developed under Matlab/Simulink
[3,4], in order to study the stability and transient behaviour
of the whole system. New input parameters (Table 1) and
adjustments were made in this simulation model (RF SSA
amplifier based on a similar amplifier operating at
176.1MHz, coaxial line (L=40m)…).

___________________________________________
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Figure 2: Cavity control system with its two feedback loops.
In this paper, numerical simulations from the model are
launched to study different failure scenarii : 1) with beam,
we use a generic case for the fault compensation by adjacent cavities to the one that is defective, with an accelerator
gradient (Eacc) ranging from 7 to 9.1MV/m and a synchronous phase (ϕs) from -25° to -15°. 2) without beam, to treat
the case of the initial prototype tests of the SPOKE cryomodule.
Table 1: Simulation Input Parameters
Parameters
Number of cavities
Frequency (MHz)
I0 (mA)
r/Q () [opt=geom]
G ()
T(He) (K)
Rs (nW)
Lorentz coeff.
(Hz/MV/m²)
Vcav (MV)
Qo
Qt
Qi(~QL)
Eacc (MV/m)
ϕs(°)
PMax RF (kW)

Values
60 (30 cryomodules)
352.2
4
217
109
1.9
20
-5.5
1.7
5.2 10^9
10^12
1.5 10^6
7
-25
18

Experimental tests on the SPOKE cryomodule will take
place at the end of 2020 - beginning 2021 at the IPN Orsay
TUP002
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with full equipment (circulator, power coupler, RF amplifier, LLRF, Cold Tuning System (CTS), cryogenics systems and all interfaces). In this context, the powers and
couplings are different from those in Linac real operation
mode.

DESCRIPTION OF THE LLRF AND TUNING SYSTEM FEEDBACK LOOPS ASSOCIED TO THE CAVITY
The cavity model and all the elements surrounding it for
its operation are shown in Figure 2. In the LLRF (Low
Level Radio Frequency) loop that controls Eacc in amplitude and phase, a ZOH (Zero Order Hold) discretizes the
signal and blocks it during Ts=1µs to which we add a delay
function Td=2.5µs, then this signal is corrected before being rebuilt by the I/Q modulator. The cavity response time
(step=1MV/m), at 5% in LLRF closed loop (Ibeam=0), is
estimated at tR460µs and signal stability of 1% at
t=440µs, lower than the natural response time of the cavity
(τcav=1.4ms). In the CTS loop, ϕs is the input setpoint and
ϕg (generator phase) is measured at the coupler input. Phase
shift, ε (between ϕg & ϕs) must be minimized to regulate
the Tuning System. The signal proportional to ε drives the
motor to approximately control fcav (resonance frequency
of the cavity) and the piezo system gives a more precise
and fast adjustment of the accelerator frequency around
fcav. The Tuning System allows to compensate for rapid
variations due to Lorentz forces, microphonics and slow
variations due to He bath. These perturbations must be corrected adjusting ∆fcav. The Tuning System mechanism effectively transmits deformations induced by the piezoelectric actuators. Chebyshev filters in the CTS model
compensate microphonics perturbations and are associated
Cavities - Design
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to a PI corrector, to compensate low frequency variations
due to He bath pressure fluctuations. Delay block corresponds to a delay constant (τm=1ms [3]).

SCENARII STUDIES FOR LINAC FAULT
TOLERANCE SIMULATION
A fault tolerance analysis of the linear accelerator was
developed. We study using the model, the feasibility of
procedures for fast re-adjustment of the accelerating cavities when a failure occurs and the adjacent cavities have to
be adjusted. The re-adjustment procedure must be performed in less than 3 seconds (Figure 3).
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detuned in less than 3s. CTS has detuned quickly of 14kHz
on one second and we have observed the motor detuning
capability of +100kHz. The beam is turned on before the
motor has finished its action at t=2.9s (Figure 4). Thus, we
can say that beam could be restart after 1.9s from fault detection. Problem: the beam induces a field in the detuned
cavity, its value must therefore not exceed 0.5% of Eacc nom.
(7MV/m) = 350kV to minimize perturbations in the beam dynamics. Knowing that Lacc=0.32m, the maximum energy
perturbation of the proton beam is of 112keV on 600MeV
(∆E⁄𝐸 =5.10-4). The LLRF loop control can be completed
by a feedforward to avoid any perturbation of the « beam
loading » during the beam injection into the accelerator
line and any loss in the beam.

Figure 3: Fault tolerance tests (specification for MYRRHA
≤3s).
A new Linac design has been developed to obtain the right
RF powers. We impose a field rise time of 500ms. We
study the Eacc behavior as well as ϕs for each considered
procedure as a function of the RF powers, piezos voltage,
motor control and cavity detuning (fcav). Our objective is
to study different scenarii: case for the fault RF compensation in beam condition (Ib) with a) detuning of faulty cavity
after beam stop (Figure 4) and b) adjacent cavity compensation (cavity adjustment and beam ON) (Figure 5). Then
case of the prototype cryomodule tests without beam with
c) adjacent cavity compensation (cavity adjustment and
beam ON) (Figure 6) and d) detuning of faulty cavity (Figure 7). The motor detuning capability must be of 14kHz
achievable within 1s (condition required for the MYRRHA
project). Figure 4 (Ib≠0), the case of a faulty cavity in the
Linac is investigated (Eacc=7MV/m,  =-25°). The striped
rectangle corresponds to Eacc increases. We stop the RF
source. Eacc start decreasing to zero at t=1s and Pg (generator power) switches to zero as well as Pb (beam power).
Beam losses are observed and we have a beam stop. The
new setpoint for the cavity frequency driving of the CTS is
∆fCTS =+100kHz (ideal case) to detune the cavity as faster
as possible [4]. On the fcav plot (Figure 4), we can see the
piezos effect and motor being pushed to the maximum capability to compensate the Lorentz Forces (FLs). When the
nominal frequency of the beam (f0) is far from the cavity
(fcav), the piezos are assisted by the motor to increase fcav
which detuned the cavity of 14kHz in 1s. The electric actuators are drived to a maximum voltage of 120V to detune
the cavity to a max. value and to minimize the beam induced effects. Thanks to the fast Tuning System, we have
Cavities - Design
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Figure 4: Evolution versus time for the faulty cavity with
beam.
It has been shown that in presence of a faulty cavity, the
Linac can be re-configurated within time constraints and
beam operation can be continued delivering a 600mMeV
beam. Figure 5 (Ib≠0), when a fault detection occurs, it is
necessary to re-adjust quickly an adjacent cavity. We adjust Eacc (7 to 9.1MV/m) and  (-25° to -15°) for an adjacent cavity. We start beam at 600ms and stop the beam for
simulation after 300ms, because we simulate a failure detection. After the beam is interrupted, it is considered that
100ms are usefull to identify the faulty element and initiate
the fast adjustment procedure. When Eacc is increased (Figure 5), it is decided to apply a setpoint to fix the phase to 15°. The Eacc increase leads to a power increase of Pg to
TUP002
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compensate the FLs. A sudden change in the phase leads
to an overshoot on Eacc and Pg. Cavity compensation can
be easily retuned in 200ms. The beam is reconnected
435ms after failure detection to adjust the adjacent cavity
of the failed cavity. The piezos react to each Pg variation
then the piezos voltage decreases thanks to the motor detuning which takes over to compensate the FLs. On the
fcav plot, we can observe a transient of 500ms due to the
response time of the piezos and the feedback system, then
the frequency tuning of the cavity was re-adjusted as the
supply voltage of the piezos decreased to zero. The voltage
decreases as the motor increases the strain force on the cavity.
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to 9.1MV/m, Pg must supply 7kW. Figure 7 (Ib=0), in the
case of a failed cavity, what changes without beam is  =
0° and the piezos contribution for detuning is weak even
null, it is the motor that essentially acts to detune the cavity.

Figure 6: Evolution versus time for the compensated adjacent cavity without beam.

Figure 5: Evolution versus time for the compensated adjacent cavity with beam.
Note that the voltage on the piezos was only 20V while the
max. supply voltage fixed is 100V for simulation. After
reaching the nominal operation point (Figure 5) concerning
the increase of Eacc, the Tuning System has time to compensate the FLs and thus avoid saturation of the RF amplifier. In fault tolerance phases, Pg and Pb are stronger than
in nominal mode because the faulty cavity needs to be compensated. Figure 6 (Ib=0), the modeling study permits to
check the procedures for fast adjustment of the cavities in
the case of a cryomodule without beam. We set the nominal
mode with Eacc=7MV/m and  =0. Pg max is 4kW before
CTS can really compensate the FLs. Here, we can observe
a transient of 300ms on the fcav plot during the Eacc increase. Variations of Pg function of Eacc show that feedback
system is effective in LLRF closed loop. If we increase Eacc
TUP002
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Figure 7: Evolution versus time for the faulty cavity without beam.
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From simulation, we tested some phases of the procedures
and time diagram don’t correspond strictly to the fault tolerance. To conclude this part, we showed the feasability of
the fault recovery procedures in less than 3s and CTS fast
detuning for 14kHz/s is checked too.

SOME TYPICAL TUNING SYSTEM EXPERIMENTAL MEASUREMENTS
In this study, a particular attention was carried out to
measure and characterize the mechanical behaviour of the
Tuning System. We invite you to refer to the paper id
"TUP087" which specifically develops a study on the Tuning System. The recent vibration spectrum measurement of
the cavity allows to identify the mechanical vibrational
modes under cold conditions see Figure 8. It will be used to
optimize the simulation model under Simulink in the Tuning System feedback loop. Presently this spectrum is implemented through 40 Band pass filters [5]. At room T,
CTS fast detuning is possible for 15kHz/s. Tests are in progress for low T.
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Tuning System with a short response time of the order of
few ms.
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Figure 8: TF of the Tuning System at room T (up,
MYRRHA single Spoke cavity « Virginia ») and low T,
THe=2K (down, cavity « Amelia »): detuning on the RF frequency of the cavity according to the low frequency excitation of one of the piezoelectric actuators.

CONCLUSIONS
This study analyzed the RF power and Tuning System
requirements to meet the conditions for MYRRHA and
demonstrated the feasibility of cavity fast adjustment in
less than 3 seconds (analysis of the fault tolerance by the
Simulink modeling with and without beam) in respect to
operation conditions of the fast neutron reactor. All these
results must be experimentally confirmed by the good performance and speed of the LLRF digital system and the
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Abstract
The upcoming FAIR (Facility for Antiproton and Ion Research) project at GSI will use the existing UNILAC (UNIversal Linear Accelerator) as an injector, reducing the beam
time for the ambitious Super Heavy Element (SHE) program. To keep the UNILAC user program competitive a
new superconducting (sc) continuous wave (cw) high intensity heavy ion LINAC should provide ion beams with max.
duty factor above the coulomb barrier [1]. The fundamental
sc LINAC design comprises a low energy beam transport
(LEBT)-section followed by a sc Drift Tube Linac (DTL)
consisting of sc Crossbar-H-mode (CH) structures for acceleration up to 7.3 MeV/u [2,3]. The latest milestones towards
the new cw LINAC HELIAC (HELmholtz LInear ACcelerator) have been the successful tests and commissioning of
the first demonstrator section with heavy ion beam in 2017
and 218 [4] as well as the successful test under cryogenic
conditions of the second CH-cavity in 2018 [5]. Now the
third CH-cavity has been tested at cryogenic temperatures of
4 Kelvin at the Institute for Applied Physics (IAP) at Goethe
University Frankfurt (GUF). The results of these measurements as well as the status of the HELIAC-project will be
presented.

INTRODUCTION
The HELIAC-project will comprise four cryomodules
each equipped with three CH-cavities (CH), two superconducting solenoids with B < 9 T (S) and a two-gap buncher
(B) [6]. Sufficient beam diagnostic devices (D) will be installed in the warm intersections between each cryomodule
(see Fig. 1). The next milestone after the successful commissioning of the first two CH-cavities (CH 0 and CH 1) is
to be reached with the cryogenic test of the third CH-cavity
(CH 2) followed by the commissioning of the fully equipped
first cryomodule. The first cryomodule will provide beams
with energies up to the coulomb barrier (at medium mass
over charge ratio) for first experiments at the GSI facility.
The second and third cavity are structurally identical with a
∗
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geometric beta profile of β = 0.069 and a design gradient
of 5.5 MV m−1 (see Table 1).
Table 1: Main Parameters Of CH-cavity CH 1 And CH 2
Parameter
β
Frequency
Accelerating cells
Length (βλ-definition)
Cavity diameter (inner)
Cell length
Aperture diameter
Dynamic bellow tuner
Wall thickness
Design Accelerating gradient
Design Accelerating voltage
E p /Ea
Bp /Ea
G
Ra /Q0

Unit

Value

MHz
mm
mm
mm
mm
mm
MV/m
MV
mT/(MV/m)
Ω
Ω

0.069
216.816
8
381.6
400
47.7
30
2
3-4
5.5
2.1
6,5
<10
51
1050

EXPERIMENTAL SETUP
After the delivery of CH2 to IAP at the beginning of 2019,
eight temperature probes and 60 Thermo-LuminescenceDosimeters (TLD’s) have been installed for first testing at
4.2 K. Due to design faults the power coupler as well as the
pickup for CH2 have been manufactured without ventilation
holes so that the volume inside of each coupler could only be
evacuated via their screw thread. Due to the virtual leaks of
the couplers under warm conditions only 1 × 10−7 mbar after
more than one week of active evacuation could be reached.
Although the vacuum pressure inside the cavity was more
than one order of magnitude higher as for CH1 we started the
cooldown to 4.2 K. Any residuals inside the couplers should
freeze out as soon as the cavity reaches 4.2 K resulting in
much lower vacuum pressure inside the cavity. During the
cooldown the vacuum inside the cavity was maintained by a
ion getter pump.
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Figure 1: Layout of the upcoming HELIAC with four cryomodules each comprising three CH-cavities (CH), two solenoids
(S) and a two-gap-buncher [7].

Figure 2: Long term recording of the pressure pcavity (down) and average temperature ∆T (top) of CH2 as well as the helium
level (top) and pressure pcryostat inside the cryostat (down).

COOLDOWN OF CH2
The cavity was mounted to the cryostat top in a frame
of aluminum rings fastened with stainless steel rods. After
the assembly of the cavity string inside the vertical cryostat
the liquid nitrogen shield was filled directly followed by a
rapid cooldown of the cavity with liquid helium. Avoiding
hydrogen related Q-disease in the temperature region in
the temperature region 150 K > T > 60 K the temperature
change was in the range of 2 K min−1 . The vacuum pressure
inside the cavity dropped down to pcavity = 1 × 10−8 mbar
during rapid cooldown for a short period of time due to
cryosorption effects (see Fig. 2). As soon as the helium
level started to build up inside the cryostat, pcavity rose up
several orders of magnitude up to 1 × 10−4 mbar. The ion

Cavities - Design
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getter pump was not sufficient to handle the rapid increase of
pressure so that an additional turbomolecular pump has been
installed to reduce pcavity again. During the following days
the pressure got worse with increasing helium level and could
not be reduced over time. For this reason a cold leak had
to be considered. Measurements with a helium gas detector
delivered helium leakage rates of about 5 × 10−4 mbar l s−1
substantiating the assumption of a vakuum leak and resulting
in the abortion of the cold test. As soon as the helium level
dropped down to zero we used a heating unit to raise the
temperature inside the cryostat up to room temperature. The
cavity pressure dropped with increasing cavity temperature
also indicating a vakuum leak which appears only under
cold conditions.
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MEASURED RESULTS
We could still obtain some results although the cold test
had to be canceled before low level conditioning and high
power measurements were started. The measured frequency
at 4.2 K was fCH2 ≈ 216.8268 MHz which is approximately
10.8 kHz above the design frequency due to the last BCPtreatment resulting in an unexpected frequency jump. The
pressure sensitivity ∆ f /p of both cavities was measured
at room temperature before and at 4.2 K during the final
cold test (FM) and has been compared with the results from
the intermediate measurements (IM) during the construction phase [8] (see Table 2). Both cavities have undergone
several BCP-treatments between the intermediate and final
measurements resulting in different pressure sensitivities.
Normalization of the increase of ∆ f /p on the BCP erosion of
each cavity results in approximately 50 mHz mbar−1 µm−1 .
Table 2: Measured Pressure Sensitivity Of CH 1 And CH 2
During The Construction Phase, Under Warm Conditions
Before And At 4.2 K During The Final Cold Test
IM at room temperature
FM at room temperature
FM at 4.2 K
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Unit

CH 1

CH 2

Hz mbar−1
Hz mbar−1
Hz mbar−1

-10.2
-12.7
-4.5

-8.9
-15.1
-8.2

by the manufacturer (also shown in Fig. 3) suggested a frequency change of ∆ f ≈ 344 kHz. The same estimation with
liquid nitrogen has been performed for the first CH-cavity
resulting in similar results (about 20 kHz below the actual
∆ f at 4.2 K). This method is proofed as sufficient and is proposed to be considered for the development of the following
CH-structures of the HELIAC.

SUMMARY & OUTLOOK
After the successful power test of the first CH-cavity in
2018, the second cavity has been completed and delivered
to IAP in 2019. As soon as all preparations could be completed the cavity was cooled down to 4.2 K for the first time
although the pressure inside the cavity was in the range of
1 × 10−7 mbar only due to missing ventilation holes inside
the coupler and pickup. With increasing helium level inside
the cryostat the pressure inside the cavity became worse;
an additional turbomolecular pump has been used to improve the vacuum pressure again. Measurements with a
helium gas detector delivered helium leakage rates in the
range of 5 × 10−4 mbar l s−1 indicating a vakuum leak inside
the cavity under cold conditions. The next consecutive step
has to be a in-depth search for the position of the vacuum
leak under warm conditions. This proceeding is potentially
challenging and time consuming in particular when the leak
appears under cold conditions only. As soon as the leak
has been found and removed we can restart cold testing and
determine the RF performance of CH 2 and compare it with
the results from CH 1.
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Abstract
In collaboration of GSI, Helmholtz-Institute Mainz and
Goethe University Frankfurt new designs for the superconducting (sc) crossbar H-Mode drift tube linear accelerator
(CH-DTL) cavities of the proposed Helmholtz Linear Accelerator (HELIAC) are developed. The continuous wave
(cw) mode operated linac with a final energy of 7.3 MeV/u
is intended for various experiments, especially with heavy
ions at energies near the coulomb barrier for super-heavy
element research. Currently twelve superconducting (sc)
CH-cavities are considered which will be split into four different cryostats. Each cavity will be equipped with dynamic
bellow tuners. After successful beam tests with CH0 as well
as last surface preparations and ongoing rf tests with CH1
and CH2, CH3 to CH11 will be designed. Based on the experience gained so far and successful test results, individual
optimizations are carried out on the cavity design. Furthermore, attention was paid to reduce production costs, e.g. by
keeping the cavity diameter in each cryostat constant despite
varying particle velocities and gap numbers. In addition
to reaching the resonance frequency of 216.816 MHz and
the influence of the bellow tuners on the frequency, the mechanical stability of the bellow tuners, the thermal effects on
the cavity and the measures to mitigate secondary electron
emission are investigated.

focus on functionality. Figure 1 shows exemplarily CH3
with one of the two new tuner designs as well as an cross
section trough the cavitiy.

CAVITY DESIGN

INTRODUCTION
In August 2018 the design of nine 216.816 MHz sc CHcavities (CH3 to CH11) for the cw-mode operated HELIAC
has started [1]. The design for these cavities is based on
the design of the previously successfully tested CH1 and
CH2 [2, 3]. During the current design phase several new
optimizations and modifications are done. Two new designs
for the dynamic bellow tuners have currently been developed,
which have been examined both for their influence on the
frequency and for their mechanical properties. Due to the
short gap length between the spokes of the identical CH1
and CH2, a solution between functionality, mechanical and
secondary electron emission characteristics had to be found
for the bellows tuners [2]. For the following cavities CH3
to CH11, this compromise can be dispensed with, as the
increasing gap lengths leave more scope for designs that
∗
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Figure 1: Layout of the 216.816 MHz sc CH-cavity CH3
with bellow tuner design 1.
In order to keep costs and construction costs as low as
possible, the design of all subsequent cavities is based on the
successfully implemented and tested design of the CH1 and
CH2. As the beta increases as the accelerator progresses,
the gap length must increase, but the accelerator has been
designed to decrease the number of gaps in the subsequent
cavities so that the length of the cavities does not change
drastically (see Fig. 2) [4,5]. In order to save further costs,
the cavities within a cryostat are designed so that they all
have an equal outer radius. This allows all spokes within
a cryostat to be manufactured with the same mechanical
tools. However, this means a greater design effort, since the
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capacity decreases due to the declining number of gaps and
the larger gap length, thus the frequency increases. In order to keep the resonance frequency of all cavities constant,
the tuners and the drift tubes must compensate more. The
design of all nine cavities is optimized individually. The
single geometries within the cavities are adapted so that the
Epeak /EA ratio is kept as low as possible by reducing the electrical peak fields. However, since radius and spokedesign
are constant within a cryostat, these optimizations can only
be done by tuners, bellow tuners and drift tubes. Figures 2
and 3 show the geometric and physical differences between
the individual cavities.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP005

original design of the bellow tuners from CH1 and CH2
as well as two others. Figure 4 shows the different design
proposals.

Figure 4: The three different tunerdesigns currently under
investigation.

Figure 2: Geometric differences between CH3 to CH11.

Figure 3: Differences in accelerator properties from CH3 to
CH11.

BELLOW TUNER DESIGN

A serious difference to the bellow tuners in CH1 and CH2
is the positioning of the bellow tuners within the cavities. In
the two cavities already built, the two bellow tuners, which
are rotated by 90 degrees to each other, are at the same
height so that they are at the same distance from the beam
axis. This means that both tuners have the same frequency
change at a maximum deflection of 1 mm. In the current
design, the bellow tuners have a small offset to each other,
so one bellow tuner is closer to the beam axis than the other.
Thus, the two dynamic tuners show a different frequency
change at a maximum deflection of 1 mm. The tuner which
is closer to the beam axis has a frequency shift of about
75 kHz, the tuner which is further away from the beam axis
has a frequency shift of 25 kHz, so that the total possible
shift is about 100 kHz (see Fig. 5). Figure 6 shows the
frequency change against the mechanical deflection of the
tuner. The total deflection of 1 mm is achieved by pulling
the bellows tuners 0.5 mm in one direction and pushing
0.5 mm them into the other. This range of frequency
change is therefore large enough to compensate for possible
fluctuations within the resonant frequency that may occur
due to mechanical or thermal influences.
In addition to the influence on the resonance frequency
of the cavity, the force required to steer the bellow tuners
out is of interest. The so-called Von-Mises-Stress is
connected to this deflection force. This indicates how
much internal tension a material can withstand before
it gives way and tears. Since the different tuner designs
in Fig. 4 also have different lamella geometries, the
forces on the tuners are different. Figures 7 and 8 show
these differences graphically. The material used in this
accelerator is niobium. The critical limit for the Von-MisesStress of niobium is temperature dependent. In the cold
state this critical limit is 0.49 GPa (black line in Fig. 8) [6].

To improve the functionality of the built-in bellow tuners,
three different designs are currently being tested. The
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Figure 5: Frequency deviation at maximum excursion of
1 mm for tuner 1 (further away from the beam axis), tuner 2
(closer to the beam axis) and both tuners.
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Figure 8: Von-Mises-Stress within the tuner versus deflection.
after further investigations, especially with regard to
secondary electron emission and multipacting. In addition,
initial models and simulations concerning CH3 to CH11
have already been carried out and compared with the
existing beam dynamics. The slit stresses and geometries
previously assumed were confirmed. In the next steps,
the design for CH3 is completed so that it is ready
for construction. Then the designs for CH4 and CH5
will also be completed so that Cryomodule 2 can be realized.
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Figure 6: Frequency change versus deflection of the tuner
for all simulated designs and tuners.
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SUMMARY OUTLOOK
It was shown that changes and optimizations were
made to the already existing cavity design of CH1 and
CH2. There are currently three different tuner designs,
among which a final design has to be selected or created
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ELECTROMAGNETIC DESIGN OF THE PROTOTYPE SPOKE CAVITY
FOR THE JAEA-ADS LINAC
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Abstract
The Japan Atomic Energy Agency (JAEA) is proposing
an accelerator-driven subcritical system (ADS) as a future
project to transmute long-lived nuclides to short-lived or
stable ones. In the JAEA-ADS, a high-power proton beam
of 30 MW with a final beam energy of 1.5 GeV is required
with a high reliability. Furthermore, the accelerator needs
to be operated in a continuous wave mode in order to be
compatible with the reactor operation. As the first step toward the detailed design of the JAEA-ADS linac, we are
planning to demonstrate a high-field measurement by prototyping a low-beta single spoke resonator (SSR1). We performed the electromagnetic design, and confirmed that the
cavity performances of the SSR1 model with and without
dimensional constraint.

INTRODUCTION
The Japan Atomic Energy Agency (JAEA) is proposing
an accelerator-driven subcritical system (ADS) as a future
project to transmute long-lived nuclides to short-lived or
stable ones. In the JAEA-ADS, a high-power proton beam
of 30 MW with a final beam energy of 1.5 GeV is required
with a high reliability. Furthermore, the accelerator needs
to be operated in a continuous wave (CW) mode in order
to be compatible with the reactor operation. Since a normal conducting (NC) structure raises a difficulty in cavity
cooling under the CW operation, a superconducting (SC)
linac would be a suitable solution. In the proposed linac, the
high-intensity proton beam is accelerated by an NC radiofrequency quadruple (RFQ) and low-beta SC cavities such
as a half-wave resonator (HWR) and a single spoke resonator (SSR), and finally accelerated to the designed beam
energy of 1.5 GeV by elliptical cavities. Figure 1 shows
the layout of the accelerating structure of the JAEA-ADS
linac. Although the cavity’s beta and transition energy of
each cavity type are currently under review, this accelerating structure is similar to that proposed in [1].

Figure 1: Accelerating structure of the JAEA-ADS linac.
∗
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As the first step toward the detailed design of the JAEAADS linac [2–4], we are planning to demonstrate a highfield measurement by prototyping a low-beta single spoke
resonator (SSR1) which operating frequency is 324 MHz.
This study will provide us various insights about developing
a SC λ/2 structure of which we have almost no experience.
Moreover, it will also enable us to acquire valuable information such as how much accelerating gradient is achievable
with required stability. In this paper, preliminary result of
the electromagnetic design of the prototype spoke cavity is
presented.

CAVITY BETA OF PROTOTYPE SSR1
We set the geometrical beta: βg of the prototype SSR1 to
0.188, since the transit time factor stay high in the energy
region where the SSR1 is supposed to be used. Assuming a
sinusoidal field distribution along the beam axis (the origin:
z = 0 means the center of 2-cell π-mode cavity),
(
)
2π
Ez (z) = sin
z
(1)
βg λ
where λ is the resonant wavelength, the transit time factor
can be expressed by the following formula.
∫
Ez (z) sin(2πz/βλ) dz
∫
(2)
T(β) =
|Ez (z)|dz
( (
( (
)π)
)π)
βg
βg
sin
2
−
1
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2
+
1
©
β
2
β
2 ª
π
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−
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)
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As shown by the blue dot in Fig. 2, the transit time factor with βg = 0.188 have its maximum value of 0.818

Figure 2: Transit time factor of 2-cell π-mode structure with
βg = 0.188.
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at β = 0.224. We call this beta as optimal beta: βopt
(Tmax = T(βopt ) = T(0.224) = 0.818).
We fixed the interval of two accelerating gaps of the prototype SSR1 to βg λ/2 = 87.0 mm. This is invariable even
in the optimization of cavity dimension such as the gap
length.

PROTOTYPE SSR1
We had to impose a dimensional constraint to the prototype SSR1 so that the cavity can be put in the existing cryostat for high-field measurement. We restricted the diameter of the outer conductor (the cavity height) no larger than
380 mm. Therefore, the cavity length was increased to adjust the cavity frequency to the operating one of 324 MHz,
whereas the cavity height is optimized for the frequency adjustment in case of general λ/2 cavities. This constraint
made the cavity longitudinally large. Consequently, the
shunt impedance per length of the cavity was decreased.
We performed the electromagnetic design of the prototype SSR1 with the dimensional constraint. The design
model was simulated by using CST Microwave Studio. Figure 3 shows the design model of the prototype SSR1. One
can see from Fig. 3 that the length of the end drift-tube (reentrant nose) is so long in contradistinction to that of the
accelerating gap.
128

380

87

Figure 4: Accelerating field along the beam axis obtained
by the simulation. The field strength is normalized to have
the cavity’s stored energy of 1 Joule.

• higher geometrical factor: G = Q0 Rs , where Q0 and
Rs are unloaded Q factor and surface resistance, respectively.
2 /ωW, where ω and W
• higher R over Q: R/Q = Vacc
are angular frequency and stored energy, respectively.
• lower peak electric field ratio: E pk /Eacc .
• lower peak magnetic field ratio: Bpk /Eacc .
The surface electric and magnetic field of the simulated prototype SSR1 is shown in Fig. 5. The electric peak field is
located in the re-entrant nose tip. On the other hand, the
magnetic peak field is located around the taper part of the
spoke electrode.

200
56

488

Figure 3: Design model of the prototype SSR1. The cavity
dimensions are described by millimetric unit.
We defined the accelerating voltage: Vacc with particle
(proton) velocity of β = βopt = 0.224. Therefore, Vacc is
expressed as
(
)
∫
2π
Vacc = V0T(βopt ) = Ez (z) sin
z dz
(4)
βopt λ

∫
where V0 is an axial RF voltage: V0 ≡ |Ez (z)|dz. In Fig. 4,
the distribution of Ez (z) and Ez (z) × sin(2πz/βopt λ) are
shown by black and red line, respectively. As for the accelerating gradient, we defined Eacc by dividing the accelerating voltage by the effective length: Leff = 2 × (βopt λ/2) =
207.3 mm as Eacc = Vacc /Leff [5].
The design model of was optimized for better cavity performance as follows:
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Figure 5: Surface electric (left) and magnetic (right) field
of the designed prototype SSR1.
The dimensional parameters of the cavity were optimized
by following the standard procedure [6]. Representative examples of the dimensional optimization of the prototype
SSR1 are shown in Fig. 6. The figures of merit of the opTable 1: Performance Parameters of the Prototype SSR1
Figures of merit
G
R/Q
E pk /Eacc
Bpk /Eacc

Unit
95
261
4.23
4.67

Ohm
Ohm
mT/(MV/m)
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Figure 6: Representative examples of the dimensional optimization of the prototype SSR1. Left: Gap length. Center:
Spoke bottom radius (radius of the inner conductor base). Right: End-DT bottom radius (radius of the end drift-tube
base).
timized prototype SSR1 are listed in Table 1. These are
not very different from that of a modern spoke cavity [7–9].
The notable characteristic is comparatively small Bpk /Eacc
ratio. The reason could be considered that the increased
volume, where the magnetic field distribute, decreased the
peak magnetic field under the same stored energy.

SSR1 WITHOUT CONSTRAINT
To investigate the cavity performance parameters, we designed the SSR1 which does not have dimentional constraint we put to the prototype SSR1. The designed SSR1
with fixed cavity length of 300 mm is shown in Fig. 7. Figure 8 shows the surface electric and magnetic field of the
simulated SSR1 without constraint. The locations of the
160

510

Figure 8: Surface electric (left) and magnetic (right) field
of the designed SSR1 without constraint.

peak fields are same as the case of the prototype SSR1. The
figures of merit of the optimized SSR1without constraint
are listed in Table 2. Comparing the figures of merits listed
in Table 1 and 2, we could confirm that the cavity performance of the prototype SSR1 is not so degraded from that
of the SSR1 without constraint.

87

200
56

Table 2: Performance Parameters of the SSR1 without Constraint
Figures of merit

300

G
R/Q
E pk /Eacc
Bpk /Eacc

Unit
90
235
3.81
6.22

Ohm
Ohm
mT/(MV/m)

Figure 7: Design model of the SSR1 without constraint.
The cavity dimensions are described by millimetric unit.
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SUMMARY
We performed the electromagnetic design of the SSR1.
To put the cavity in the existing cryostat for high-field measurement, we had to impose a dimensional constraint to the
prototype SSR1. By comparing the figures of merit of the
designed prototype SSR1 with that of the designed SSR1
without constraint, we found that these cavity performances
are comparable. We continue to proceed further investigation for the prototype SSR1 and prepare for its manufacturing.
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CAVITIES AT IHEP
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Z. Q. Li, F. B. Meng, P. Zhang,
Institute of High Energy Physics, Beijing 100049, China
Abstract
Higher order modes (HOMs) may affect beam stability
and refrigeration requirements of superconducting cavity
such as the 166.6 MHz superconducting(SC) cavity, which
is studied at IHEP. Under certain conditions beam-induced
HOMs can accumulate sufficient energy to destabilize the
beam or quench the SC cavities. In order to limit these effects, we considers the use of coaxial HOM couplers on the
cut-off tubes of the SC cavity. However, HOMs cannot be
effectively extracted by HOM couplers. Therefore, it is necessary to design a HOMs extraction structure to introduce the
dangerous modes from the cavity into the bundle tube, which
are designed to couple to potentially dangerous modes while
sufficiently rejecting the fundamental mode. The HOMs
extraction structure consists of an enlarged tubes, a coaxial
structure, and the petal. The extraction of the dangerous
modes and the suppression of the fundamental mode are
realized by the petal structure and the coaxial structure. In
order to verify the designs, a rapid prototype for the favored
structure was fabricated and characterized on a low-power
test-stand.

INTRODUCTION
High Energy Photon Source (HEPS) is a 6 GeV diffractionlimited synchrotron light source with a beam current of
200 mA. The fundamental RF frequency for the storage ring
has been chosen to be 166.6 MHz in order to accommodate
novel injection schemes as well as to compromise between
the state-of-art kicker and RF technologies [1].
Higher Order Modes (HOMs) are components of the wakefield and can be excited by electron beam traversing an accelerating cavity. These modes may affect the beam stability
as well as causing additional refrigeration load to the SC
cavities if left uncheck. This is especially critical for highcurrent accelerators where impedance growth has to be well
managed. Therefore, it is necessary to design a structure
to suppress the establishment of HOMs field in the cavity.
The main goal of the HOMs damping structure is to pick the
HOMs out of the cavity, and it is necessary to suppress the
fundamental mode to avoid energy waste and serious heat
leakage problems.
First consider the mounting position of the HOM coupler:
on the cavity or on the beam tube. The placement of the
HOM coupler on the cavity makes it easier to extract HOMs,
but it will cause great disturbance to the fundamental mode
and the serious heat leak problem; The placement of HOM
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coupler on the beam tube can greatly reduce the disturbance
to the electromagnetic field of the fundamental mode, but
also weaken the effect on the HOMs.
In the pre-research stage of the project, the design of the
166.6 MHz resonant cavity has been completed [2]. In order
to take advantage of existing prototype cavities, the design
of the HOM coupler adopts the way of placing it on the beam
tube. In the scheme of placing HOM couplers on the beam
tube, in order to solve the problem of HOMs disturbance, it
is necessary to design a HOM extraction structure to extract
the HOMs from the cavity to the beam tube.
Therefore, a complete HOMs attenuation system requires
three parts: HOMs extraction structure, HOM coupler, and
an enlarge beam tube structure. The design of the system has
been demonstrated in detail in paper [3]. The paper mainly
starts from the HOM extraction structure, firstly analyzes the
design of the extraction structure in detail, and then verifies
the designed HOM extraction structure through experimental
tests.

HIGHER-ORDER MODES DISTRIBUTION
The 166.6 MHz cavity has been designed and verified
by experiments [2]. The design of the HOMs extraction
structure is developed on the 166.6 MHz resonator cavity
which has been verified in the vertical and horizontal test.
The HOM spectrum, essential for the design of a suitable
HOM coupler, has already been simulated an test. Fig. 1 is
an experimental test 166.6 MHz cavity scene. In the test, the
coupler port acts as the stimulus and the pick up port acts
as the receiver and the length of the antenna is 100 mm. At
the same time, the 166.6 MHz cavity was simulated by CST
microwave studio [4].

Figure 1: 166.6 MHz PoP cavity test.
Through the test and simulation, the transmission curve,
S21, corresponding to the resonant cavity within 1 GHz is
obtained, as shown in Fig. 2. In the figure, the red solid line is
the simulation result, the black dotted line is the experimental
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test data, and the blue dotted line is the 800 MHz boundary
line. It can be seen from the figure that the simulation results
are consistent with the spectral distribution in the test results.

Figure 2: S21 for 166.6 MHz PoP cavity.
By analyzing the cavity transmission curve S21, the fundamental mode and the HOMs spectrum distribution can be
clearly known, and the consistency between the test model
and the simulation model can be confirmed. And each HOM
electromagnetic field distribution has been analyzed and the
impedance threshold corresponding to each HOM is given in
paper [3]. Each resonant mode and impedance threshold are
in the Table 1. Where M1 is the working mode, M stands for
monopole, D stands for dipole. The 166.6 MHz cavity will
be superconducting, with 𝑄0 > 109 . In HOMs attenuation
system, the loss of the fundamental mode at the port is lower
than the loss of the inner wall of the SC cavity. This requires
𝑄𝑒𝑥𝑡 to be greater than 109 .

radius of the tube needs to be 260 mm which will bring
serious static heat leakage [6]. Considering the leakage
heat of the beam tube and the HOMs extraction design, an
enlarged beam tube with a diameter of 300 mm is used to
extract the HOMs which higher than its cut-off frequency.
And the HOMs which below the cut-off frequency of the
enlarged beam are taken up by other means.
Secondly, the HOMs is extracted by inserting a coaxial
structure on the enlarged beam tube as shown in paper [6].
The HOM coupler is taken out by the coaxial structure: under
the condition that the HOMs are taken out, the fundamental
mode is severely extracted; the inner conductor of the coaxial
extends into the beam tube too long, which seriously affects
the beam stability.
Finally, the petal structure is used as the high-order modes
extraction structure. As shown in Fig. 3, a coaxial structure
is attached to the petals, and the other two petal structures are
welded directly to the inner wall of the enlarged beam tube
which reduced the number of HOM couplers while meeting
RF requirements. And the result is shown in Table 2: Only
a HOM coupler is needed to complete the design goal.

Figure 3: The petal(3) HOM coupler.

Table 1: RF Result for the 166.6 MHz Cavity
Mode
M1
M2
M3
M4
Mode
D1x
D1y
D2x
D2y
D3x
D3y

Freq. [MHz]R/Q [Ω]
166.6
136
464.5
71.8
700.3
49.1
920.8
8.4
Freq.[MHz] R/Q [Ω/𝑚]
433.3
363
434.4
416
645.3
450
647.1
470
873.9
511
874.4
534

𝑍||𝑡ℎ [Ω]

𝑡ℎ
𝑄𝑒𝑥𝑡
1.0𝐸 +09
8.5𝐸 +04 1.3𝐸 +03
5.6𝐸 +04 1.5𝐸 +03
4.3𝐸 +04 1.1𝐸 +04
𝑡ℎ [Ω/𝑚] 𝑄𝑡ℎ
𝑍𝑥,𝑦
𝑒𝑥𝑡
5.3𝐸 +05 2.9𝐸 +03
3.0𝐸 +05 1.4𝐸 +03
5.3𝐸 +05 2.4𝐸 +03
3.0𝐸 +05 1.3𝐸 +03
5.3𝐸 +05 2.1𝐸 +03
3.0𝐸 +05 1.1𝐸 +03

For HOMs distribution and impedance threshold requirements, there is a detailed analysis in paper [3], this paper will
be directly used as a design indicator for designing HOMs
extraction systems.

HOMS EXTRACTION STRUCTURE
The design of the HOMs extraction structure aims to: provide minimal transmission at the operating mode frequency
while good transmission at the HOM frequencies. [5]
At first, considering an enlarged tube: the tube itself is
a high-pass filter. As long as the tube can extract M2 and
D1, the structure can extract all other HOMs. However, the
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Table 2: RF Result for the 166.6MHz Cavity with PEtal(3)
HOM Coupler
Mode
M1
M2
M3
M4
Mode
D1.1
D1.2
D2.1
D2.2
D3.1
D3.2

Freq. [MHz]
166.8
463.5
698.6
921.7
Freq.[MHz]
431.9
432.9
642.3
647.3
867.3
869.9

R/Q [Ω]
136
88
33.5
4.5
R/Q [Ω/𝑚]
210
449
525
307
142
124

𝑄𝑒𝑥𝑡
2.6E+05
1052
892
446
𝑄𝑒𝑥𝑡
786
806
456
153
284
232

And the result are shown in Fig. 4 and Fig. 5. In the Fig. 4,
the red ball is the result of the enlarged tube structure and
the black ball stand for the patal structure. The harmful
high-order modes are successfully extracted.

HOMS TEST
In order to better use the existing 166.6 MHz cavity platform, in the processing of the HOM extraction structure,
Cavities - Design
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Figure 6: Port selection.
Figure 4: The impedance threshold of the monopole mode.

Figure 7: The excitation port test for the petal structure.
Figure 5: The impedance threshold of the dipole mode.
some parameters are appropriately changed for experimental
application.
The HOMs characteristics were measured using a network
analyzer. By setting the main coupler port as the excitation
port and the HOM port as the receiving port, the transmission curve S21 and the coupler ports 𝑄𝑒𝑥𝑡 and 𝑄𝑙𝑜𝑎𝑑 are
measured.

Port Selection
When the HOM coupler acts as a receiving port, it may
cause some HOMs to be ignored due to the HOM coupler
suppression. Therefore, the modes distribution can be analyzed by comparing the pick up port as an accepting port,
which is shown in Fig. 6.
As shown in Fig. 7, the main coupler is the excitation
port, the pick-up and the HOM coupler are the receiving
ports. The resonance mode is analyzed by comparing the
S21 and S31 transmission curves. Among them, S21 is the
transmission curve of the pick-up port as the receiving port;
S31 is the transmission curve of the HOM coupler as the
receiving port.
In Fig. 7, the red line stand for S31 and the black line
stand for S21. Comparing the two transmission curves, the
signal that the pick up port can receive is also acceptable at
Cavities - Design
non-elliptical

the HOM coupler port. And analysis of the S31 transmission curve shows that due to the introduction of the HOM
coupler, the new resonance modes are generated. Therefore,
in HOMs testing, the HOM coupler port can be used as the
accepting port.

The HOM Coupler Test
In the HOMs test, a ferrite material is added to the inner
wall of the enlarged tube to absorb the HOMs which transmitted through the enlarged tube. And the other port of the
enlarged beam tube is blinded by a blind flange.

Figure 8: The petal structure test.
As shown in Fig 8, the upper part is a schematic diagram
of the test model and the location of the damper structure is
indicated; the figure below shows the test site. The verificaTUP008
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Table 3: Damper
Mode

𝑓 𝑟𝑒𝑞.[𝑀𝐻𝑧]

M1
M2
M3
M4
D1
D2
D3

166.7
464.0
698.6
920.7
433.1
644.3
866.1

Sim.
8.73E+05
3.70E+03
1.00E+04
4.81E+03
1.20E+03
2.63E+03
1.95E+03

𝑄𝑒𝑥𝑡

tion of the HOM coupler can be carried out by comparing
the results of simulation and test.

Figure 9: S21 for HOM coupler.

First of all, verify the performance of the HOM coupler by
analyzing the S21 transmission characteristics, as shown in
Fig. 9. Among them, the red solid line is the test result, and
the black dotted line is the simulation result. M stands for
monopole, D stands for dipole, and Q stands for quadrupole.
Analysis of Fig. 9 shows that the resonant frequency and the
suppression depth of the test and simulation are basically the
same. However, there is an error in the suppression depth of
HOM, M4.
And then, the measurements of HOMs peak frequencies
and Q were performed at room temperature. And three
methods were used to measure 𝑄𝑒𝑥𝑡 : the impedance method,
reflection method and transmission method [7]. In order to
reduce the disturbance of the electromagnetic field in the
cavity by the antenna, the coupling coefficient is between
0.1 and 0.2 by adjusting the length of the antenna.
The measured results of 𝑄𝑒𝑥𝑡 using three methods are
shown in Table 3. Comparative analysis test and simulation
results: within 1 GHz, the center frequency of the resonant
mode is basically the same; except for the D1 mode, the
𝑄𝑒𝑥𝑡 and 𝑄𝑙𝑜𝑎𝑑 errors of other resonant modes are within
the allowable range.
TUP008
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Test
7.38E+05
5.31E+03
3.10E+04
1.10E+04
4.11E+03
7.57E+03
2.66E+03

Sim.
1.21E+04
3.17E+03
2.26e+03
1.14E+03
1.14E+03
4.63E+02
1.13E+03

𝑄𝑙𝑜𝑎𝑑

Test
1.04E+04
4.14E+03
3.49e+03
2.64E+03
3.46E+03
5.00E+02
1.89E+03

SUMMARY
In the paper, for the 166.6 MHz cavity, different HOM
extraction structure models are compared, and the optimized
structure is designed. Then the processing of the HOM extraction structure is completed and experimentally verified.
In the process of processing the structure, in order to fully
use the 166.6 MHz cavity platform, some parameters need to
be properly corrected. In the experiment, the test port is used
to select the excitation port and the receiving port required
in the experiment; then, the test results and the simulation
results are compared and analyzed to verify the reliability of
the design structure; Finally, the absorbing efficiency of the
damper structure was verified by experiments. The consistency of experiment and simulation means the feasibility of
designing the extraction structure. And there is still a lot of
room for improvement based on the verified structure, such
as 340 mm for large beam tube radius and so on.
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MECHANICAL DESIGN AND HORIZONTAL TESTS OF A DRESSED
166.6 MHz QUARTER-WAVE β = 1 SRF CAVITY SYSTEM∗
X.Y. Zhang† , P. Zhang, Z.Q. Li, Q.Y. Wang, H.Y. Lin, Q. Ma, Z.H. Mi, X.R. Hao, D.B. Li,
Institute of High Energy Physics (IHEP), Beijing, China
Abstract
A 166.6 MHz quarter-wave β = 1 superconducting proofof-principle cavity has been designed and recently been
dressed with a helium jacket, fundamental power coupler and
tuner. The cavity was subsequently installed in a modified
cryomodule and tested in a horizontal manner at both 4.2K
and 2K. The helium jacket was successfully developed with
a focus on minimizing frequency shift due to helium pressure
fluctuation while retaining a reasonable tuning range. The
Lorentz force detuning (LFD) and microphonics were also
optimized during the design. The df/dp and LFD coefficient
were measured to be −3.1 Hz/mbar and −0.76 Hz/(MV/m)2 .
These are in good agreement with simulations. Future work
is mainly to reduce the stiffness of the cavity and further
suppress the vibration mode of the inner conductor.

INTRODUCTION
The High Energy Photon Source (HEPS) is 6 GeV, 1.3km
storage ring light source with ultralow-emittance to be built
in the northeast suburb of Beijing [1]. As the R&D project
for HEPS, the HEPS test facility (HEPS-TF) has started
in 2016 to develop key technologies including the 166.6
MHz superconducting cavity for the storage ring. A proofof-principle 166.6MHz quarter-wave β=1 cavity has been
designed, fabricated, post-processed and vertical tested in
2017 [2,3]. In this paper, we will report on the helium vessel
design and the horizontal test results obtained at IHEP in
a modified cryomodule. At the same time, the analysis of
the simulation and measurement results will also be given,
which will provide an important reference for the design of
the real cavity in the future.

of the design include the LBP blend of the cavity (R), the
wall thickness of the LHe vessel end plate (Tep), the wall
thickness of the LHe vessel cylinder (Tcy), and the blend of
the LHe vessel end cover (a, b).

Figure 1: The cross section of the dressed cavity.
The optimization results show that the larger R helps
to reduce the pressure sensitivity, and has little effect on
the tuning range and Lorentz coefficient. The optimization
curves are shown in the Fig. 2. Since the increased R will
cause Epeak to rise, R is chosen to be 20 mm.

DESIGN OF THE DRESSED CAVITY
After the vertical test of the superconducting cavity was
successful, the liquid helium (LHe) vessel used for the horizontal test was designed and optimized. Sufficient stiffness,
stability and tuning ability are the indicators that need to
be considered in the mechanical design of the LHe vessel.
However, too much stiffness may result in reduced tuning capability. This will be the biggest challenge of the mechanical
design. The model of the LHe vessel is built by SolidWorks
CAD [4], and the mechanical simulation is implemented by
ANSYS codes [5]. The structure diagram of the LHe vessel
is shown in Fig. 1. The biggest advantage of the LHe vessel
is that there is no bellows, and the pressure sensitivity can be
close to the ideal value of 0 Hz/mbar. The main parameters
∗
†
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Figure 2: The optimization results of R.
Since the df/dp is a positive value, it can be continuously
reduced and approached to the ideal 0 Hz/mbar by increasing
the blend of the LHe vessel end cover (a, b). The simulation
results are shown in the Fig. 3. The optimized pressure
sensitivity was reduced to 0.69 Hz/mbar, the tuning range
was slightly decreased, and the peak stress and the Lorentz
coefficient are almost unchanged.
In order to decrease the weight of the LHe vessel, the wall
thickness Tcy is reduced from 5 mm to 4 mm. Simulation
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FABRICATION
3D view of the dressed PoP cavity is shown in Fig. 5. The
end plate of the LHe vessel is selected as a square titanium
plate, which provides great convenience for processing and
installation positioning. The inlet port of liquid helium is located below of the vessel, and the chimney is located above,
opposite to each other. The angle of inclination of the coupler with the vertical direction is 20◦ , in order to match the
interface of the cryomodule and minimize the contamination
of the cavity during coupler installation.

Figure 3: The optimization results of a and b.
results show that the impact on mechanical properties is
small. Increasing the wall thickness Tep of the LHe vessel
end plate can greatly reduce the pressure sensitivity, improve
the rigidity, and have little influence on the peak stress, the
tuning range and the Lorentz coefficient. The optimization
curves are shown in the Fig. 4. Finally Tep was chosen to
be 20 mm.
Figure 5: 3D schematic of the dressed PoP cavity.

Figure 4: The optimization results of Tep.
The mechanical properties after optimization of the LHe
vessel are summarized in Table 1. After adding the LHe
vessel, the pressure sensitivity is greatly reduced and close
to 0 Hz/mbar, the Lorentz coefficient and the peak stress are
improved, but the tuning ability is lowered.
Table 1: The Mechanical Properties of Dressed Cavity
Parameter

Unit

Cavity Dressed
cavity

df/dp
peak stress
Lorentz coefficient
tuning rang

Hz/mbar
MPa
Hz/(MV/m)2
kHz

359.4
46.9
-5.2
100

Cavities - Design
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-0.88
29.7
-0.57
37

The material of the LHe vessl is titanium. The ratio of
thermal contraction of Titanium (0.134 %) is almost same
as Niobium (0.129 %). Therefore, the cavity will not be applied with too much mechanical stress from the LHe during
the cool down and warm up process. In addition, titanium
is a non-ferromagnetic metal that does not affect the test
performance of the superconducting cavity. Titanium also
has high strength, so the flange material of the inlet and
outlet of helium is titanium. Magnetic shield is between the
LHe vessel and the PoP cavity and is made of permalloy to
shield the magnetic field around the cavity. The LHe vessel
is machined and welded to the vertically test cavity. The
fabricated LHe vessel with cavity is shown in Fig. 6.

HORIZONTAL TEST
The dressed cavity has been post-processed, assembled
with the coupler and tuner into a superconducting cavity
component, and then integrated with the modified cryomodule. The pictures of the cavity in modified cryomodule is
shown in Fig. 7.
For horizontal test, the quality factor (Q0 ) versus transverse voltage (Vc ) was measured at 4 K and 2 K. The results
were shown in Fig. 8. The cavity Q0 at designed transverse
voltage (when Vc =1.2 MV) was tested to be 7.6×108 at 4
K and 8.4×108 at 2 K, exceed the designed goal (5×108 at
4 K). The maximum transverse voltage of HT reached 1.6
MV, and its increase was limited by cavity quench. After
preliminary analysis, the quench was caused by insufficient
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Frequency Control During Cool Down
When the cryomodule is cool down, the thermal gradient
∆T of the cavity spatial temperature should be <50 K to avoid
mechanical stress caused by thermal contraction. During
the twice cool down processes, the temperature rise of the
cavity is almost the same, 249 kHz and 247 kHz, as shown in
Fig. 9. The result shows that superconducting acceleration
component composed of the PoP cavity, couplers, tuner, etc.,
have a good consistency in the installation and integration
of the cryomodule.

Figure 6: The fabricated LHe vessel with cavity.

Figure 9: Frequency shift comparison of the cavity at cool
down process.

LFD
Figure 7: The photos of the dressed cavity installed in the
modified cryomodule.

height of the coupler port on the cavity, which would cause
the temperature of the Nb/45Ti flange to rise rapidly. During
the HT, the maximum radiation dose was about 2.7 mSv/h.
The test results demonstrate the performance of the dressed
cavity meets the design specifications of the HEPS.

Figure 8: The HT results of the dressed cavity.

TUP010
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The change in cavity resonant frequency due to Lorentz
force detuning was shown in Fig. 10. The Lorentz coefficient at 4.2 K horizontal test was measured to be K L =-0.76
Hz/(MV/m)2 , consistent with the simulation result K L =-0.57
Hz/(MV/m)2 . The maximum Lorentz force detuning under
operating voltage 1.2 MV is 76 Hz, which is much smaller
than -3dB bandwidth of the cavity, and has little effect on
the stability of the cavity field.

Figure 10: Lorentz force detuning at 4.2 K horizontal test.
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Pressure Sensitivity
The pressure sensitivities measured by cool down and
warm up were -3.1 Hz/mbar and -3.7 Hz/mbar, which is approximately four times the simulation result (-0.88 Hz/mbar).
The results were summarized in Table 2. The error may come
from the constraint that the connection between the support
base of LHe vessel and the cryomodule is weaker than the
fully fixed boundary for the support during simulation. In
addition, the changes of LHe pressure during cool down and
warm up are basically the same, but the frequency shift of
the cavity warm up is about 590 Hz more than cool down.
This phenomenon was observed in both horizontal test, and
may be caused by the different working states of the tuner.
For ±3 mbar LHe pressure fluctuations, the maximum frequency shift is only ±11 Hz, which is much lower than the
frequency detuning when the LHe vessel is not applied. The
test results show that the pressure stability of the LHe vessel
is very good.

tion of microphone is greatly affected by the model mass
distribution and boundary conditions, the error of the two
measurement spectra may come from the pipeline modification in the cryomodule before the second horizontal test.
The higher the relative amplitude of the curve in the figure,
the stronger the coupling of the cavity to the external source
at the corresponding frequency.

Table 2: The Pressure Sensitivity of the Cavity at HT
Simulation Test result
(Hz/mbar) (Hz/mbar)
-3.1
-0.88
-3.7

Remark
cool down
(2K→4K)
warm up
(4K→2K)

Tuning
During the horizontal test, the tuner worked smoothly and
successfully adjusted the resonant frequency of the cavity to
166.6 MHz. Fig. 11 is the module of tuner. According to
the pressure sensor and frequency test results, the stiffness of
the cavity was calculated to be 10.7 kN/mm. This stiffness
is a bit large and needs further improvement in the future.

Figure 12: Microphone spectrum measured at horizontal
tests.
In both tests, the most coupled mode was the inner conductor swing mode. Fig. 13 shows the measurement results
in November 2018. The relative amplitude of the vibration
mode at 158 Hz is about -10.42 dB, and the vibration frequency is very close to the simulated 164.85 Hz. How to
suppress the vibration mode of the single-swing motion of
the inner conductor is the direction of our future research.
Since the QWR cavity is placed horizontally during operation, the suppression method for this mode requires further
study.

CONCLUSION

Figure 11: The schematic of tuner.

The helium vessel of the 166.6 MHz quarter-wave β = 1
PoP cavity was successfully designed and manufactured.
Low pressure sensitivity of -0.88 Hz/mbar was achieved.
The cavity was later assembled with power coupler and tuner
and finally installed in a modified cryomodule to complete
the horizontal test at 4K and 2K. The test results show that
the cavity meets the design requirements for HEPS. The mechanical properties of the cavity were also measured in the
horizontal test and the results agreed well with simulations.
These serve as a good reference for the real cavity development. Future work is to improve the tuning performance and
to suppress the vibration mode of the inner conductor.

Microphonics
The spectrum of the microphones was observed in two
horizontal tests, as shown in Fig. 12. Since the simula-
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Figure 13: Comparison of simulation (down) and tested (up)
vibration mode.
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QWR085 DESIGN FOR BISOL POST ACCELERATOR SCL2*
Meng Chen, Shengwen Quan†, Feng Zhu‡, Kexin Liu, Jiankui Hao, Shu Chen, Anqi Cheng,
Yunqi Liu, Dongming Ouyang, Peking University, 100871 Beijing, China,
Zhaohua Peng, China Institute of Atomic Energy (CIAE), 102413 Beijing, China
Abstract

Table 1: RF Parameters of BISOL QWR085

BISOL (Beijing Isotope-Separation-On-Line NeutronRich Beam Facility) is a new generation radioactive ion
beam(RIB) facility. It consists a CARR nuclear reactor, a
high intensity deuteron accelerator and a post accelerator.
QWR085 cavity is supposed to be used in SCL2 of post
accelerator. This paper mainly talks about the electromagnetic design, mechanical design and vibration damper design of QWR085.

INTRODUCTION
BISOL[1] post accelerator is a secondary beam accelerator, to accelerate radioactive beams from CARR nuclear
reactor or high intensity deuteron accelerator facility. It
will contain LEBT, RFQ, four superconducting accelerating sections, a 180° bending section, a charge stripping
section and some matching sections, to boost RIBs from
3 keV/u to 150 MeV/u. For the SCL2 section, 96 quarter
wave resonators with frequency of 81.25 MHz and
β=0.085 will be used to accelerate ions from 1.8 MeV/u to
18 MeV/u.

RF DESIGN
Tapered shape inner conductor and cylinder shape outer
conductor are adopted for the QWR085 design to enhance
its RF performance. Cavity optimization is done with CST
Microwave Studio [2] to minimize Epk/Eacc, Bpk/Eacc and increase G and Rsh/Q. The final parameters have been presented in Table 1, and the RF field distributions have been
shown in Fig. 1.

Figure 1: Electric field (left) and magnetic field (right) of
BISOL QWR085.
___________________________________________
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Parameter

Value

Frequency

81.25

βopt

0.085

Unit
MHz

Epk/Eacc

5.6

Bpk/Eacc

9.5

mT/(MV/m)2

G

22

Ω

Rsh/Q

614

Ω

MECHANICAL DESIGN
To ease the difficulty of post processing like HPR and
BCP, a demountable bottom flange and tuning plate design
of BISOL QWR085 is adopted. The mechanical design
used FRIB QWR085 as reference [3]. The tuning plate is
made of niobium with a thickness of 1.2 mm, it is sandwiched by indium seals between the cavity bottom flanges,
as is shown in Fig. 2. The bottom flanges are made of titanium to enhance the mechanical performance of bottom
side of the cavity. Two liquid helium channel are also
added to the bottom flange to ensure effective cooling of
tuning plate.

Figure 2: Bottom flange and tuning plate design scheme.
The multi-physics analysis is done with COMSOL Multiphyics [4]. Results show that it has a tuning sensitivity of
5.7 kHz/mm. To control the cavity frequency within
±20 kHz, the tuning plate need a ±3.5 mm displacement
range, the maximum stress is about 155 MPa at 3.5 mm
displacement.
RF heating simulation was also done to estimate temperature rise of tuning plate at a relative high accelerating gradient. Results show that the highest temperature of tuning
plate may reach to 5.65 K at accelerating gradient of 8.5
MV/m, as shown in Fig. 3.
Simulation of frequency change during cavity cooling
shows that the frequency will rise about 118 kHz at 4.2 K,
as shown in Fig. 4.
Some other mechanical simulation results are listed in
Table 2.
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VIBRATION DAMPER

4.2 K

Microphonics analysis of inner conductor shows that the
vibration frequency of inner conductor is about 67 Hz. To
depress microphonics excited by vibrations from environment and vacuum pumps [5], a mechanical damper is
added inside the inner conduct. Design of the mechanical
damper is presented in Fig. 5. Three figures are used to
contact inner conductor surface and stainless steel cone, so
that the vibrations of inner conductor can be transferred to
the cone, becoming damper’s sliding on the bottom of cylinder base. The optimization of this damper to depress microphonics is under research.
5.65 K

Figure 5: Mechanical damper.

CONCLUSION
Figure 3: Temperature distribution of tuning plate at 0.085
MV/m(top) and 8.5 MV/m(bottom).

This paper mainly presents electromagnetic and mechanical design of BISOL QWR085. We have adopted a
demountable bottom flange and tuning plate design for the
convenience of post processing. Simulation results show
that it has a good RF and mechanical performance. A mechanical damper was added inside the inner conductor to
depress microphonics.
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Figure 4: Frequency change during cavity cooling down.
Table 2: Mechanical Parameters of Naked QWR085
Parameter

Value

Frequency

81.25

MHz

EP/BCP

70

Hz/μm

Cool down

410

Hz/K

df/dp

-13.1

Hz/mbar

LFD

-2.257

Hz/(MV/m)2
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EVALUATION OF A HIGH PERFORMANCE LARGE GRAIN MEDIUM
PURITY SRF CAVITY FROM KEK*
P. Dhakal†, G. Ciovati, and G. R. Myneni, Jefferson Lab, Newport News, VA 23606
Abstract
We present the RF measurement results for a 1.3 GHz
single-cell cavity fabricated at KEK made from large grain
ingot niobium with RRR=107. The cavity reached ~35
MV/m with a Q0 ~ 2.0×1010 at 2.0 K, which is a record
performance for a cavity made from medium purity ingot
niobium. The cavity was cooled down with different temperature gradients along its axis in order to understand the
flux expulsion mechanism when the cavity goes through
the superconducting transition, and to investigate the effect
of trapped magnetic fields on the residual resistance. The
measurements revealed excellent flux expulsion with a flux
trapping sensitivity of 0.29 n/mG for an electro-polished
surface and 0.4 n/mG for the cavity followed by a low
temperature baking at 120 ºC for 24 hours.

INTRODUCTION
Superconducting niobium (Nb) has been the material of
choice for modern particle accelerators to accelerate
charged particles given the lower power dissipation in the
superconducting state compared to normal conductor
counterparts. The performance of SRF cavities is described
by the dependence of its quality factor Q0 on the accelerating gradient or peak magnetic field on the surface of a cavity at the operating temperature, usually 2.0 K. One of the
requirements from the operation point of view is to lower
the power dissipation at the desired accelerating gradient,
the optimal value of which also depends whether the machine is operating in continuous wave or pulsed mode.
Most of the accelerators currently in operation and under
construction are relying on cavities made from high purity
fine grain (ASTM grain size ~ 5-7) Nb. Research and development in the last decade demonstrated that cavities
made from large grain (LG) ingot Nb showed a performance as good as FG counterparts if not better [1].
In the past the push for high purity Nb for SRF cavities
resulted as the requirement for high thermal conductivity
in the Nb in order to provide the thermal stability against
localized defects dissipating higher rf power and driving
the cavity to a premature quench with reduced Q0 [2]. The
LG ingot niobium is considered as an alternative to the
high purity FG Nb owing to its higher thermal conductivity
at ~2.0 K due to an enhanced phonon peak [3], while the
material costs are reduced simultaneously since the production of ingot Nb is much simpler [4]. Recently, cavities
made from medium purity (residual resistivity ratio ~ 100)
ingot Nb achieved accelerating gradients higher than
30 MV/m with Q0 > 1010 at 2.0 K [5,6]. In this paper, we
present the result of rf measurements done for a single-cell
cavity fabricated at KEK (referred to as LG-4 in Ref. [6])
___________________________________________
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applying differing cool down procedures at different residual magnetic fields in order to demonstrate the high performance of the cavity made form medium purity ingot Nb
under various conditions.

EXPERIMENTAL METHOD
The single-cell TESLA-type cavity LG-4 (Bp/Eacc=4.2
mT/(MV/m), f = 1.3 GHz) was fabricated at KEK from Nb
ingot provided by CBMM with RRR ~ 107 and with 1034
ppm Ta content. The details of the fabrication can be found
in Ref. [6]. The cavity was delivered to JLab and standard
procedures were applied to clean the cavity surface in preparation for an rf test: degreasing in ultrapure water with a
detergent and ultrasonic agitation, high pressure rinsing
with ultrapure water, drying in the ISO4/5 cleanroom, assembling flanges with rf feedthroughs and pump out ports
and evacuation.
A pair of Helmholtz coils with ~12” diameter was used
to create a uniform magnetic field at the cavity surface.
Several Cernox temperature sensors were mounted on the
irises and equator of the cavity to measure the cooldown
rate during the cooldown process. To measure the residual
magnetic flux density on the cavity surface during the
cooldown, three Bartington single-axis magnetic sensors
were mounted on the cavity surfaces. Two magnetic sensors were placed on the equator of the cavity, whereas one
sensor was placed on the beam tube to ensure the uniformity of the magnetic flux density before the cooldown.
The magnetic field uniformity within the cavity enclosure
is ~ ±1 mG. The cavity was inserted in a vertical cryostat
and cooled to 4.5 K with liquid helium using the standard
JLab cooldown procedure. The cavity cooldown process is
as follows: (i) the magnetic field was set < 2 mG using the
compensation coil in the Dewar without any current flowing yet in the Helmholtz coils. The cavity was then cooled
down applying the standard procedure to generates ~4 K
temperature difference between the top and bottom iris oc
the cavity equivalent to a temperature gradient of ~0.2
K/cm. (ii) The temperature and magnetic field were recorded until the vertical Dewar was completely filled and a
uniform temperature of ~4.3 K was achieved. (iii) An rf
test was conducted to measure Q0(T) at a low rf field (Bp ~
10 mT) from 4.3-1.5 K using the phase lock system. (iv)
The cavity was warmed up above the superconducting
transition temperature (~9.2 K) and cooled down to 4.3 K
while keeping the temperature gradient between the cavity
irises below 0.1 K. (v) Again, an rf test was carried out to
determine Q0(T) from 4.3-1.5 K using the phase lock system. (vi) The current in the Helmholtz coils was set at a
certain value and steps (ii) – (v) were repeated with three
different values for the magnetic field. Furthermore, the
temperature and magnetic field were measured to extract
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the flux expulsion ratio (BSC/BNC) for different cooldown
conditions as described in Ref. [7].
After the rf measurements were completed for the cavity
in the as-received state, the cavity was subjected to a low
temperature baking (LTB) at 120 ºC for 24 hours in a UHV
environment, and the measurement was repeated with different cooldown procedures and residual magnetic fields in
the Dewar. After this first set of measurements the cavity
was heat treated at 1000 ºC for 3 hours followed by a surface removal of ~40 m by electropolishing (EP). The Q0
vs. Eacc curve was measured again after EP to investigate
the effect of the annealing temperature on the cavity performance.

JACoW Publishing
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during the transition. As shown in Fig. 1 (b) a sharp jump
in the measured flux is observed during the superconducting transition. Experimentally, the ratio BSC/BNC depends
on the Nb material and on the temperature gradient along
the cavity axis during the cool-down. For a larger temperature gradient the value approaches to the ideal value of
BSC/BNV ~ 1.7 for that cavity. Figure 2 shows the flux expulsion ratio as a function of the spatial temperature difference (iris-iris) on a cavity after EP and LBT.

Figure 2: Flux expulsion ratio as a function of spatial temperature difference (iris-to-iris) for the cavity after EP and
LTB. Solid lines are fits with a sigmoidal curve.

Rf Measurements

Figure 1: (a) Complete Meissner effect during cooldown
showing the schematic of a single-cell cavity with fluxgate magnetometers (M1, M2) and Cernox sensors
(T1,…T6) and (b) Temperature and magnetic field during
transition from normal to superconducting state measured
during a cooldown cycle of the cavity.

CAVITY TEST RESULTS
Cool-Down and Flux Expulsion
The ratio of the residual dc magnetic field measured after
(BSC) and before (BNC) the superconducting transition qualitatively explains the effectiveness of the flux expulsion
TUP012
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The following sequence of rf tests was done:
 RF test #1: cavity as received from KEK
 RF test #2: LBT at 120ºC for 24 hours
 RF test #3: multiple cooldowns with different residual magnetic fields in Dewar with non-uniform
and uniform cooldown
 RF test #4: 800ºC heat treatment followed by ~ 40
m EP
 RF test #5: multiple cooldowns with different residual magnetic field in Dewar with non-uniform
and uniform cooldown
 RF test #6: LBT at 120ºC for 24 hours
 RF test #7: 1000ºC heat treatment followed by ~
40 m EP
 RF test #8: LBT at 120ºC for 24 hours
During the rf test #3 and #5, the average surface resistance was obtained from the measurement of Q0(T) at
low rf field (Bp~10 mT) for two different conditions; one
with uniform temperature gradient (T < 0.1 K) and one
with larger gradient (T > 4 K). The measurements were
repeated with different values of applied dc magnetic field
prior to each cooldown. The data were fitted with the following equation:
Rs(T) = RBCS(T, l, /kBTc) + Rres

(1)
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where RBCS is the surface resistance computed numerically
from the MB theory and Rres is the temperature independent residual resistance. The mean free path, l, and the ratio
of the energy gap at 0 K, , divided by the product of the
Boltzmann’s constant, kB, and Tc are considered fit parameters. Tc= 9.2 K, coherence length, 0 = 39 nm, and London
penetration depth, L = 32 nm, were considered as material
constants.
Figure 3 shows Rres vs the residual field in the Dewar
when the cavity transitioned to the superconducting state
at two different conditions, i.e. T < 0.1 K and T > 4.0 K.
The intrinsic residual resistance was measured to be
0.7 ±0.2 n after EP and increased to 3.6 ±0.3 n after
120ºC/24 hours LBT. There is also an increase of the residual resistance measuered due to trapped residual flux by
~40% from 0.29 n/mG to 0.4 n/mG as a result of the
LBT. Details concerning the flux expulsion and trapping
sensitivity measurements were presented in Ref. [8].

JACoW Publishing
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Figure 4 shows Q0(Bp) at 2.0 K of the cavity as-received
from KEK and after the LBT at 120 ºC for 24 hours. The
cavity reached Bp = 130 ±5 mT and was limited by a Qslope in the as- received state, whereas the cavity reached
Bp = 147 ±7 mT corresponding to Eacc = 35 ±1 MV/m with
Q0 = (1.9 ±0.2)×1010 before it quenched.
Note that the cavity was heat treated at 750 ºC at KEK
before it was received at JLab. To further explore the effect
of the high temperature heat treatment, the cavity was heat
treated at 800 ºC for 3 hours followed by ~40 m EP. The
cavity then reached 135 ±5 mT before it quenched. After
120 ºC LTB for 24 hours, the quench field remained unchanged. The summary of rf tests at 2 K is shown in Fig. 5.

Figure 5: Summary of rf test results at 2.0 K.
Subsequently the cavity was heat treated again but at
1000ºC for 3 hours followed by ~40 m EP and 120ºC
LTB for 24 hours. In this case the cavity quench field degraded to Bp = 122 ± 5 mT, which corresponds to Eacc =
29±1 MV/m with Q0(Bp,max) = (2.4 ± 0.2)×1010 after LTB.
Figure 3: Residual resistance as a function of applied dc
magnetic field measured for T<0.1 K and T> 4.0K after
EP and followed by LTB, respectively.

Figure 4: Q0(Bp) at 2.0 K measured of the cavity in the asreceived state and after LTB at 120ºC for 24 hours. The
cavity in the as-received state was limited by a Q-slope,
whereas the cavity was limited by a quench after LTB.
Fundamental R&D - Nb
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Figure 6: Optical photographs on the inner cavity surface
near the equator.
The cavity was optically inspected after the last test and
some features were observed (see Fig. 6), although no conclusion can be made based on the optical images to what
TUP012
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extent the features would degrade the quench field. As
mentioned in ref. [6], the cavity originally had fabrication
defects and it was repaired by applying a grinding technique. It is possible that after a total of ~ 80 µm EP some
defects may reappear causing the cavity to quench.

CONCLUSION
A cavity made from medium purity large grain niobium
reached a record quench field corresponding to an accelerating gradient of 35 MV/m with a quality factor Q0 ~
2×1010 at 2.0 K. The cavity showed an excellent flux expulsion during cooldown, and the flux trapping sensitivity
is 0.29 n/mG after applying EP, which increased to 0.4
n/mG after LTB at 120 ºC for 24 hours. This value is
comparable to that measured for high purity Nb cavities
[8]. The medium purity Nb may be beneficial particularly
for reaching high quality factors since the BCS resistance
is lower compared to the case when using high purity Nb.
The demonstrated performance of the cavity made form
medium purity ingot Nb reaching high Q and high gradient
is of great interest for high energy accelerators such as the
proposed Linear Collider [9], while it allows lower material costs apart from reducing the cryogenic heat load.
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NON-EVAPORABLE GETTER-BASED DIFFERENTIAL PUMPING
SYSTEM FOR SRILAC AT RIBF
H. Imao, K. Yamada, N. Sakamoto, T. Watanabe, Y. Watanabe, O. Kamigaito
RIKEN Nishina Center for Accelerator-based Science, Saitama, Japan
K. Oyamada
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Abstract
Upgrades of the RIKEN heavy-ion linac (RILAC) involving a new superconducting linac (SRILAC) are undergoing
to promote super-heavy element searches at the RIKEN
Radioactive Isotope Beam Factory (RIBF). Stable ultrahigh vacuum (<10−8 Pa) and particulate-free conditions are
strictly necessary for keeping the performance of the superconductive radio frequency (SRF) cavities of the SRILAC. It
is crucially important to develop neighboring warm sections
to prevent contamination from the existing old RILAC and
beamlines built almost four decades ago.
In the present study, non-evaporable getter-based differential pumping systems were newly developed to achieve
the pressure reduction from the existing beamline vacuum
(10−5 –10−6 Pa) to the ultra-high vacuum within very limited length (<80 cm) ensuring the large beam aperture of
more than 40 mm. They are also equipped with compact
electrostatic particle suppressors.

tor operation with beam-destructive diagnostics and fragile
carbon-foil strippers. To install the SRF system into such an
old existing normal conducting (NC) accelerator demands
special cares and an important challenging issue itself.
In the present study, non-evaporable getter (NEG)-based
differential pumping system (DPS) has been developed. The
pair DPSs will be placed upstream and downstream of the
SRILAC, respectively, to mitigate the large difference of the
vacuum and the clean conditions.

INTRODUCTION
Upgrades of the RIKEN heavy-ion linac (RILAC) [1]
involving a new superconducting linac (SRILAC) [2-6] and a
new 28-GHz superconducting electron-cyclotron-resonance
ion source [7] are undergoing. The aim, as a first priority, of
the upgrades is to promote super-heavy element searches [8]
at the RIKEN Radioactive Isotope Beam Factory (RIBF) [9].
The SRILAC consists of three cryomodules (CM1, CM2,
CM3). The CM1 and CM2 have four quarter-wavelength
resonators (QWRs), the superconducting radio frequency
(SRF) accelerator cavities, respectively. The CM3 have two
QWRs. The resonant frequency of the QWRs is 73 MHz optimized for β = 0.078 and the target Q value is 1·109 with an
accelerating gradient of 6.8 MV/m. The three cryomodules,
CM1-3, will be installed into the existing beamline between
the RILAC, remaining 8 drift tube linac (DTL) tanks (#1#6, A1, A2) in the new configuration, and the high energy
transport (HEBT) as shown in Fig. 1.
A stable ultra-high vacuum (UHV) condition (<10−8 Pa)
and an almost particle-free condition are necessary not only
in the SRF cavities but also in the neighboring warm sections
to prevent contaminations of the SRF cavities, which cause
various unwanted problems, e.g., Q-decrease and field emissions, in long-term operations. Unfortunately, the vacuum
pressures of the RILAC and the existing beamlines, built
almost four decades ago, are not so good (10−5 –10−6 Pa).
The wall surfaces at the inside of the ducts and chambers
in the beamlines are dirty due to the long-time accelera-
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Figure 1: The CM1-3 are installed between the RILAC and
the HEBT. The pair DPSs are placed upstream and downstream of the SRILAC. There are two active experimental
lines connected to the HEBT, for GARIS III and RI productions.

DESIGN AND ASSEMBLING
The present system is the three-stage DPS as shown in
Fig. 2. It was designed to achieve the pressure reduction
from the existing beamline vacuum (10−5 –10−6 Pa) to the
ultra-high vacuum less than 10−8 Pa of the SRF cavities
within very limited length only 75 cm ensuring beam aperture more than 40 mm. The properties of pumps we used for
the DPS are summarized in the bottom of Fig. 2. The first
stage is the preparation stage to connect to the NEG-based
vacuum. We use a turbo-molecular pump (HiPace700; Pfeiffer vacuum GmbH) with a dry roughing pump (NeoDry60E;
Kashiyama Industries, Ltd.) and a cryogenic pump (CRYOU6H; ULVAC, Inc.) at the first stage to evacuate most of gas
species including N2 , H2 O, H2 and He with first pumping
speeds. The performance of the pumping at the first stage is
important to extend the reactivation cycle of the NEG pumps
in the subsequent stages.
At the second stage, a high-vacuum NEG pump of ZAO®
alloy (Capacitorr HV1600; SAES Getters S.p.A.) and an
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ion pump (Vaclon Plus 200 (VP200); Agilent Technologies,
Inc.) are equipped. The HV1600, which is the main pump of
the system, have high pumping speed for hydrogen (1400 L/s
in nominal value) and large absorption capabilities suitable
for the working pressure at 10−7 –10−8 Pa. The VP200 is
important to pump out the small fraction of inert gas and
CH4 because the NEG pumps have almost no pumping power
to them.
The latest-released UHV NEG pumps of ZAO® alloy
(Capacitorr Z400; SAES Getters S.p.A.), which can provide
ultra-high vacuum compatible to the SRF cavities [10], are
equipped at the third stage.
Optimizations of the system design were performed with
the Molflow+ which is a Monte-Carlo simulation code developed at CERN [11]. The expected time interval for the
reactivation of the NEG pumps in the present design are
more than 1 year which is sufficient for our operations.
The DPS should have the protection system from unexpected vacuum breaks. There are two active experimental
lines connected to the HEBT, one is the line for radioactiveisotope production, and the other is the line for gasfilled
recoil ion separator (GARIS III), searching for super heavy
elements. Both experiments have potential risk of gas rushing to the vacuum. The DPS have a fast closing gate valve
(Series 75.2; VAT Group AG) responses within 10 ms after
receiving the signal of the pressure rise of distributed three
cold-cathode gauges.
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(TG-3; Simco Company, Inc.) monitoring the emission of
particles by a particle counter (HHPC6+; Beckman Coulter,
Inc.) in the ISO-1 clean room. All pumps, gauges (TPR018
Pirani gauge and IKR070 cold-cathode gauge; Pfeiffer vacuum GmBH) and UHV gate valves (Series 10; VAT Group
AG) are also blown carefully with the ionizing gas gun.

Figure 3: Cleaning and assembling of the DPS in the ISO-1
clean room; blowing of the VP200 with the ionizing gun
(a), blowing of the Z400 (b), assembling the gate valve (c),
vacuum chamber for the NEG pumps (d), assembled DPS
for performance tests (e).
Figure 4 shows the results of particle count tests for Z400s
before and after the reactivation performed in ISO class 6
environment. Particle counts after the activation are significantly reduced.

Figure 2: Design view of the three-stages DPS and basic
properties of pumps we used.
All components (chambers, pumps, valves, vacuum
gauges, etc.) are cleaned and assembled in a clean room
ISO class 1 (Fig. 3). Preliminary surface treatments of the
vacuum chambers are performed in the professional company (SAN AI PLANT Co., Ltd.); alkaline cleaning, acid
cleaning, ultra-pure water cleaning, passivation treatment
and blowing with dry air. We further performed highpressure rinsing with 8-MPa ultra-pure water, vacuum baking
at 120℃ for 24 hours and blowing with an ionizing gas gun
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Figure 4: Particle counts (>0.3 µm) during the blowing with
the ionizing gun for two Z400s before (blue bars) and after
(red bars) the reactivation process.

PERFORMANCE TESTS
We performed the performance tests of the DPS in a clean
room ISO class 6 (Fig. 5). The DPS was pumped out and
baked at 120℃ for five days before the tests. The pressure
reached to approximately 2x10−9 Pa after the baking. After
that, we measured the pressures of three stages in the DPS
when we leaked N2 , H2 , and He from the beamline side.

SRF Technology - Ancillaries
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The flow amount of the leaked gas was controlled with a
variable leak valve. The observed pressures shown in Fig. 5
are in good agreement with the calculated ones with the
Molflow+ for all gas species. We used nominal pumping
speeds for all pumps and degassing from the chamber’s
wall was disregarded in the calculations. We demonstrated
successfully the pressure reduction from 10−5 –10−8 Pa for
N2 and H2 in 75 cm with the beam aperture of more than
40 mm.
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The EPS consists of two electrodes, each of them consists
of 6 stainless steel bars as shown in Fig. 6. We can apply
high voltage up to ±10 kV on both electrodes of the EPS.
The electrodes are optimized with a FEA software Opera 3D
(Dassault Systems GmbH). The trajectory of the beams (e. g.,
51 V13+ beams with the energy of 6.5 MeV/u) and particles
(stainless steel with the diameter of 0.2 µm) when high voltage of ±6 kV are applied on the electrodes were calculated
as shown in Fig. 6. The deflection angle of 51 V13+ beams
due to the electric field is less than 0.5 mrad, which is easily
recoverable in the following steering magnets.

Figure 6: A picture of the electrostatic particle suppressor and calculated trajectory for the stainless steel particles
(ϕ 0.2 µm) with a single charge state and 51 V13+ beams.

Figure 5: A picture of the DPS during the performance tests
(upper) and the measured and calculated pressure distributions in the DPS for N2 , H2 and He leaking (bottom).

ELECTROSTATIC PARTICLE
SUPPRESSOR
A compact electrostatic particle suppressor (EPS) has
been developed to suppress the scattering of particles and
reduce possibilities to transport particles to the SRF cavities.
The EPS will be equipped at the inside of the firststage
chamber of the DPS.

SRF Technology - Ancillaries
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Some particle tests with the EPS in the air and vacuum
were performed with a vacuum particle sensor (Wexx co.,
Ltd). Figure 7 shows the dependence of the particle counts
on the applied voltage after fast venting. The vacuum chamber was vented with air at the outside of the clean room in
the test. The particles (> 0.3 mm) were counted with the
particle counter. The half-life of the flying particles is approximately 1 hour in natural condition. The lifetime of the
flying particles is reduced drastically when we applied +6 kV
on an electrode of the EPS.
Figure 8 shows the particle counts of tungsten particles
artificially generated above the electrodes. A tense tungsten
wire was scraped by using a hand grinder with ceramic drill
bit in the air. The same kind of tests were performed in
vacuum. Figure 9 shows particle counts of ceramic particles
artificially generated by scraping a ceramic block in vacuum.
Particle counts were significantly reduced when we applied
high voltage on the electrodes in both particle tests. The
vacuum in the beamlines become an ionizing environment
due to the energetic heavyion passing during the operation.
We expect the EPS can suppress the particle transport to the
SRF cavities in such an environment.

CLEANING OF BEAMLINE
The wall surfaces in the vacuum ducts, diagnostic chambers and bending magnet chambers in the HEBT are quite
dirty due to the long-time operations. Figure 10 shows the
picture of the inside of the chambers inspected with a fiber
scope. There are many visible dusts as shown in Fig. 10.
The dusts were sampled and analysed by using an electron
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Figure 7: Dependence of particle counts (> 0.3 µm) after the
fast venting on the applied voltage on the EPS. Solid lines
indicate fitted lines using two exponentials.
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Figure 10: Silver particles (stainless steel) found in a bending
magnet chamber. They were removed by wiping (b). Golden
particles (brass) found in a diagnostic chamber (c). They are
also removed by the wiping (d).
bending magnet chambers were difficult to remove the particles effectively by the wiping procedure because of the
complex internal shape. One chamber was renewed and two
chambers were rinsed with pressurized ultra-pure water as
shown in Fig. 11(e)(f).

Figure 8: Particle counts (> 0.3 µm) when a tungsten wire
was scraped by using a hand grinder with a ceramic drill bit
with (right) and without (left) electric field. The collection
efficiency of tungsten particles with the applied voltage of
±7 kV is about 77% in the present test.

Figure 9: The particle counts (> 0.3 µm) when the ceramic
block was scraped above the EPS in vacuum with (right) and
without (left) electric field.
probe micro analyser to know the composition. The results
indicate the main component of silver particles found widely
in the bending magnet chambers and ducts were stainless
steel and golden particles found in diagnostic chambers were
brass.
We cleaned all components in the HEBT by alcohol wiping, air blowing and vacuuming as shown in Fig. 11. Three
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Figure 11: Pictures of cleanings of ducts and chambers
in the HEBT; alcohol wiping (a,b), air blowirng (c), and
vacuuming (d). Two bending magnet chambers were rinsed
with pressurized ultra-pure water (e,f).

SUMMARY
The NEG-based 3-stage DPS with a compact electrostatic
particle suppressor has been developed and the performance
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is tested in offline. We demonstrated successfully pressure
reduction from 10−5 Pa to 10−8 Pa both for N2 and H2 within
the length of 75 cm. After some minor modifications of the
system and final cleanings and assembling, the pair DPS will
be installed at the both side of the SRILAC in September
2019.
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SSR2 JACKETED CAVITIES∗
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Abstract
A total of 35 superconducting SSR2 spoke cavities will
be installed in the PIP II SRF linac at Fermilab and a total of
8 prototype SSR2 cavities will be manufactured for the prototype cryomodule. In this paper, the mechanical design and
fabrication aspects of the prototype jacketed SSR2 cavity
will be presented. Radio Frequency (RF) and mechanical
design activities were conducted in parallel directly on the
jacketed cavity in order to minimize the number of design iterations. Also, the lessons learned from other spoke cavities
experiences (i.e. SSR1 at Fermilab and ESS double spoke at
IPNO) were considered since the early stage of the design.

INTRODUCTION
The Single Spoke Resonator type 2 (SSR2) Superconducting Radio Frequency (SRF) cavity operates at a temperature
of 2 K with a nominal electromagnetic frequency of 325
MHz. A total of seven SSR2 cryomodules are planned to be
integrated in the PIP-II linac superconducting section [1] and
each of them includes ﬁve SSR2 jacketed cavities and three
superconducting solenoids. Several design iterations of the
RF volume, with the aim of mitigating the multipacting while
preserving the cavity electromagnetic performances, have
been carried out and a ﬁnal version has been selected [2].
This version of RF volume at 2 K, of which a cut out section
is shown in Fig. 1, is then used as an input for the mechanical
design of the bare cavity and the surrounding liquid Helium
(He) vessel which, as it will be shown in this paper, is carried
out simultaneously.

mechanical technical requirements, some of which are summarized in Table 1.
Moreover, the bare cavity alone should be able to withstand a leak check (1 bar diﬀerential pressure), and the jacketed cavity must be integrated in the cavity string and the
cryomodule. Thus its overall dimension depends on the total
length available for the vacuum vessel and the interfaces
with external components shall be taken into account.
Table 1: Mechanical Technical Speciﬁcations for the SSR2
Jacketed Cavity
Parameter
Hz
df/dP, mbar
Lorentz Force Detuning (LFD),

Value
<25
<4

Hz
MV /m2

kN
Longitudinal stiﬀness, mm
Hz
Operating frequency tuning sensitivity, kmm
Maximum Allowable Working Pressure
(MAWP) RT / 2 K, bar

16
>250
2.05 / 4.1

Therefore, the jacketed cavity shall be optimized to maintain mechanical stability, acceptable response to microphonics and He pressure ﬂuctuations. To facilitate cavity operation in the optional pulsed regime, the LFD coeﬃcient shall
be minimized to a reasonably achievable value. In addition,
the jacketed cavity needs to be tunable (the lower the longitudinal stiﬀness the better) and it must be manufacturable.
The total cost must also be taken into account during the
design process.

MECHANICAL DESIGN
The mechanical design of an SRF jacketed cavity is a
constrained multi-objective optimization problem, in which:
• The geometry is the subject of the optimization.

Figure 1: Cut out section of the SSR2 RF volume.
The bare cavity, which is a Niobium (Nb) shell, and the
system called jacketed cavity, which comprises of the bare
cavity and the He vessel, are required to satisfy speciﬁc
∗
†
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• The requirements represent the objectives to be minimized, maximized or satisﬁed. Some of these often
result in contradictory conditions (e.g. a stiﬀer cavity
as a lower LFD coeﬃcient and pressure sensitivity but
the tunability is worse).
The RF volume is considered as a starting point, and its
shape and dimension are to be assumed as frozen. This
represents a constraint on the shape and dimension of the
bare cavity inner surface. For the jacketed cavity system
a total of four geometrical variables can be identiﬁed: Nb
shell thickness, bare cavity stiﬀeners (geometrical shape and
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location), location of the interfaces between the bare cavity
and the He jacket, geometrical shape and thickness of the
He jacket.
In addition to the geometrical variables, the bare cavity
stiﬀeners and the He jacket can be manufactured from different materials. However, as it is shown in the Lessons
Learned paragraph of this section, the material selection for
these elements is carried out based on previous single and
double spoke cavity designs.
Once the possible design variables, constraints and objectives have been identiﬁed, in order to maximize the eﬀectiveness and eﬃciency of the design process, the design of the
bare cavity and the He jacket is carried out simultaneously
as a integrated system opposed to trying to optimize the bare
cavity ﬁrst and only secondly the He jacket which may have
led to unnecessary design iterations.

Lessons Learned
The lessons learned from the design and fabrication of
a similar single spoke jacketed cavity at Fermilab [3] and
of a double spoke jacketed cavity at IPNO [4] is used as a
starting block for the design of the jacketed SSR2 cavity.
Speciﬁcally:
• He vessel is manufactured from Titanium (Ti) Gr.2.
• Interfaces between He vessel and bare cavity and stiﬀening elements are chosen to facilitate the manufacturing
process and only afterwards are optimized to satisfy
the technical requirements.
• Bare cavity ﬂanges will have through holes.
• Only one type of jacketed cavity.
Past experience with He vessels made from Stainless Steel
has shown a possible magnetization of the TIG welds and
the formation of oxides near the welded joints. Furthermore,
from the manufacturing point of view, the Stainless Steel to
Nb brazed joint can be avoided since Ti can be electron-beam
welded to the bare cavity directly.
Avoiding the blind holes on the cavity ﬂanges is imperative when trying to avoid beam vacuum particles contamination during the assembly operations held in a cleanroom.
Moreover, they could trap water during the multiple wet
cleaning operations that the cavity undergoes before the
cleanroom assembly. The stagnation of water in a conﬁned
space could lead to the oxidation of the fasteners used to
seal the cavity ports.
The Single Spoke Resonators type 1 (SSR1), of which
the cryomodule is being assembled at Fermilab [5], have
two diﬀerent designs for the He vessel. Thus, the jacketed
cavities positions cannot be swapped with each other during
the cavity string assembly. In the case some cavities of the
same type do not meet the gradient and Q0 requirements
during cold test, it is not possible to proceed with the assembly. Having only one type of jacketed cavity for the SSR2
cryomodule can, for the above mentioned reason, reduce the
risk related to faulty cavities.
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Materials
As discussed in the Lessons Learned paragraph, the He
vessel will be manufactured from Ti Gr.2. This grade of Ti
is not magnetic, has excellent mechanical properties and it
is very resistant to oxidation which make it suitable to be
used in the cleanroom. It is also a material allowed by the
ASME [6] code for the fabrication of pressure vessels.
The bare cavity shell is entirely fabricated from RRR
grade Nb with the exception of the four cavity ﬂanges which
are made from Ti Gr.5. This grade of Ti, that shares with
the Gr.2 the non-magnetic and oxidation resistant properties,
has a greater yield and ultimate strength as well as greater
hardness, which make it suitable to be used as a Ultra High
Vacuum (UHV) sealing surface.
No Nb-Ti (NbTi) alloy is used on the SSR2 cavity. An
Electron Beam Weld (EBW) of the Ti Gr.2 and Gr.5 directly
to the Nb will be used to join the He vessel and the cavity
ﬂanges respectively to the bare cavity. Avoiding the NbTi
can reduce the total cost associated with the procurement
of the SSR2 cavities. Extensive Non Destructive Testing
(NDT) and Destructive Testing is performed in [7] and [8]
on a EBW joint between RRR grade Nb and Ti Gr.5. Tests
are also repeated after an heat treatment at 600 ºC for 24h
and at 800 ºC for 2h, showing that the heat treatment does
not alter the mechanical strength of the joint.

Reinforcement Setting and Cavity Geometry
Figure 2 shows a cut out section of the SSR2 jacketed
cavity, while Fig. 3 shows the details about the reinforcements welded on the bare cavity and the interfaces with
the He vessel. All the set of reinforcements and interfaces
was optimized together with the shape of the He vessel to
satisfy all the mechanical requirements and to facilitate the
manufacturing. As can be noticed in Fig. 3, the beam pipes
ﬂanges stand out from the recesses of the He vessel. These
recesses can cause turbulence and disrupt the linearity of the
cleanroom air ﬂow [9], thus moving the ﬂanges outside can
help to avoid particles contamination during the cleanroom
assembly.

Figure 2: Cut out section of the SSR2 jacketed cavity.
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Figure 3: Section of the SSR2 jacketed cavity. The iris
stiﬀeners, in details 1A and 1B, reduce the stresses due to
pressure in the He space together with the spoke outer rib
in detail 4A. The L rib ring and L rib disk in detail 2 help
reduce the stress during the leak check of the bare cavity
and the leak check of the He space. The reinforcements in
details 3, 4B and 5 reduce the LFD coeﬃcient.

Manufacturing Considerations
An exploded view of the bare cavity and of the jacketed
cavity are shown in Fig. 4 and Fig. 5 respectively. All
the components of the bare cavity will be manufactured
from R04220-Type 5 RRR grade pure Nb according to [10].
The same type of Nb sheet is used to form the components
showed in Fig. 4 with the sole exception of the beam pipes
and the side port tubes which are machined directly from
tubes. The manufacturing process of the bare cavity consists
of forming, machining and EBW of various components,
including the transitions between Nb and Ti. On the other
hand, the He vessel components will be TIG welded.
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Figure 5: Exploded view of the SSR2 jacketed cavity.

Table 2 shows the contributions to the thickness reduction
of each process and the resulting Nb sheet thickness.
It is expected that the formed Nb components will exhibit
a thickness reduction that depends on the depth of the ﬁnal
piece. On the endwalls, for example, this reduction will be at
its maximum. The diﬀerence in thickness of the ﬁnal pieces
will require a machining of the areas to be joined by EBW.
The usual thickness of Nb to be joined by a full penetration
one-sided EBW that guarantees a ﬂat under bead on the RF
side is 3.2 mm [11]. To guarantee the structural soundness
with a reasonable margin, as shown in the Structural Analysis section, it has been chosen to perform 4 mm thick full
penetration one-sided EBW that will be developed prior to
the fabrication of the bare cavity.
Figure 6 shows a detail of the EBW joint. The bulk of
the material can have very diﬀerent thicknesses due to the
forming process and for this reason a wide tolerance of
0.7 mm is used. The groove is machined from the opposite
side with respect to the RF surface. Figure 7 shows a detail
of the beam pipe and the side port for the jacketed cavity.

Figure 6: Detail of the EBW joint for the Nb components.

Figure 4: Exploded view of the SSR2 bare cavity. The
components with no indication about the material are made
from RRR grade Nb.
In order to satisfy the mechanical requirements (Table 1),
a minimum thickness for the Nb sheet to be employed for the
fabrication must be selected. The value of 3.75 mm for the
bare cavity shell was selected as a result of the optimization
of the whole jacketed cavity geometry. Using this as minimum ﬁnal value and taking into consideration the thickness
reductions due to manufacturing and cavity processing, the
thickness of the Nb sheets to begin with can be selected.
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Table 2: Niobium Thickness Reduction Due to Fabrication
and Processing
Material
Thickness
removed
(mm)
(μm)

Process

3.75
3.77
3.78
3.96
4.04
4.70

Minimum required thickness
Cleaning of sheets as received
Localized BCP before weld
Bulk BCP
3 Light BCP
Forming

20
10
180
75
670
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65.25

104
1.56

65

1.54

64.75

1.52

64.5

1.5

64.25

7.5

7.75

8

8.25

L ring rib height [mm]

1.48

8.5

Stiffness [kN/mm]

Figure 7: On the left, a detail of the beam pipe and its
connection to the He vessel. A collar is machined on the Nb
tube to distance the joint between Nb and Ti. As a matter
of fact, the Ti could contaminate the RF surface during the
welding and the superconducting properties could be lost.
On the right, a detail of the side port. Also in this case a collar
is machined on the Nb side tube to prevent Ti contamination
on the RF side. The interface between the side tube and
the He vessel is composed of two Ti components: the side
port transition and the side port adapter. This conﬁguration
creates three degrees of freedom, allowing to compensate
possible misalignment due to the welding.

Max VM stress [MPa]

using the maximum Von Mises (VM) stress and longitudinal
stiﬀness as constraints, the optimal conﬁguration is found.
Figure 9 shows an example of the correlation between maximum VM stress, cavity longitudinal stiﬀness as function of
the height of the L ring rib. The trends go in opposite directions, thus a compromise on this dimension is chosen. The
other geometrical parameters yield similar trends which are
not shown in this paper, but are used to identify an optimal
conﬁguration.

Figure 9: L ring rib optimization. correlation between ring
height, maximum stress and cavity stiﬀness.

Material Properties
STRUCTURAL ANALYSIS
Figure 8 shows the set of analysis performed on bare and
jacketed cavity. The scope of these analyses is the optimization of the geometry of He vessel and the shape and
position of all the stiﬀeners. The analysis are divided in elastic analysis and elasto-plastic analysis where the MAWP is
established. The contributions of gravity and He hydrostatic
are negligible and thus they are not implemented into the
analysis. The tuner stiﬀness is simulated using a spring with
70 kN/mm connected between the beam pipe transition and
the lower shells.

Table 3 shows the material properties used for the material
employed in the analysis. The true stress - true total strain
curves used in the elasto-plastic analysis are calculated using
to Ramberg-Osgood equation according to ASME VIII-2
Annex 3-d [6].
Table 3: Material Properties for FEA
Material Temp Yield
strength
K
MPa

Ultimate Young
strength modulus
MPa
GPa

Nb

150
600
344
1117

Ti gr. 2

295
2
295
2

65
317
275
834

104.8
118
107
117

Elastic Analysis

Figure 8: Overview of FEM Analysis performed on bare
and jacketed cavity.
The stiﬀeners are optimized using the Direct Optimization
system on Ansys Workbench [12]. Employing the MOGA
(Multi-Objective Genetic Algorithm) provided by Ansys, it
is possible to select dimensional limits for the stiﬀeners and,
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Elastic analysis are used to evaluate the structural integrity
of the jacketed cavity. The VM stress shall not go beyond
the yield strength of the material. Leak check analysis are
carried out applying 1 bar diﬀerential pressure across the
bare cavity shell. Figure 10 shows that the greatest stresses
are on the endwall on the tuner side, particularly on the L rib
disk. Here σVmax
M > Sy , so plastic deformation is expected
and thus an elasto-plastic analysis is performed to check the
plastic deformation entity in this region.
The second elastic analysis involves the tunability of the
cavity. The stiﬀness of both endwalls at Room Temperature
(RT) and at 2 K is calculated applying a displacement on the
beam pipe transition. The longitudinal stiﬀness on the tuner
side at 2 K is 17.3 kN/mm, while on the non-tuner side is
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Figure 10: Equivalent VM stress during leak check.
Figure 12: Position of the SCL on the SSR2 cavity.

beam pipe ﬂange is 85 μm which corresponds to 27 kHz of
frequency shift. Due to the strain hardening eﬀect, from
the 2nd to the 5th LC the frequency shift is negligible. The
cavity welding process induces permanent distortions on the
cavity walls, with corresponding frequency shifts. To adjust
the frequency the cavity is permanently deformed using a
ﬁxture. Figure 13 shows the correlation between the force
to be applied on the beam pipe transition and the residual
frequency shift.
3
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72 kN/mm, for this reason the SSR2 cavity will be tuned
(elastically and inelastically) from one side only. Gradually
increasing the load on the beam pipe transition allows to
N b = 65 MPa.
ﬁnd the force corresponding to σVmax
M = Sy
For the SSR2 cavity this force is 10 kN or 0.65 mm of
BP deformation. Considering the sensitivity of the cavity (315 kHz/mm [2]) the elastic tuning range for the SSR2
jacketed cavity is 200 kHz. Figure 11 shows the results for
the most critical loading conditions at RT: 2.05 bar He pressure, tuning of 100 kHz on the beampipe; and 2K: 4.1 bar
He pressure, tuning of 100 kHz on the beampipe, stresses
due to the cooldown.

Residual displacement [mm]
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Figure 13: Inelastic tuning of SSR2 cavity.

Figure 11: Equivalent VM stress on jacketed cavity (a) at
RT with 2.05 bar of He pressure; (b) at 2 K with 4.1 bar of
He pressure.
High stresses are localized on geometrical discontinuities.
Stress Classiﬁcation Lines (SCL), shown in Fig 12, are used
on these points, according to the ASME Sec. VIII Div. 2 [6],
to verify that the maximum membrane + bending stresses
are below the allowable value deﬁned by the ASME code.

Elasto-Plastic Analysis
The ﬁrst elasto-plastic analysis simulates ﬁve consecutive
leak checks (LC). The result is that after the ﬁrst LC, where
plastic deformation occurs, the residual displacement on

TUP014
428

Another elasto-plastic analysis is used to evaluate the
MAWP for the most critical loading conditions, at both RT
and 2K. This analysis consists of increasing the He pressure
until the plastic collapse of the cavity is reached. The MAWP
is then calculated dividing the ultimate pressure by a factor
indicated by the ASME code [6] which depends from the
loading conditions. At RT the MAWP is 2.76 bar and at 2K
is 12.4 bar.

CONCLUSION
In this paper the mechanical design of the SSR2 jacketed
cavity has been presented. Manufacturing aspects and structural soundness have been taken into account simultaneously
from the ﬁrst design iteration. The use of the past design
and fabrication experience, gained during the development
of the single spoke resonators at Fermilab and double spoke
resonators for ESS has allowed to converge on a solution that
satisﬁes all the mechanical requirements and implements
new technological processes.
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Abstract
Quantum computers (QC), if realized, could disrupt
many computationally intense fields of science. The building block element of a QC is a quantum bit (qubit). Qubits
enable the use of quantum superposition and multi-state
entanglement in QC calculations, allowing a QC to simultaneously perform millions of computations at once. However, quantum states stored in a qubit degrade due to limitations on the qubit lifetime, and due to interactions with
the environment. One technical solution to improve qubit
lifetime is a circuit comprised of a Josephson junction located inside of a high quality factor (Q-factor; QL > 108 at
6 GHz) superconducting three-dimension (3D) cavity.
RadiaBeam Systems, in collaboration with Argonne National Laboratory and The University of Chicago has developed a superconducting radiofrequency quarter-wave
resonant cavity (QWR) for quantum computation. Here a 6
GHz QWR was optimized to include tapering of the inner
and outer conductors, a toroidal shape for the resonator
shorting plane, and the inner conductor to reduce parasitic
capacitance. In this paper, we present the results of the
qubit cavity design optimization, fabrication, processing
and testing in the single-photon excitation regime at millikelvin temperatures.

However, the qubit state can degrade rapidly due to spurious interactions with the environment. One technical solution to improve qubit lifetimes is to construct a logical
qubit comprised of a Josephson junction [2] located inside
of a high Q-factor superconducting 3D cavity. The quantum state excited in the Josephson junction physical qubit
is protected from environmental noise and loss by the highQ resonant cavity.
The coherence time is closely related to the Q-factor of
the resonator and its energy dissipation. Current qubit 3D
resonators can achieve Q~108 and coherence time of several milliseconds [3]. On the other hand, niobium resonators used in particle accelerators can reach quality factors
of ~1011 [4], potentially enabling storage times approaching seconds if adopted for operation in the quantum regime.

INTRODUCTION
Nearly all areas of modern life are influenced by the incredible impact of computational capabilities. A quantum
computer, if realized, could disrupt many computationally
intense fields of science, including several high-energy
physics disciplines: cosmology, quantum field theory, particle interactions, and nuclear physics. The elemental
building block of a QC is quantum bit (qubit), which is a
two-level system. Qubits enable the use of quantum superposition and entanglement in QC calculations, allowing a
QC to simultaneously perform millions of computations at
once. Entanglement lets a QC change the state of multiple
qubits simultaneously via adjusting the state stored in a single bit, enabling scaling of computational power unachievable with traditional computers [1].
Complex physical problems require powerful machines
consisting of many qubits arrayed in a high-speed network.
___________________________________________

* This work was supported by the U.S. Department of Energy, Office of
High Energy Physics, under SBIR grant DE- SC0018753.
† kutsaev@radiabeam.com
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Figure 1: Section of machined niobium qubit 3D resonator
with the optimized shape.
In this paper, we will present a 3D Superconducting Radio-Frequency (SRF) Quarter-Wave Resonator (QWR)
with shape optimized for operation in the quantum regime
[5] (see Fig. 1), developed by RadiaBeam Systems, in collaboration with Argonne National Laboratory and The University of Chicago.

SHAPE OPTIMIZATION
We performed a series of numerical simulations and optimizations to decrease energy dissipation in the QWR. The
G-factor parameter was mainly used to measure shape-defined losses since it defines the efficiency of the developed
shape. In SRF cavities the unloaded Q-factor can be defined as 𝑄 = . Here, G is the geometric-factor, which
ranks the cavity's effectiveness in providing the “useful”
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electric field due to the influence of its shape alone and excludes specific material wall loss. Higher G results in
higher Q0 and thus indicates a better cavity design. 𝑅 is
the surface resistance, defined by the material and operating conditions. As a reference model, we used the straight
QWR shape adopted by researchers at Yale [4]. During the
optimization we also considered the fabrication limits on
the cavity dimensions.
First, we adjusted the geometry of the top part of the resonator. For the QWR geometry, this is the region where the
major part of the magnetic field is concentrated, thus by
modifying this part of the resonator we expect to improve
the G-factor. We first simulated geometries with different
blending radius for the top part of the cavity. After we explored the outer conductor blending, we optimized the
shape of the inner and outer conductors by adding tapering.
We further sought to optimize the taper by adjusting the
tapering start point for the inner and outer conductors. To
increase the qubit-cavity dipole coupling strength, the inner and outer conductor dimensions were also optimized.
Optimization started by adjusting the inner conductor radius, followed by simulations to find the optimal width of
the gap between the inner conductor tip and outer conductor wall.
The surface electric field is the primary source of dissipation in thin dielectric layers which are usually present on
the surface of superconducting cavities. In QWR cavities,
most of electric field is concentrated on the tip of the inner
conductor. Sharp edges of the straight geometry of the central pin are typically the places where the E-field is highly
concentrated. We blended this feature to reach a more uniform E-field distribution. We furtherinvestigated dielectric
losses [6] by simulating a thin Nb oxide layer on the cavity
surface. Prevailing surface oxide in niobium RF cavities is
Nb2O5 [7]. The results of simulations showed that a 5 nm
thick Nb2O5 layer limits th Q-factor of the optimized
geometry to 5.5∙108. This is almost two times better than
the simulated dielectric Q-factor of 2.8∙108 for an unoptimized geometry.

Figure 2: QWR design optimization: reference model (a),
optimized straight geometry (b), optimal design not feasible with machining (c), final design optimized for machining fabrication (d) and design with RF choke (e).
We then explored limiting the RF losses in the resonator
seam. The surface magnetic field in the region of the weld
induces currents flowing across the seam. Lower seam conductivity may introduce additional losses; therefore, we
tried to minimize the surface H-field on the seam. One design solution to reduce the seam loss is the introduction of
an RF choke. However, an RF chock joint was beyond the
scope of this proof-of-principle work.
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Table 1: Comparison of RF Parameters of Different Resonator Designs Referred to in Figure 2
Design

a

b

c

d

e

R/Q, Ω

46.8

54

77

55

55

44

57

62

71

71

G-factor, Ω

H-field on seam, 4800 16800 440 14300 7
A/m
A comparison of the RF parameters for the different designs (Fig. 2 c-d) is presented in Table 1. Comparing to the
reference design, the G-factor is enhanced by 65%.

ENGINEERING AND FABRICATION
The engineering design of the cavity included system integration, thermal management, magnetic shielding, vacuum conductance, and signal acquisition. The final system
is shown in Fig. 3. Starting from the inside out, the fulllength cavity was truncated to have a separate lower field
region made from aluminum, which would also provide
connection points for the RF signals through non-magnetic
SMA connectors. We then made estimates of thermal conduction and the choice of the fastener materials to assure
that any thermal contraction of the fasteners would be large
enough to maintain sufficient thermal contact while not deforming the niobium cavity.

Figure 3: Full assembly with two layers of magnetic shielding, IR shield copper cap, SMA penetrations, and niobium
3D resonator.
The entire fridge is protected by a magnetic shield and
the field at the resonator position inside this shield has been
measured to be around 1-2 mG. However, due to the circulator placed at 1cm, increasing the fields to maximum 10
mG at the sample position. Additionally, a simple magnetic
shield was designed in Cryoperm 10, a unique cryogenically friendly steel alloy that retains functional permeability at cryogenic temperatures more effectively than conventional MuMetal [8]. This magnetic shield uses two separate shielding cans each manufactured from 1mm thick
Cryoperm 10 that is separable for assembly of the device
under test while permitting small penetrations for SMA cables.
Finally, the full system was re-analyzed to ensure that
the additional material did not affect the original assembly’s thermal calculations and provisions were made to ensure the full system could be mounted onto the available
TUP016
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test plate within the University of Chicago dilution refrigerator for 10mK cooldown.

Figure 4: Machined Niobium resonators before (left) and
after (right) 1:1:2 buffered chemical polishing at Argonne.
Two solid niobium 6.2 GHz quarter wave resonators
were machined at RadiaBeam, and then cleaned, etched
and high-pressure-rinsed at Argonne National Laboratory.
Figure 4 shows the cavities before and after etching. Both
cavities were processed according to the following procedure: 1 hour ultrasonic cleaning in 40° C, 4% alconox solution, water rinsed, dried with filtered and de-ionized nitrogen gas, then a 150 minute buffered chemical polish
(BCP) in a 1:1:2 (HF:HNO3:H3PO4), followed by 1 hour
ultrasonic cleaning, drying, high-pressure water rinse, and
final air dry in a class 10 clean room. The finished resonators were triple bagged in the clean room for transfer to the
University of Chicago.
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filtered using a commercial 7.5 GHz low pass filter and a
homemade Eccosorb filter [9] at the 10 mK stage. The output signal passes through a second Eccosorb filter followed
by two circulators, which protects the resonators from
noise emitted by the high electron mobility transistor
(HEMT) amplifier located at 4 K. The resonators were then
cooled down 10 mK within 24 hours. The resonators remained in the 100-150K region for about 9 hours, long
enough to have been potentially affected by “Q-disease”
and have their Q-factors reduced [10].
We used several methods to measure loaded Q-factor:
reflection (S11), transmission (S21) and ringdown. For the
first run, we started with the conservative value of Qext~105
to ensure that we can detect a signal. Then, each other run,
we increased Qext by about an order of magnitude by reducing the coupler lengths.

RESONATOR TESTS
Two etched resonators, one with the simple and the other
with the optimized shape (shapes b and d, as shown in
Fig. 2) were delivered to the University of Chicago for the
Q-factor measurements in a quantum regime [9] (10 mK
temperature at few-photon power levels). We also delivered the aluminum part with SMA connectors, test stand
assembly, and the magnetic shielding as shown in Fig. 5.

Figure 6: Comparison of measured Q-factors of optimized
and non-optimized Nb resonators at 10 mK, measured by
different methods in different runs at a single photon level.
All methods demonstrate that the Q-factor of the optimized cavity is ~25% higher than of the unoptimized resonators (see Fig. 6). Due to the project constraints, we had
to limit the number of runs to three. In the future we plan
on improving our coupler configuration to better couple to
QL > 1e9 resonators as has been achieved at Fermi National Accelerator Laboratory for quantum resonators [11].

SUMMARY

Figure 5: 3D QWR assembly (left), attached to the 10mK
stage of the dilution refrigerator at the University of Chicago (right).

RadiaBeam Systems, in collaboration with Argonne National Laboratory and The University of Chicago has developed a 3D QWR with optimized shape to be used as
quantum memory in conjunction with a Josephson junction
qubit. Thanks to the shape optimization we were able to
increase the Q-factor of the resonator by ~25%, which was
demonstrated during cryogenic tests at 10 mK and singlephoton power levels, while the Q0-dominated regime has,
probably, not been reached. Further improvement of the
resonator performance seems possible to achieve with improved surface treatment of the niobium cavity [11].

We connected the resonators to a microwave setup optimized for superconducting quantum experiments installed
inside the dilution refrigerator. The cryostat microwave input line has 20 dB attenuation at 4 K followed by 36 dB
attenuation at 10 mK. Unwanted high frequency signals are
TUP016
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NEW SRF STRUCTURES PROCESSED AT THE ANL CAVITY
PROCESSING FACILITY*
T. Reid#, B. Guilfoyle, M. P. Kelly, Z. A. Conway, M. Kedzie, M. K. Ng,
Argonne National Laboratory, Argonne, IL 60439, U.S.A.
Abstract
Argonne National Laboratory (ANL) has extended high
quality cavity processing techniques based on those
developed for the International Linear Collider to several
more complex superconducting RF cavities. Recently,
these include a bunch lengthening harmonic cavity, a
crabbing rf-dipole cavity, a compact half-wave cavity, and
both medium and high frequency elliptical cavities. These
systems are an improved version of the one originally
developed for 1.3 GHz 9-cell cavities and include a second
rotating electrical contact that can support multiple
cathodes, necessary for optimum polishing in difficult
cavity geometries. All include the possibility for external
water cooling.

INTRODUCTION
The Superconducting Surface Processing Facility
(SCSPF) is a 200 m2 laboratory that houses a pair of class
100 clean rooms for HPR and clean assembly, a class 1000
anteroom, and two separate chemistry rooms [1]. The
facility was originally designed to support processing of
1.3 GHz 9-cell cavities for the ILC, but has since been
expanded to chemically process accelerating structures of
various geometries. In this paper we present the cavity
processing techniques used on several new SRF structures.

BUNCH LENGTHENING CAVITY
4th Harmonic Cavity for APS-U
A bunch lengthening cryomodule operating at the 4th
harmonic is being assembled at Argonne as part of the
Advanced Photon Source Upgrade Project (APS-U) [2].

The 1.4 GHz single-cell elliptical cavity includes two
large power coupler ports oriented 180 degrees apart with
respect to the beam axis, as well as, two different size beam
tubes as required, for the higher-order mode damping
scheme. A stainless steel helium jacket surrounds the
complete cavity.
Prior to installation into the EP tool, the cavity receives
ultrasonic cleaning for 60 minutes at 120°F in a 2%
Liquinox, 98% DI water solution. To make certain we get
good cleaning in all areas, the cavity is flipped 180 degrees
and the process repeated. To avoid any trapped detergent,
the cavity is rinsed with DI water and the ultrasonic
cleaning process is repeated again in 100% DI water.
To ensure good polishing of the entire cavity surface,
two additional 3003 series aluminium cathodes were
inserted in each power coupler port, in addition to the main
cathode that runs through the cavity along the beam axis,
as shown in Figure 1. A second rotating electrical contact
allows the supplementary cathodes to rotate with the
cavity, as the primary cathode remains stationary. The
annular space between the niobium cavity and the stainless
steel helium jacket offers the opportunity to function as a
water jacket for external water cooling. Both helium ports
were sealed off and the helium jacket was filled with DI
water. A thermocouple attached to the cavity cell wall
through a watertight feedthrough on the helium port
monitored cavity surface temperature. External watercooling spray, connected to a 10 kW chiller, showered over
the water filled helium jacket to control cavity surface
temperatures during EP.
A 120 µm EP (9:1, 96% H2SO4: 48% HF) was done to
remove the damage niobium surface layer, keeping cavity
surface temperatures below 25°C. To degas the hydrogen
dissolved in the bulk niobium the cavity was baked at
625°C for 10 hours in a high vacuum furnace at Michigan
State University (MSU). A final 20 µm EP was done to
remove any contamination picked up by the furnace
followed by ultrasonic cleaning. The cavity was high
pressure rinsed (HPR) through both beam ports using
Argonne’s HPR tool [3] and assembled in a class 100 clean
room.

CRAB CAVITY
Figure 1: Section view of the EP tool with 1.4 GHz
harmonic cavity.
_________________________
*This material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, under contract
number DE-AC02-06CH11357, and the Office of High Energy Physics,
under contract number DE-AC02-76CH03000. This research used
resources of ANL’s ATLAS facility, which is a DOE Office of Science
User Facility.
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RF-Dipole Cavity for LHC High Luminosity
A 400 MHz superconducting rf-dipole crabbing cavity is
under development for the High Luminosity Upgrade of
the LHC [4]. This proof-of-principle cavity is intended to
crab the proton beam in the horizontal plane as part of the
High Luminosity Upgrade at CERN.
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LOW-BETA CAVITY
Half-Wave Cavity for Heavy Ions
A 337 MHz half-wave cavity optimized for β = 0.285
ions was previously developed as a potential upgrade of the
post-stripper section of the Facility for Rare Isotope Beams
(FRIB) [7].
Figure 2: RF-dipole cavity in the “low-β” EP tool.
Before installation in the “low-β” EP tool [5, 6], the
cavity received the same pre-EP ultrasonic cleaning
procedure described in the previous section. The cavity is
flipped and cleaned in both directions due to the tendency
of air to be trapped in the square coupler ports when
vertical.
150 µm was removed by BCP (1:1:2, 48% HF: 70%
HNO3: 85% H3PO4) over three etches in an effort to
improve the previously BCP’d surface. The BCP is done
horizontally in the “low-β” EP tool using the existing
electropolishing hardware. For this BCP the aluminium
cathodes were replaced with a high-density polyethylene
(HDPE) tube, see Figure 2. Two 10 kW chillers are used to
keep the temperature of the BCP below 17°C to minimize
the risk of contaminating the bulk niobium with hydrogen.
One chiller supplies external cooling water to the cavity
and the other actively cools the acid during processing
through a custom made PFA heat exchanger. Since the
cavity is not completely filled with BCP the gases, which
evolve during the procedure, bubble up through the acid
bath and not along the cavity surface. This reduces the
surface pitting and groove formation inherent to the
process when hydrogen gas bubbles travel along the
niobium surface
Cavity rinsing is more complex than elliptical shaped
cavities due to the trapped volumes of acid in the vertical
orientation of the more complex rf-dipole cavity. After the
acid completely drains from the cavity, DI water fills the
cavity and overflows to a dilute waste tank. At this stage,
with water continuously flowing through the cavity, we
lower the cavity down to the horizontal orientation while
rotating, and then back up to the vertical position before
draining. This rinsing process repeats five times to
minimize the risk of acid staining on the cavity surface.
After etching and rinsing is complete, the cavity received
another round of ultrasonic cleaning. Final high-pressure
rinsing (HPR) is performed using Argonne’s HPR tool.
With the cavity horizontal and the coupling ports facing
downward, the cavity is rinsed through both beam ports for
30 minutes each, dumping the rinse water from the cavity
every 5 minutes. A final vertical HPR is performed through
both beam ports and on all the hardware used in the clean
assembly for testing.

Cavities - Fabrication
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Figure 3: Half-wave cavity in the “low-β” EP tool. Note
the stainless steel helium jacket is not shown on the cavity.
The cavity receives the same pre-EP cleaning previously
described before installation into the EP tool. A 20 µm
BCP is done initially to remove the oxide layer formed
during the final electrostatic discharge machining (EDM)
of the cavity. This BCP step is necessary because the EDM
oxide layer is not removed during EP. The BCP is done
horizontally in the “low-β” EP tool using the existing
electropolishing hardware with the exception of using short
high-density polyethylene (HDPE) tubes. The helium
jacket of the HWR, not shown in figure 3, is used for direct
water cooling to keep the temperature of the BCP below
17°C. A pressure regulator is installed on the chiller water
supply to the cavity to ensure the water pressure inside the
helium jacket don’t exceed the yield point of niobium and
cause permanent deformation of the cavity
After the BCP, a bulk 150 µm EP (1:9; 48% HF: 96%
H2SO4) is performed using four 3003 series aluminium
cathodes to achieve uniform polishing of the rf surface.
Due to the tapered geometry of the cavity, special attention
needs to be paid to how the cathodes are loaded/unloaded
to ensure the cathodes do not come into contact with the rf
surface, possibly causing unrepairable damage. Properly
aligned cathodes come very close, within less than 1 inch
of the re-entrant noses. This is achieve by using carefully
machined HDPE guide flanges installed in the ports to keep
the cathodes aligned for loading and hold them in place
during processing.
Once the polish is complete, the cavities then receives
another round of ultrasonic cleaning followed by highpressure rinsing using Argonne’s flexible HPR tool. To
degas the hydrogen dissolved in the bulk niobium the
cavities are baked at 625°C for 10 hours in a high vacuum
furnace at Michigan State University. After the bake, a
20 µm EP is done to remove any contamination picked up
from the furnace. After final EP, the cavity was
ultrasonically cleaned and rinsed thoroughly followed by a
final HPR through all ports of the cavity.
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ELLIPTICAL CAVITIES
644 MHz 5-cell Cavity for FRIB Upgrade
A 644 MHz, β = 0.65, 5-cell elliptical cavity was
recently built in industry for a future beam energy upgrade
to FRIB [8].

Figure 4: MSU 644 MHz 5-cell cavity in the Argonne
“low-β” EP tool. The external water cooling system was
installed after this picture was taken.
Electropolishing was chosen due to recent ANL
experience with processing similar Fermilab 650 MHz, β =
0.9, 5-cell cavities for their Proton-Improvement Plan II
(PIP-II) Project. This cavity received the standard pre-EP
ultrasonic cleaning before installation into the “low-β” EP
tool, as shown in Figure 4. Five 3003 series aluminum
cylinders are clam-shelled around the cathode to increase
the surface area in each cell and provide a galvanic current
sink roughly equivalent to that used on high-performance
1.3 GHz elliptical cell resonators. 150 µm was removed
during bulk EP while keeping cavity surface temperatures
below 30°C using external water cooling. The cavity was
hydrogen degassed at MSU before returning to Argonne
for a 20 µm EP, followed by post-EP ultrasonic cleaning
and high-pressure rinsing on FNAL’s high-pressure rinse
tool.
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Qo ~ 3x1010, with BCP chosen for the first round of postprocessing. Due to the large size of the cavity and its
support cage, it would not fit in our large ultrasonic
cleaning tank. With the cavity vertical and all the ports
sealed with Viton O-rings, except for the top beam port, the
cavity was filled with a 2% Liquinox/DI water solution and
a perforated plastic guide tube was inserted down along the
beam axis. A 2 kW ultrasonic transducer was lowered
down the guide tube and inside the cavity using an
overhead crane and the internal ultrasonic cleaning ran for
60 minutes. The solution drains through the bottom port
and the cavity was rinsed with DI water before installation
in the “low-β” EP tool.
As shown in Figure 5, the BCP is done horizontally
using the existing EP hardware with the exception of using
a long HDPE tube in place of the aluminium cathode. By
actively cooling the acid, we were able to keep the BCP
<9°C during processing and with external water cooling
spray we were able to keep cavity surface temperatures to
<14°C for the 120 μm bulk etch. The cavity received a
post-etch internal ultrasonic cleaning before transport back
to BNL for hydrogen degassing. The cavity returned to
Argonne for a 30 µm BCP to remove any contamination
from the furnace followed by internal ultrasonic cleaning
before transport back to BNL for HPR and testing.

5 GHz Cavity for Quantum Computing
Argonne is constantly developing new hardware to
support different cavity frequencies and geometries. An
example of this is our recent collaboration with FNAL on
the eletropolishing of a 5 GHz single-cell TESLA shape
cavity. This cavity supports FNAL’s quantum computing
initiative and was used to investigate photon lifetimes at
very low fields [10].

647 MHz 5-cell Cavity for eRHIC
A 647 MHz 5-cell cavity was recently built as part of the
proposed electron-ion collider (eRHIC) at Brookhaven
National Laboratory (BNL). This cavity design has large
beam tubes to propagate all the HOM’s but attenuate the
fundamental mode [9].

Figure 6: 5 GHz single-cell cavity EP.
Figure 5: BNL 650 MHz 5-cell cavity in the Argonne “lowβ” EP tool.
The original goal of the cavity processing was to study
various post-processing methods to reach 18 MV/m with
TUP018
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The cavity is much too small to fit in any of our existing
horizontal EP tools so the cavity was electropolished
vertically in a small plastic bucket. With the entire cavity
submerged in the electrolyte during EP all surfaces except
for the inner cavity rf surface had to be masked using a
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removable acid-resistant masking (Miccro Super XP 2000
Stop-Off Lacquer). HDPE flanges bolt to the cavity ports
with Teflon hardware, which keeps the aluminium cathode
rigid and allows for gases generated at the cathode to
escape to the acid surface. Two pieces of niobium shimstock bolt to the cavity flange and attach to a rotating
electrical contact, as shown in Figure 6. Rotation is
provided by a rubber O-ring that connects the electrical
contact to a small gear motor.
After the 120 µm removal, the masking is peeled from
the outer surfaces of cavity followed by ultrasonic cleaning
and high pressure rinsing using Argonne’s hand-held HPR
system. The cavity returned to Fermilab for hydrogen
degassing before coming back to Argonne for a final 20
µm EP.

SUMMARY
Cavity processing at Argonne is historically rooted in
low-β structures with the ATLAS heavy-ion accelerator.
This success led to the development of β=1 elliptical cavity
polishing tools for the ILC R&D effort. Building upon
these ILC developments ANL has demonstrated new EP
techniques for new and unique low-β cavities. These
techniques have been applied to both quarter-wave and
half-wave cavities and success facilitated further
applications. Examples are: (1) collaboration with
Advanced Photon Source where we are building a bunch
lengthening cavity and cryomodule for APU-U. (2)
Processing of an rf-dipole cavity in collaboration with
Fermilab for the High Luminosity Upgrade at CERN. (3)
Processing of a 337 MHz half-wave cavity with highly
optimized geometry. (4) Processing of a 644 MHz 5-cell
cavity as part of a future energy upgrade at FRIB. (5)
Processing of a 647 MHz 5-cell cavity for eRHIC. (6)
Processing of several high frequency single-cell cavities in
collaboration with Fermilab for quantum computing
applications.
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P. Sahuquet, C. Servouin, DACM/IRFU CEA Saclay, France
Abstract
In the framework of ESS, a vacuum furnace dedicated to
High Temperature Heat Treatment under Vacuum
(VH2T2) of SRF bulk Nb cavities was developed and commissioned in May 2016. This furnace is currently used for
interstitial hydrogen removal (10h00 @ 650 °C) of two
type of cavities: 1) the whole series of 26 ESS 352 MHz
spoke resonators equipped with their Ti LHe tank well, 2)
some prototypes of ESS high beta and medium beta cavities. Up to know IPN Orsay VH2T2 (10h00 @ 650 °C) was
successfully applied to more than 16 cavities. In this paper
we will first report about these VH2T2 tests. Finally, we
have just started testing nitrogen infusion and nitrogen
doping processes on samples and 1.3 GHz cavities: the preliminary results will be discussed.

INTRODUCTION
SRF cavities made of high purity bulk niobium (e.g. Nb
with Residual Resistivity Ratio RRR >200) showed in the
early 1990 a decrease by a factor ~10-30 of the unloaded
quality factor Q0 when cooled down to cryogenic temperatures under certain conditions. This so-called Q0-disease
was observed in many laboratories [1-4] for various cavity
shapes resonating at frequencies in the range 500 MHz5.6 GHz. According to this early study [1], Q0-disease is
observed when two conditions are fulfilled during the cool
down of the cavity: 1) slow cooling rate T/dt << 1 K/min.,
2) dwell time tD or cryogenic cool down duration from
170 K to 80 K higher than 1h00. Furthermore, no more Q0
decrease is observed for tD > 3h00: the phenomenon is
characterized by a saturation effect. This Q0-disease is attributed to the formation of NbH0.7 hydride precipitate [1,
5] on the cavity RF surface. More precisely, the solubility
limit of interstitial hydrogen in niobium is CHmax1=4.104 at.
ppm at T1=300K and decreases drastically to CHmax2=5 at.
ppm at T2=100K. Beyond CHmax, NbH0.7, hydride precipitation [5] was experimentally observed (i.e. 100-400 at.
ppm) on SRF 1.3 GHz Nb cavities [1] after a Buffered
Chemical Polishing (BCP). More recently, using a cryogenic confocal laser scanning microscopy, Barkov [6]
studied in-situ the kinetics of NbH0.7 formation on a
RRR=300 Nb with CH= 2323 at. ppm: NbH0.7 precipitates
~5-10 µm thick and lateral dimensions ranging from 10 µm
to 50µm, were observed at T=140 K. Finally, High Temperature (e.g. >500 °C) Heat Treatment under Vacuum
(VH2T2) of SRF bulk Nb cavities [1] reduces the interstitial hydrogen concentration CH to less than the threshold
CHmax=5 at. ppm, resulting in a cure of the resonator from
Q0-disease.
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FURNACE COMMISSIONING AND
QUALIFICATION OF THE PROCESS
The furnace was developed in the framework of ESS [6]:
it is dedicated to VH2T2 of ESS spoke [7] and elliptical
cavities. The goal of VH2T2 is twofold: 1) reduce CH in
Nb below CHmax2, 2) relieve the residual stresses due to cold
work and plastic deformation of Nb during the cavity fabrication in order to restore initial RRR value of Nb sheets.
The main objectives of the program are :1) master the techniques of VH2T2, 2) optimize the process parameters, including post-heat treatment of cavities equipped with titanium made Liquid Helium (LHe) tank , 3) improve the reliability of VH2T2 process for large scale, 4) progress in
understanding of the physical phenomena underlying Nitrogen Doping (N-Doping) and Nitrogen Infusion (N-Infusion) processes, 5) Qualify and master N-Doping and NInfusion for reliable application to SRF cavities at large
scale.

Furnace Description and Commissioning
More than 26 parameters where specified for the furnace
shown in Fig. 1. Due to space limitation, only the main parameters of the furnace are listed in Table 1, which includes
also the values achieved during the commissioning at
IPNO in May 2016 [8].
Table 1: Main Performance Specifications and Commissioning Results
Parameter
Temperature (°C)
Temp. uniformity (°C)
Heating rate (°C/min.)
Residual pressure
(mbar) at>600 °C
Pumping speed of hydrogen (l/s)
Volume of the thermal
chamber (m3)
Maximum cavity outer
diameter (mm)
Maximum cavity
length (mm)

Specification
20-1400
+/-5
1-10
5.10-7-10-6

Achieved
20-1400
+/-3
1-20
5.10-7-10-6

14103

n.a

4.5

4.5

700

700

1600

1600
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Five Mo radiation shields
Nb anti-pollution baffles
RGA

Dry pumping system
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versing the sensing current to eliminate parasitic thermoelectric voltages. The 3.6 mm thick RRR samples have respectively a length and width of 60 mm and 5mm. More
than 25 samples from two different suppliers were. It
should be stressed that for all these RRR tests, the same
reference Nb sample was systematically tested simultaneously with the current batch of samples at each run: the
measured RRR values of the reference sample ranged from
400 to 410 leading to an uncertainty of 1.2%. The RRR
histogram before and after VH2T2 of 4 samples is illustrated in Fig. 2. These data show that annealing RRR=300400 niobium cavities at 650 °C for 10h00 reduces slightly
material RRR but this RRR reduction is much smaller than
that observed in other laboratories where VH2T2 is performed at 800 °C during 3h00 [16].

N-doping valve

Figure 1: Loading a prototype ESS double-spoke cavity in
the furnace.
The pumping system is oil-free (dry) to avoid pollution
due to cracking of hydrocarbon and or organic chemicals.
It consists of a cryogenic pump (14000l/s – Hydrogen), a
roots pump (2050 std m3/h) and a screw pump (650 std
m3/h). A more detailed description of the furnace and the
commissioning results were previousely reported [8].
Briefly, during commissioning all the measured parameters
of the intrinsic performances (i.e. residual pressure, thermal performance) are better than the specified.

Qualification Tests With Samples
According to previous studies [9-15], VH2T2 modify
strongly Nb material mechanical and thermal properties
(e.g. stress versus strain characteristics, yield strength, tensile strength, residual stresses, thermal conductivity) and
physical properties (grain size, structural defects). Consequently, SRF cavity mechanical behavior and functional
properties (e.g. resonant frequency, field flatness, tuning
sensitivity, and RF performances) are impacted. Prior to
applying IPNO VH2T2 (See next section for details) to
SRF cavities, various qualification tests were performed on
several samples: RRR, SIMS analysis, measurements of
mechanical and thermal properties at cryogenic temperature. For these tests, we have compared the properties of as
received and VH2T2 samples. During the qualification
tests and the first VH2T2 of cavities, we systematically
used control samples for RRR measurements and SIMS
analysis. The qualification tests results were previously [8]
discussed in details. We will summarize these results in the
following.
Measurements of niobium RRR RRR of niobium was
measured using the standard four probes method with reCavities - Fabrication
cavity processing

Figure 2: Effect of VH2T2 (10h00 at 650 °C) on Nb RRR.
The degradation of Nb RRR during annealing can be attributed mainly to the oxygen diffusion. During heat treatment of Nb, several phenomena (diffusion, chemical reactions) impacting the oxygen concentration distribution in
Nb are observed [17-18]. Ciovati and co-workers [18]
measured the profile of oxygen concentration CO in Nb
during VH2T2 at 800 °C: CO decreases exponentially from
~5.1020 atoms/cm3 on the surface (characteristic length:
50 nm-350nm) to ~5.1018 atoms/cm3. Niobium oxides on
the surface are one possible uncontrollable oxygen source.
Moreover, at 650 °C, the diffusivity of oxygen in Nb is
D0= 6.410-13 m2/s: this value is ~100 time higher that the
diffusivities of N and C in Nb. Consequently, the diffusion
lengths of both C and N in Nb are ~10 smaller than that of
O. Finally, the sensitivities of Nb electrical resistivity to
O,
N
and
C
impurities
are
close
(e.g
~4.5 10-12 .m/at.ppm). Using the impurities concentration given by the Nb supplier and the expression of Nb
electrical resistivity 10 at T= 10 K as function of impurities
(O, N,C) content in Nb and the measured 10 after HT at
650 °C, we have calculated the oxygen concentration (CO)
to fit the data. The results presented in Table 2, clearly
show an increase of CO by a factor ~10. Note that an oxygen content of 45µg/g corresponds to a concentration CO=
1.451019 atoms/cm3 and this value is in the range of the data
reported by Ciovati [18].
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Table 2: Effect of Annealing (10h00 at 650 °C) on RRR
and Nb Electrical Resistivity at 10 K
Sample
4287-2
4288-1
4289-2
4290-2

RRR10K
Before
VH2T2
320
300
342
305

RRR10K 10 (.m) 10 (.m)
After
Before
After
VH2T2
VH2T2
VH2T2
292
4.5010-10 4.9310-10
275
4.8010-10 5.2410-10
315
4.2110-10 4.5710-10
291
4.7210-10 4.9510-10

Pollution Studies We have investigated a potential pollution of the cavity RF surface during VH2T2. We performed SIMS analysis on samples located inside the cavity
beam tubes in 2 configurations: for the sample #1 (respectively sample #2) the cavity beam tube is equipped (respectively not equipped) with Nb protection baffles. The data
discussed elsewhere [8] showed a pollution of Nb surface
with Ti during VH2T2 in the two fore mentioned configurations: 1) for the unshielded sample#1 Ti concentration
decreases with the depth (characteristic length ~3-4 µm),
2) for the shielded sample #2, only the sub-surface at a
depth ~4-10 nm is polluted with Ti, Fe and Cu. From these
data we concluded that: 1) Protection baffles are not necessary even for spoke cavities equipped with their Ti LHe
tank, 2) a light BCP (removal ~10-20 µm of the polluted
layer) should be used for the cavity post-heat treatment.
These conclusions were well confirmed by several spoke
cavities cryogenic RF tests.

CAVITY TESTS RESULTS
ESS Double-Spoke Cavity Design
The main RF parameters of the optimized prototype ESS
double-spoke [19] cavity shown in Fig. 3 are listed in Table 3.

Beam tube
316 LN SS flange

Ti LHeTank

Figure 3: Drawing (A) and photograph (B) of a prototype
Double-Spoke cavity for ESS.
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Table 3: RF Parameters of ESS Double-Spoke Cavity
Quantity
Fundamental mode
frequency
Accelerating field
Ratio of Peak surface
field to accelerating
field
Ratio of peak surface
magnetic induction to
accelerating field
Geometric factor
(fundamental mode)

Symbol
(Unit)
f (MHz)

Value

Eacc (MV/m)
Epk/Eacc

9
4.3

Bpk/Eacc
(mT/MV/m)

6.9

G ()

130

352

Results With Cavities
After qualification tests with samples we have applied
the VH2T2 (10h00 @ 650 °C) and successfully tested [8]
two 1.3 GHz elliptical cavities from CEA, two ESS prototype Double spoke cavities and one MYRTHE single
spoke cavity. These previous experimental data confirm
the effectiveness of the process for hydrogen outgassing
resulting in an improvement of RF performances all the
cavities and their final cure against Q0-diseases. We have
then entered the production phase using VH2T2 process
for cavities equipped with stainless steel flanges brazed on
beam tubes an equipped with their titanium tank. This process will be used routinely for the removal of for interstitial
hydrogen of all the 29 serial 352 MHz spoke ESS cavities:
until now we have testes 3 prototypes et 7 serial out of 29
resonators ordered (16 already delivered). IPNO standard
thermal cycle and post-treatment for spoke cavities with
LHe Tank includes 7 steps: 1) Heating up to 300°C @
5°C/min - Hold @ 300 °C - dwell time : 1h00, 2) Heating
up to 650 °C @ 5°C/min - Annealing @ 650 °C, dwell time
10h00, 3) Radiative cooling under vacuum down to 40 °C,
4) Pressurize thermal chamber with Ar up to 900 mbar then
to 1013 mbar (filtered air), 5) Cool down to 20 °C, 6) BCP
10 µm, 7) High Pressure Water Rinsing (HPWR), 8) Drying in clean room, 9) Assembly and cryogenic vertical test.
Twenty successful hydrogen outgassing of various cavities
(prototypes: ESS Double-spoke cavities, MYRTHE single
spoke, 1.3 GHz elliptical cavities, serial ESS double spoke
cavities, high beta and medium elliptical cavities): the success rate is 100 % for all of these tests. A typical tests results obtained according to the above described process are
presented in Fig. 4 for 3 serial double-spoke cavities
(DSKP03, DSKP 04 and DSKP06) of ESS and single
spoke prototype cavities of MYRRHA (Virginia and Amelia). For both type of spoke cavities with the Ti LHe tank
the recorded RF performance are well beyond the specifications with a large margin in terms of unloaded quality
factors and maximum achieved accelerating fields.
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otherwise the quench field (due to defects) will be strongly
reduced.

N-Doping and N-Infusion in Clean Conditions

Figure 4: RF performance of ESS and MYRRHA Spoke
cavities.
The RF characteristics after hydrogen outgassing at
IPNO of 4 serial high beta elliptical cavities of ESS developed by CEA Saclay (HB01, HB02, HB04 and HB05) are
shown in Fig. 5. Again the RF performance of these cavities are well beyond the design specifications.

These two processes should be performed in clean conditions: 1) clean high vacuum (i.e use dry pumping, see a
previous section), 2) used high purity nitrogen and avoid
its contamination along the N-injection line. We have used
ALPHAGAZ2™ grade Nitrogen. The impurities content
of this 99,9999 % purity nitrogen are listed in Table 4.
Table 4: Quality of Nitrogen
Molecule
H₂O
O₂
CH

Content (molar ppm)
< 0.5
< 0.1
< 0.1

CO
CO₂
H₂

< 0.1
< 0.1
< 0.1

n

m

Cleaning and Baking of Nitrogen Injection Line

Figure 5: RF characteristics at T=2K of ESS high  elliptical cavities developed by CEA Saclay.

NITROGEN DOPING AND
NITROGEN INFUSION
We have just started Nitrogen Doping (N-Doping) and
Nitrogen Infusion (N-Infusion) R&D program. This section is devoted to the status of this activity. The main goal
of N-Doping or N-Infusion is to improve the RF performance of SRF cavities by reducing the surface resistance
RS resulting in lower RF losses. This surface resistance has
two contributions: 1) the so-called BCS surface resistance
RBCS which is intrinsic to the material, 2) The residual surface resistance Res which is due, among others parameters,
to material structural defects, frozen magnetic flux in the
during cool down. N-Doping is based on the strong dependence of the BCS surface resistance with respect to the
mean free path le of normal electrons: the corresponding
curve RBCS vs le clearly show of minimum when l ~ BCS
where BCS is the intrinsic coherence length of Nb. Accordingly, in order to lower RBCS, one has to reduce le down to
values close to BCS. The process should be done in clean
conditions and in a precisely controlled way in terms of
diffusion depth in Nb. The optimum diffusion depth is in
the range ~500 nm-1µm. In such conditions RBCS is reduced (i.e reduced RF losses) without decreasing the phonon peak of Nb thermal conductivity (i.e heat transport)
Cavities - Fabrication
cavity processing

The N-Doping valve- Gas flow @300K could be precisely adjusted in the range: 10-10 et 500 mbar.l. s-1. The
nitrogen injection line (N-line) made of stainless steel was
cleaned and baked according to the following procedure:
1) degreasing with a continuous flow of ethanol, 2) baking
with dry pumping during 100 h (temperature: 100 °C150°C). Then we have qualified the N-line: we measured
RGA spectra of the different species in the thermal chamber of the furnace. These tests were performed using the
following method: set the furnace pressure at
PPN2=10-4 mbar and regulate this parameter by means of
the micrometric N-Doping valve while the furnace is dynamically pumped (screw pump and roots). The experimental data are illustrated in Fig. 6

Figure 6: RGA histograms of the different species with reference to nitrogen during the different cleaning steps of the
N2-line.
After the cleaning and baking process, water content in
Nitrogen (due to contamination from the stainless steel of
the nitrogen injection line) was reduces by a factor 25 and
the carbon content is negligibly small (~10-4).
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IPNO Nitrogen Infusion Process
The different steps of N-Infusion process of IPN Orsay
are: 1) Purge N2 line (0.1 mbar, 30 min.), 2) Cryogenic
Pumping, 3) Heating up to 300°C @ 5°C/min - Hold
@ 300 °C - dwell time : 0h30, 4) Heating up to 650 °C
@ 10°C/min - Annealing @à 650 °C, dwell time 0h30, 5)
Heating up to 800 °C @ 5°C/min - Annealing @à 800 °C,
dwell time 2h00, 6) Radiative cooling under vacuum down
to 150 °C, 7) Temperature regulation @160 °C and Nitrogen Doping @160 °C (0.025 mbar), 8) Cryogenic Pumping, 9) Radiative cooling under vacuum down to 40 °C, 10)
Pressurize thermal chamber with Ar up to 900 mbar then
to 1013 mbar (filtered air) , 11) Cool down to 20 °C. This
process was successfully commissioned including optimization of PPN2 PID regulation.

First Tests of Nitrogen Infusion
We performed 2 N-infusion runs: run#1 with only Nb
samples (Fig. 7), run#2 with Nb samples and a 1.3 GHz
cavity.

Figure 7: Infusion samples.
The preliminary results (e.g. RGA spectra and SIMS
analysis with Nb samples) of these the run#1 did not show
any pollution that could potentially impact negatively Ninfusion. These results were confirmed for the run #2.
Moreover, for the run#2 the confocal microscope micrographs (Fig. 8) did not show any critical contamination of
the sample studied.

Figure 8: Confocal microscope micrograph.
Finally, the N-infused 1.3GHz cavity was not yet tested:
we will report about the corresponding results in the near
future.

CONCLUSION
The furnace developed by IPN Orsay in the framework
of ESS project was successfully commissioned in May
2016. We have developed hydrogen outgassing process
suited for spoke cavities equipped with brazed stainless
TUP019
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steel on the beam tubes and titanium LHe tank. This hydrogen outgassing is done at 650 °C for 10h00: we performed
successful qualification tests of the process with samples
and various cavities (=1 elliptical resonators and spoke
cavities equipped with their Ti LHe tank). We are now in
the production phase for ESS. Up to now 20 successful hydrogen outgassing of various cavities (prototypes: ESS
Double-spoke cavities, MYRTHE single spoke, 1.3 GHz
cavities, Serial ESS double spoke cavities, high beta and
medium): the success rate is 100 %. We have just started
nitrogen infusion R&D program. Nitrogen infusion process
was successfully commissioned. Nitrogen injection line
was cleaned, baked and qualified. The preliminary test results (RGA spectra and SIMS analysis with Nb samples)
did not show any pollution that could potentially impact
negatively N-infusion. First Nitrogen infusion performed
with samples and 1.3 GHz cavity: we will report about this
first infusion run in the near future.
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STATISTICAL ANALYSIS OF THE 120∘ C BAKE PROCEDURE OF
SUPERCONDUCTING RADIO FREQUENCY CAVITIES
L. Steder∗ , D. Reschke, DESY, Hamburg, Germany
DATA SAMPLE AND SELECTION
CRITERIA

Abstract
DESY is and was very active in R&D related to SRF
cavities. Many single- and nine-cell cavities with different
surface treatment histories were tested vertically. Results of
these cold tests are accelerating gradient and quality factor of
the cavities. Using the large number of available datasets the
parameters of the 120∘ C bake procedure, which is applied
to avoid high-field Q-slope, are analysed. The impact of different durations and temperatures on accelerating gradient,
quality factor and residual resistance is studied in detail and
is compared to results obtained with the recently proposed
procedure of modified low temperature bake. For this procedure additional four hours at temperatures around 75∘ C are
implemented before the standard bake at about 120∘ C. Since
the claim is, that cavities treated with such a modified procedure achieve extra-ordinary large accelerating gradients it
is a very interesting research field for the European XFEL
continuous wave mode upgrade. For this purpose cavities
with high quality factors are needed, but in addition large
maximal accelerating fields are required to maintain high
energies in the pulsed operation mode of the accelerator.

THE 120∘ C BAKE PROCEDURE
Modern superconducting radio frequency (SRF) cavities
are made of Niobium and are used worldwide in a large variety of particle accelerators. The requirements on the surface
quality are extremely high in order to enable outstanding
performances. One standard surface treatment procedure for
SRF cavities (e.g. applied for the European XFEL) contains
besides the electrochemical polishing two heat treatments.
The first one at 800∘ C is applied before the final chemical
treatment. It releases mechanical stress in the material and
gets rid of the hydrogen. The second treatment, normally
at 120∘ , is executed directly before the first vertical performance test of the cavity. This bake procedure is needed to
cure the so called high-field Q-slope. A heat treatment at
about 120∘ C for typically 24 h - 48 h under high vacuum
conditions inside the cavity prevents this effect.
Several reasons for the Q-slope and methods to overcome
it by heat treatments are reviewed in [1]. Nano-hydrides are
also discussed [2] as possible reason for the degradation of
cavities at high fields.
At DESY, the bake procedure is implemented via a simple
setup with heating coils. The systematic temperature uncertainty is described by Δ𝑇 = 0.5∘ C over a single-cell cavity
and even about Δ𝑇 = 5∘ C over the height of a nine-cell
cavity.
∗

lea.steder@desy.de
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Almost 400 bake procedures at different temperatures are
recorded in the DESY cavity database [3] in addition to the
832 European XFEL series cavities. Since the latter all underwent the standard bake procedure at 120∘ C for 48 hours,
they are not part of the here analysed sample. Only standard
cavities with completely recorded histories are allowed. Special treatments like baking with Argon or heat treatments
conducted not at DESY are excluded as well.
The cavities in the sample vary in the number of cells, their
manufacturer, the surface treatment they experienced and the
test stands on DESY campus at which the vertical test was
performed. The described selection results in 158 vertical
tests of 111 individual cavities. 26 single cell cavities, two
three cell cavities and 83 nine cell cavities.
The results, which are presented here, are always deduced
from vertical performance tests executed at a liquid Helium
temperature of 2 K. Since a vertical test will only be ended
after two reproducible power rises, only the last power rise
of each test is used. In cases where multiple test after a
heat treatment exist, the one with the best 𝑄0 @ 7 MV/m is
chosen.

Temperature Distribution
To illustrate the variety of the data sample, in Fig. 1 the
distribution of the bake procedures over the baking temperatures are shown.

20

baking procedures
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Figure 1: Temperature distribution of all cavity bake procedures. On the upper right, the binning, used in the analysis,
is displayed.
This sample allows for 5∘ C wide bins with sufficient statistic in the three bins from 120∘ C to 130∘ C. Even wider binning does not allow for meaningful statements and would
require a bin centre correction, which is not applied in this
analysis.
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Due to the limited statistics, the temperature and duration
of the bake procedure can be studied only. In Fig. 2, the
underlying samples for this analysis are shown.
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Figure 2: Binned temperature distribution of bake procedures sub-divided for different treatment durations.
Further distinction concerning the material and Niobium
vendor or the vertical test limit like breakdown, field emission or power limit are not possible. The same holds true
for the surface treatment, which was applied to the cavities
and the cavity performance in tests at lower liquid Helium
temperatures.

OBSERVATIONS

statistics above 20 entries per bin. Even there, not in every
bin all duration values are available, sometimes data points
are missing due to insufficient statistics. For comparison the
results of the European XFEL-series cavities –all treated
according to the 120∘ C standard procedure– are displayed
as well.
To guide the eye and allow for an easy assessment of the
results, linear fits to the data are shown in addition. One
for the complete temperature range and one only for the
statistically dominating region in the three bins from 120∘ C
to 130∘ C. Both fits include the data and uncertainties of the
complete data sample depicted in the black dots.
A trend to slightly lower maximal accelerating gradients
towards larger temperatures for the bake procedure is visible
in Fig. 3, but the data points comprise huge uncertainties.
Hence, the linear fit of the central region is more sensible
and this one indicates a clear improvement with increase of
the baking temperature.
The quality factor 𝑄0 measured at 7 MV/m is chosen as
parameter since it exists for all analysed cavities, results are
shown in Fig. 4.
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XFEL series

2.0×1010

1.5×1010

In the following Figs. 3 - 6 for all the parameters the mean
value in each bake temperature bin is given together with
𝜎/√𝑁. Whether the mean value is a sensible representation
or not was analysed in detail, more can be found in [4]. Since
no better parameter is available and only in some bins the
spread is extremely wide, it is used in the following.
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Figure 4: Quality factor measured at an accelerating field of
7 MV/m versus bake temperature.

40
complete sample (mean with σ/

N)

linear fit to complete data
linear fit to central data

bake < 48h
3.0×1010

30

bake 48h
bake > 48h

Q0 @ 23.6MV/m

max. accelerating field [MV/m]

3.5×1010

20
complete sample (mean with σ/
10

N)

bake < 48h
bake > 48h

linear fit to complete data

XFEL series

linear fit to central data

100

XFEL series

2.0×1010

1.5×1010

bake 48h

0

2.5×1010

110

120

130

140

150

baking temperature [°C]

1.0×1010
100

110

120

130

140

150

baking temperature [°C]

Figure 3: Maximal accelerating gradient displayed over bake
temperature.

Figure 5: Quality factor measured at an accelerating field of
23.6 MV/m versus bake temperature.

In all figures, the complete data sample as well as points
for samples differentiated by baking durations are shown.
But this distinction is only possible in the central bins with

In contradiction, not all cavities reached the European
XFEL design value of 𝑄0 = 23.6 MV/m. Therefore in
Fig. 5, the statistics are reduced a little further. In both
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complete sample (mean with σ/

At 120∘ C all studied measures are by definition one. For
the quality factors and the accelerating field a moderate
rise can be seen up to 130∘ C. Afterwards the accelerating
gradient and the 𝑄0 @ 23.6 MV/m rise further, while the
quality factor at lower field drops. The residual resistance
shows an increase in the beginning, declines towards 130∘ C,
before it steeply rises. Again, for the residual resistance the
lowest possible value is preferable.
Hence, the apparent choice for an optimised temperature
for the bake procedure is 130∘ C. Here 5%-10% improvement
can be reached in three variables without too much losses in
the residual resistance.
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Figs. 4 and 5, a trend to better performances with higher
bake procedure temperatures is visible, even though for the
central bins almost no development can be seen.
In Fig. 6, values for the residual resistance are shown
versus the bake temperature. Since this resistance value is
deduced from a fit to Q(T) dependence, which is not measured for all cavities, here the statistics are reduced further
again. Judging this figure it should be kept in mind, that
lower resistance values are preferable. Both, the overall
tendency as well as the fit to the central bins show a light
degradation with increasing temperatures.

130

140

150

baking temperature [°C]

Figure 6: Residual resistance displayed over bake temperature.
A conclusion concerning the baking durations is very difficult. Comparing the results of cavities with longer bake
procedures with such of cavities with shorter heat treatments
a small but uncertain tendency towards shorter bake procedures can be deduced.

A year ago an astonishing observation was reported in [5].
Kind of accidentally, cavities were held at about 75∘ C for
four hours before the standard bake procedure was performed
with 48 hours at 120∘ C. The afterwards executed vertical
performance tests showed outstandingly good results for
accelerating gradients and quality factors of four different
single-cell cavities.
In case such a slight and easy-applicable modification of
the final treatment is able to improve the cavity performance
that much, it could be a very elegant satisfaction of the demand for the next generation SRF cavities. Hence, at DESY
investigations in this direction started immediately and three
nine-cell cavities were heat treated following this new recipe
called modified low temperature bake. Before, they underwent a cycle of bulk electropolishing (EP), annealing at
800∘ C and final polishing (40 µm EP).
5×1010

In order to get a basis for reliable conclusions and the
possibility to identify room for improvements an overview
plot was created. In Fig. 7 all parameters are compared
and normalised to their value at 120∘ C and 48 hours, since
this is up to now the standard working point.
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Figure 7: Normalised values of all studied parameters plotted
over bake temperature.
TUP020
446

Figure 8: Q0 (E) curves for all cavities baked at DESY applying the modified low temperature procedure.
The performance of those cavities can be seen in Fig. 8
Obviously, all cavities were cured from an early Q0 slope and reached larger maximal accelerating gradients
than before. Two of them show in addition over the complete
gradient range larger 𝑄0 values. But no extraordinary large
accelerating gradients, like reported in [5], are reached.
In order to get a better chance to assess the effect of the
modified low temperature bake procedure a simple comparison was performed. The two cavities, which showed
Cavities - Fabrication
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also improvements concerning the quality factor, have been
taken out of the XFEL-series production due to some problems while the surface treatments. Afterwards they were
re-worked and heat treated like described above. This gives
the chance to compare them to their sister cavities, which
were produced in the same batch, remained in the standard
European XFEL treatment cycle and with it underwent a normal 120∘ C bake procedure. In Fig. 9, this comparison can
be found. The resulting quality factors of the modified low
temperature procedure are slightly better but the reached accelerating gradients are of the same order as for the cavities
treated according to the standard recipe.
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Figure 9: Q0 (E) for cavities which underwent the modified
low temperature procedure, compared to their sister cavities
which were treated with the standard procedure.
Since a batch of eight DESY single-cell cavities were
treated with a bulk EP process recently, the chance to test
this step of an additional four hours treatment at 75∘ C is
given. Their results will give more statistics to evaluate the
process further.

CONCLUSION
In summary it can be stated that although results of many
cavities are collected and documented in the DESY cavity
database [3] not all aspects can be answered due to limited
statistics for the huge parameter space available for cavity
surface treatments.
The analysis of the existing data concerning temperature
and duration of the so called 120∘ C bake procedure shows
only little room for improvement. A rise of 10∘ C will be
performed for future procedures at DESY. In addition, the
duration will be reduced from 48 to 24 hours to collect also
statistics for this case. Shorter bake durations are preferably
in order to speed up the preparation for a vertical cavity

cavity processing
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test. In addition, this reduction of bake duration is also cost
reducing.
In case the expectations concerning the modified low temperature bake will be met, a very simple and elegant way
to improve SRF cavity performances is found. Up to now,
experiments at DESY could not reproduce the outstandingly
good results presented in [5].
As a result of the here presented studies, the next bake
procedures, which will be applied at DESY, are characterised
by the following parameters: Four hours heat treatment at
75∘ C, followed by 24 hours at 130∘ C.
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EFFECT OF CATHODE ROTATION AND ACID FLOW IN VERTICAL
ELECTROPOLISHING OF 1.3 GHz NIOBIUM NINE-CELL CAVITY
V. Chouhan†, Y. Ida, K. Nii, T. Yamaguchi, Marui Galvanizing Co., Ltd, Himeji, Japan
H. Hayano, S. Kato, H. Monjushiro, T. Saeki
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
Abstract
We have been carrying out R&D on vertical electropolishing (VEP) technique to establish it as an alternate
of the horizontal EP (HEP) technique used for the surface
treatment of niobium (Nb) superconducting RF (SRF) cavities. We have earlier reported on a VEP parameter study
for 1.3 GHz single and nine-cell Nb cavities. The optimized VEP parameters and a unique rotating cathode
yielded uniform removal and a smooth surface in the single
cell cavity. The unique cathode and a dual flow mechanism
for acid circulation were applied to improve the removal
uniformity in the nine-cell cavity. The vertically electropolished single and nine cell cavities achieved the same
RF performance as achieved after the HEP processes. We
are making efforts to further improve the removal uniformity in the nine-cell cavity. Here, we report on a VEP
of the 1.3 GHz Nb nine-cell cavity at a higher cathode rotation speed of 50 rpm. The VEP results reveal that the
speed could be considered for improving the uniformity in
removal while maintaining the surface smoothness. Required improvements in the VEP facility and acid flow
condition for achieving uniform EP and a smooth surface
are also described.

INTRODUCTION
Niobium superconducting RF (SRF) cavities are electropolished to remove the top 100-200 µm damaged surface layer and to make the surface smooth and contaminant
free. An electropolishing (EP) process is performed with
the horizontal EP (HEP) process (in the horizontal position
of the cavity) or vertical EP (VEP) process (in the vertical
position of the cavity). The HEP is a standard and promising process for attaining the desired surface and good SRF
performance at a cryogenic temperature. The VEP process,
which is performed with a simple setup, yielded strong
asymmetry in removal and traces of hydrogen (H2) gas
bubbles on the Nb surface. Our previous studies have
shown that the major cause of the asymmetric removal is
an accumulation of H2 gas bubbles on the Nb surface [1–
4]. Bubbles staying on the Nb surface might impair the diffusion layer present on the interface of Nb surface and electrolyte (H2SO4 and HF in a volumetric ratio of 9:1). The
thin diffusion layer enhances the EP rate or removal. The
local attack of the bubbles enhances the removal locally to
make the surface rougher by leaving the surface with bubble footprints or traces.
In order to resolve the issues, we have made different
approaches. Different models of a unique rotating cathode
(Ninja cathode) were designed tested [4]. A cathode with
insulating blades, cathode housing covered with PTFE
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meshed sheet, and with a larger surface area of the Al cathode was designed [5]. Parameter studies were extensively
carried out for the single cell cavity with the cathode and a
unique coupon cavity [5, 6]. The VEP parameters including
a cathode rotation speed, cavity and acid temperatures,
flow rate of circulating acid in the cavity, and applied voltage have been optimized by carrying out the study of polarization curves for the coupons and the cavity. The parameters were employed to 1.3 GHz TESLA shape/type Nb
single cell cavities which resulted as good SRF performance as after the HEP treatment [7, 8].
The VEP of a nine-cell cavity is more challenging because the surface area of the cavity is around six times
larger compared to that of the single cell cavity. The larger
surface area enhances the generation rate of gas bubbles
proportionally. Removal of around six times larger quantity
of bubbles efficiently from the nine-cavity is extremely difficult. A huge amount of bubbles finally accumulates in the
upper cells of the cavity. The bubble accumulation deteriorates surface state and led to a strong asymmetric removal
along the cavity length [9]. The study on the nine-cell cavity was also performed using a unique nine-cell coupon
cavity [9] and the same design of the Ninja cathode [10,
11]. A novel approach, in which the acid was flown separately in the cathode housing and the cavity, has been applied to move the bubbles along the cathode and discharge
them quickly from the cavity. The method is named as dual
flow method. The flow rates were optimized for quick discharging of bubble from the cavity [10]. The accumulation
of the bubbles significantly reduced in the top cell. It was
confirmed with the viewports available on the iris positions
and the coupon currents in the cell. As a result of these approaches and optimized VEP parameters, the asymmetry in
removal for the nine-cell cavity was significantly reduced.
VEP of 1.3 GHz Nb nine-cell cavity for bulk removal of
totally 130 µm was performed and the cavity was tested in
a vertical cryostat. The cavity showed the same SRF performance as measured after the HEP process [11].
In this paper, we show results of a VEP experiment performed with a higher cathode rotation speed. The goal of
the study is to understand the effect of cathode rotation and
acid flow rates on removal uniformity and surface morphology.

EXPERIMENT
A VEP setup, which has facilities for carrying out VEP
under different parameters for R&D, was made in the last
six year and used for the VEP experiment. The detail of the
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setup has been reported elsewhere [11]. The nine-cell coupon cavity [9] and the Ninja cathode [10] with an optimized
design were utilized. In the nine-cell coupon cavity, the
first (top), fifth (center), and ninth (bottom) cells contain
coupons at the top iris, equator, and bottom iris positions.
The coupon currents are measurable. These cells also have
viewports, which allow seeing inside the cavity during the
VEP process, near the iris positions. The VEP parameters
applied to the coupon cavity are summarized in Table 1.
A removal thickness on different positions of the cavity
was measured with an ultrasonic thickness gauge. The coupon surfaces after the VEP were observed with an optical
microscope. Surface roughness of the coupons was measured by line-scanning in a length of 2.4 mm with a surface
profilometer.
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Table 1: VEP Parameters Applied on the Nine-Cell Cavity
Condition/
Parameter
Cathode Type

Ninja Cathode

Cathode Rotation

50 rpm

Cavity Temperature

< 15 C
Dual Flow

Acid Flow Type
Acid Flow Rate in
Cathode housing
Acid Flow Rate in
Cavity
Applied Voltage

Value

5 L/min (Target: 10 L/min)
4 L/min (Target: 5 L/min)
18 V (On-Off Cycles)

Figure 1: Polarization curves for the cavity and coupons located in the top, center, and bottom cells. (a-d) Curves with
cathode rotation at 0 rpm and unoptimized acid flow rates. (e-h) Curves with cathode rotation at 50 rpm and unoptimized
acid flow rates. (i-l) Curves with cathode rotation at 50 rpm and optimized acid flow rates in the cathode housing and the
cavity. The cavity temperature during all the tests was kept to be ~15°C. The vertical lines on the plots indicate the starting
of the EP plateaus.
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RESULTS
Polarization Curves for Coupons and Cavity
Polarization curves (current density J versus voltage V
curves) were measured for the coupons and the cavity with
cathode rotation at 0 and 50 rpm. The dual flow method
was applied. However, the target optimized flow rates were
not maintained due to an issue with the acid inlet pump.
The applied flow rates are shown in Table 1. The cavity
temperature was kept to be around 15 C during the tests.
The curves are shown in Fig. 1 (a–d & e–h). An explanation
on a polarization curve is given in ref. [4]. In a previous
experiment, J-V curves were measured at 50 rpm and under
the optimized flow rates of 10 L/min in the cathode housing and 5 L/min in the cavity. These curves are shown for
the comparison in Fig. 1 (i–l). The curves obtained at 0 rpm
show clear EP plateaus for all the coupons in the top, center, and bottom cells. At 50 rpm, scattering in the current
was seen and the EP plateaus except for the equator coupon
in the top cell shifted slightly in the higher voltage side.
The EP plateau for the equator coupon in the top cell significantly shifted to the higher voltage side whereas the
shift was not large when the optimized flow was used.
A higher cathode rotation might affect the diffusion layer
due to a higher acid flow rate on the Nb surface. This might
be the reason for the scattering in the EP current data and a
slight shift in the EP plateaus for all the coupons at 50 rpm
compared to that at 0 rpm. The large shift in the EP plateau
in the top cell at 50 rpm should be due to a low electric
field caused by the cathode screening with a huge amount
of accumulated bubbles. It is because the only difference
from the bottom to the top side of the cavity is the different
gas bubble densities. The cathode rotation might collect the
bubbles on the cathode axis and slow down the bubble discharge from the cavity. The shift is not due to the cavity
temperature because the same temperature was maintained
on the whole cavity by spraying cold water the on exterior
surface of the cavity. The large shift disappears when the
optimized acid flow that discharges bubbles quickly from
the cavity was applied. This also indicates the shift is due
to a large amount of bubbles.

Figure 2: Cavity current density and acid temperature profiles during the VEP performed with cathode rotation at 50
rpm and unoptimized acid flow. The temperature was
measured at the outlet of the cavity.

Removal Thickness
A removal thickness trend in the VEP performed at 50
rpm under unoptimized flow rates is shown in Fig. 3. The
top three cells show asymmetric removal with higher removal on the top irises whereas other cells show uniform
removal. In the previous experiments performed at 20 rpm
under optimized flow rates [11], the asymmetry along the
cavity length was significantly reduced. However, the
asymmetry was found in each cell.

VEP of Nine-Cell Coupon Cavity
Although the desired flow rates were not maintained, a
VEP was performed for an average removal of 30 µm. OnOff voltage cycles were applied where the on and off times
were set to be 3 min. The purpose of the On-Off voltage
cycle is to reduce the circulation of the bubbles from the
acid tank to the cavity. The acid tank has a small size with
a capacity of ~70 L only. Bubbles return back to the cavity
when the flow rate is ~10 L/min and higher. The cavity current density and temperature of acid at the cavity outlet during the VEP are shown in Fig. 2. The temperature of the
cavity and acid at the outlet of the cavity were well maintained at around 15 C to keep the EP conditions as in the
J-V curves. The removal rate (average removal thickness
divided by the total on-time) was calculated to be 0.28
µm/min.
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Figure 3: Removal thickness along the cavity length in
VEP performed with cathode rotation at 50 rpm and unoptimized acid flow. The vertical line on the plots shows average removal thickness. The schematic in the left shows
the positions where the removal thicknesses were measured.
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In the case of single cell cavity, a cathode rotation of 20
rpm yields a uniform removal in the cavity cell [6, 7]. In
the nine-cell cavity, although the dual flow method significantly reduces the bubble accumulation in the cavity cells,
some bubbles return back to the cavity from the tank and
might diffuse from the cathode housing to the cells. These
bubbles remain on the surface and move slowly with the
acid flow on the surface. The cathode rotation of 20 rpm
seems to be less effective to displace all the bubbles from
the surface. In the current experiment, the uniform removal
in the six bottom cells is attributed to two phenomena. (1)
The total flow rate in the unoptimized condition was
around 9 L/min which was less than the total flow rate of
15 L/min in the optimized case. The slow flow rate reduced
the returning bubbles from the tank to the cavity. (2) The
high rotation of 50 rpm displaced the bubbles more efficiently from the surface in the lower cells and yielded the
uniform removal. The cathode rotation at 50 rpm in the top
cells was not effective since the quantity of bubbles was
large in these cells.
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Coupon Surface and Roughness
Optical microscope images of the coupon surfaces after
30 µm average removal in VEP are shown in Fig. 4. The
measured roughness Ra and Rz are shown in Fig. 5. Ra is
an arithmetic average roughness and Rz is defined as an
average height difference between five tallest peaks and
five deepest valleys. The surface morphology and roughness reveal that the coupon surfaces were smooth. The
equator in the top cell was slightly rougher than the other
coupons. The higher roughness is explained with the shift
in the EP plateau for the equator in the top cell. The removal of the equator in the top cell occurred in semi-polishing condition in which the material is partially removed
by the etching phenomenon. The surface roughness in the
top cell could be reduced even at 50 rpm when the optimized flow rates are applied.

Figure 4: Optical microscope images of the nine coupons after VEP with cathode rotation at 50 rpm and unoptimized acid
flow rates.
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and the cavity. Moreover, the acid tank with a larger capacity will be prepared to stop the returning of gas bubbles
from the tank to the cavity.
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Figure 5: Coupon surface roughness Ra and Rz after VEP
performed for an average removal of 30 µm at cathode rotation of 50 rpm and unoptimized flow rates.

CONCLUSION
The VEP experiment for the nine-cell coupon cavity was
performed with the Ninja cathode rotating at 50 rpm. The
dual flow was applied for acid circulation inside the cathode housing and the cavity. In this experiment, the acid
flow rates could not be maintained to the desired flow rates
in the cathode housing and cavity. The VEP results reveal
the following: (1) Higher cathode rotation of 50 rpm shifts
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the presence of a huge amount of gas bubbles. (2) The uniformity in removal could be improved at cathode rotation
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equator surface in the top cell was slightly rougher than
other coupons. The rough surface is attributed to the accumulation of a large amount of bubbles in the top cell. (4)
Cathode rotation of 50 rpm could be opted for VEP of a
nine-cell cavity when the optimized flow rates in the cathode housing and cavity are applied.

FUTURE WORK
The results obtained with the cathode rotation speed of
50 rpm is promising in terms of removal uniformity and
surface smoothness. The issue in this VEP experiment was
that the unoptimized acid flow rates were applied. Further
VEP tests are necessary to be performed. The next VEP experiments will be conducted with cathode rotation at
50 rpm and the optimized flow rates in the cathode housing
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FERMILAB EP FACILITY IMPROVEMENTS*
F. Furuta†, D. Bice, A.C. Crawford, T. Ring, Fermi National Accelerator Laboratory, Batavia, USA
Abstract
Electro-chemical Polishing (EP) is one of the key technologies of surface treatments for niobium superconducting cavities. Fermilab has established cold EP method and
applied on all single cell cavities (1.3 GHz~3.9 GHz)
processed at Fermilab EP facility. Cold EP method allows
achieving continuous large current oscillations during EP
process and providing the uniform removal over the cell
with the variation of ±15%. Here we report details of
Fermilab EP facility and cold EP method in this paper.

INTRODUCTION
Horizontal EP on single cell cavities at Fermilab EP facility started in 2012. R&D efforts of EP had been paid on
precise temperature control over EP process to achieve
continuous large current oscillations during the process.
In 2014, the efforts were established by maintaining the
cell surface at low temperature of 16 C during EP process
and named as “cold” EP method. The first article of cold
EP method was published in 2017 [1]. So far, more than
200 EP with this cold EP method have been successfully
applied on over 60 single cell cavities at Fermilab EP
facility and contributed as one of important surface treatments to the cavities achieved high-Q and/or high field
during vertical tests. The keys of cold EP method are 1)
low concentration of water in the electrolyte, 2) low temperature at the cell surface, and 3) low electrolyte flow
rate. In this paper, we will revisit those key factors and
describe the details of Fermilab EP facility and current
cold EP parameters.

EP TOOL AT FERMILAB
Figure 1 shows EP tool at Fermilab EP facility, CPL
(Cavity Processing Laboratory), and 1.3 GHz TESLA
shape single cell cavity on the tool. The tool is capable for
single cell cavities with frequency of 1.3 GHz or higher.
So far, 1.3 GHz, 2.6 GHz, 3 GHz, and 3.9 GHz single cell
cavities have been processed on this tool. Fermilab EP
process took 2 or 3 days. Day1 was for a cavity installation and instrumentation. Day2 was leak check and EP
process. We had Day3 depends on the target removal. The
leak check of the tool was performed using sulfuric acid
and this also helped to remove all residual waters in the
tool.

Electrolyte
EP electrolyte is the mixtures of sulfuric acid (H2SO4)
and hydrofluoric acid (HF). Traditional ratio of EP electrolyte is H2SO4 : HF = 9~10 : 1 by volume, and uses
H2SO4 > 96% and HF 46~48% by weight. Fermilab uses
___________________________________________

*Fermilab is managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359.
† ffuruta@fnal.gov
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Figure 1: FNAL EP tool (top) and 1.3GHz single cell
cavity on the tool (bottom).
EP electrolyte with the ratio of H2SO4 : HF = 13.5 : 1 by
volume. Concentration of each acid Fermilab uses are
H2SO4 > 96% and HF ~70% by weight. The ratio of HF
to H2SO4 is similar to traditional mixtures, but the high
concentration of HF provides the first key of cold EP, low
concentration of water in the electrolyte, and also minimizes HF evaporation during acid mixing. EP electrolyte
was pre-mixed by the company and delivered to Fermilab
(~110 L/drum). For EP process, a fresh electrolyte of 10L
was transferred from the EP electrolyte drum to the acid
tank of EP tool. This 10L of electrolyte was circulated
during EP process and dumped to the waste drum after the
process, no electrolyte was re-used even if the removal
was small. The administrative removal limit with 10L of
electrolyte is 80μm on 1.3GHz single cell cavity; this
corresponds to the niobium concentration of about 11g/L.

Temperature Control and Monitoring
Temperatures during EP process were monitored at six
locations; three thermocouples with insulator are on the
cavity (Fig. 2), another two with insulators are on the
drain lines of EP end groups at both cavity ends, and the
last one is in the acid tank. Wireless thermocouple system
is applied on the rotating cavity and the drain lines.
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Figure 2: Thermocouples and zone separators on the
cavity.
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niobium salt was produced on niobium surface during EP
process and affected to the current behaviours. The horizontal rotational EP established by KEK had succeeded to
maintain continuous current oscillations during EP by
agitating the viscous layer with cavity rotation and also
by circulating the electrolyte [2]. In addition to those
baselines of horizontal EP method, Fermilab applied the
low temperature conditions during EP process and succeeded to maintain current oscillations much larger and
deeper than traditional EP conditions. The low temperature of the cavity outside at the cell surface (~15 C) and
the beam tubes (~0 C) brought on less heating of EP reactions and allowed lowering the electrolyte flow rate. This
low flow rate also contributed to maintain the agitation in
good condition for continuous large current oscillations
(the third key of cold EP).

Removal Rate during Cold EP

Figure 3: Schematic of cavity outside cooling.
Figure 3 shows the schematic of cavity outside cooling at
Fermilab. The chiller unit #2 controls the temperature of
cavity outside wall. The 30% propylene glycol is used for
the chiller #2 and could provide the outside cooling water
of below 0 C without freezing. Zone separators, flexible
plastic disks seen on iris in Fig. 2, divide a single cell
cavity in three zones (the cavity cell and the beam tubes)
and prevent outside cooling water moves from one zone
to another. Flow adjusting valves control the amount of
cooling water to each zone. With these schemes, we could
maintain the cavity cell and the beam tubes in different
and low temperatures during EP process (the second key
of cold EP). The temperature of electrolyte in the acid
tank was maintained below 12C with the chiller unit #1
during cold EP process.

Current Oscillations
EP reaction can be described in two parts; 1) electrochemical reaction develops niobium pentoxide (Nb2O5)
on niobium surface by applying voltage between cathode
(aluminium, >99.5%) and anode (niobium cavity), this
part was responsible for decreasing EP current, 2) HF
acid removes those niobium oxide layer, this part was
responsible for increasing EP current. These two reactions
happen simultaneously. The viscous dielectric layer of
TUP022
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The thickness measurement by ultrasonic thickness
gauge was performed before and after the bulk cold EP of
30μm. The current integration was about 2.1x105A*sec,
so average removal was 30 μm if we assumed the uniform
removal over the cavity. The actual average removal over
the cell was 34±3.5 μm, this demonstrated cold EP method could provide good removal uniformity over the cell
with the variation of ±15%. The removal at beam tube
was about 20 μm, well suppressed due to the lower temperature at beam tubes. Based on these thickness measurements, the target current integration values were calibrated to the target removals at cell. If the target removal
was 10 μm or less, the whole process of EP was done by
cold EP method, but the removal rate during cold EP was
small, about 5 μm/hour over the cell, due to the low temperatures. If the target removal was larger than 10 μm, hot
EP conditions (Table 1) were applied first to make removal rate larger and then cold EP conditions was applied
during the final 10 μm removal. As an example, if the
target removal was 120 μm, the first 110 μm was completed with hot EP conditions, and the final 10 μm was
completed with cold EP conditions.
Table 1: EP Parameters
Parameter
Cold EP
Hot EP
Target removal
10 μm or less
>10 μm
EP Voltage
18 V
EP Current *1
15 [A]
40 [A]
*1
Equator temp.
15 [C]
32 [C]
Beam tube temp. *1
0 [C]
5 [C]
*1, 2
Electrolyte temp.
12 [C]
20 [C]
Removal rate at the cell *1
5 [μ/hr]
12 [μ/hr]
Electrolyte flow rate *1
1.5~2.3 [L/min.]
Cavity rotation speed
1 [Revolution/min.]
Nitrogen gas flow
1 [L/min.]
*1: average values, *2: at the acid tank of EP tool

Cavities - Fabrication
cavity processing

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP022

Cold EP Parameters and Profiles
Table 1 summarizes the optimized cold and hot EP
conditions for 1.3 GHz single cell cavity processed by
Fermilab EP tool. The numbers are average values. Figure
4 shows typical current oscillation profiles during cold
and hot EP on 1.3 GHz single cell cavity. X axis in Fig. 4
shows time in 5sec/div and Y axis shows current in
200 mV/div, 200 mV corresponds to 8 A, and the bottom
X axis line corresponds to current=0. Figure 5 and 6
shows the temperature profiles of cavity wall and acid
drain lines and the profiles of EP current, voltage, flow
rate, and electrolyte temperature at acid tank during typical 40 μm EP on 1.3 GHz single cell cavity, respectively.
As described before, the first 30 μm was done with hot EP
conditions and the final 10 μm was done with cold EP
conditions.

Figure 6: Typical EP profiles during 40 μm EP on
1.3 GHz single cell cavity.

FUTURE PLANS
Figure 7 shows Large EP tool at Fermilab CPL which
was transferred from AES to Fermilab and waiting for reinstallation. This large EP tool could process from single
cell cavities to multi-cell cavities, such as 1.3 GHz 9-cell
cavities and 650 MHz 5-cell cavities. Cold EP method
will be extended to this large scale EP tool and applied to
those multi-cell cavities.

Figure 4: Current oscillation profile during Cold (left) and
Hot (right) EP.

Figure 7: Large EP too at FNAL CPL (left) and a dummy
tube installed for flow test on EP bed (right).

SUMMARY

Figure 5: Typical temperature profiles during 40 μm EP
on 1.3 GHz single cell cavity.

More than 200 EP on over 60 single cell cavities had
been successfully performed using cold EP method at
Fermilab. Cold EP method is one of important surface
treatments of Fermilab to achieve high-Q and/or high
field performances with single cell cavities during cryogenic tests. Uniform removal over the cell with the variation of ±15% had been achieved by cold EP method, this
is especially important on the final removal for dopedcavities. Applying Fermilab cold EP method on 9-cell
cavities at ANL EP facility is in progress. The re-built
work on Large EP tool at Fermilab CPL for 1.3 GHz 9cell and 650 MHz 5-cell is also under discussions.
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EXPERIENCE OF LCLS-II CAVITIES* RADIAL TUNING AT DESY
A. Sulimov†, J.-H. Thie, DESY, Hamburg, Germany,
A. Gresele, Ettore Zanon S.p.A., Schio, Italy,
A. Navitski, RI Research Instruments GmbH, Bergisch Gladbach, Germany,
A. D. Palczewski, Jefferson National Laboratory, Newport News, Virginia, USA
Abstract
Radial tuning (rolling) was applied to three LCLS-II
cavities to prevent that their lengths exceed the technical
limits. The cavities have a reduced frequency due to
additional material removal during cavity treatment well
beyond the baseline recipe. The mechanical condition of
the cavities was relatively soft because of the thermal
history and the niobium manufacture requirement of an
optimal flux expulsion. The niobium was highly
recrystallized by 3 hours annealing at 900°C and 975°C
respectively. Each cavity received an inner surface
treatment of 200 µm electro-polishing (EP) and an external
30 µm buffered chemical polishing (BCP) as part of the
baseline recipe. Each cavity received an addition ~100 µm
of chemical removal along with a second annealing
treatment before the radial tuning process. Detailed
information about the accuracy and homogeneity of
LCLS-II cavities rolling is presented as well as results of
field distribution analysis for TM011 zero-mode with a
comparison to standard cavities.

Table 1: Target Cavity Characteristics After a Standard
Tuning
Parameter
Length (LT), mm
Frequency (FT), MHz

Value
1061 ± 3
1297.96 ± 0.05

Figure 1: 9 cell cavity length (L).
Effective elongation (L) indicates the length deviation
relative target value after the standard (longitudinal) tuning
exactly to target frequency. Maximal value of additional
EP treatment (R) in case the length is within the limit
(LT = 3 mm). These parameters can be calculated:
∆𝐿

𝐿

𝐿

INTRODUCTION
More than 370 superconducting radio frequency (SRF)
TESLA-type 1.3 GHz cavities for Linac Coherent Light
Source (LCLS)-II project [1, 2] were manufactured by two
European vendors: Ettore Zanon S.p.A. (EZ) and RI
Research Instruments GmbH (RI). LCLS-II used “buildto-print” SRF cavity production strategy, developed at the
Deutsches Elektronen-Synchrotron (DESY) for the
European X-FEL (EXFEL) project [3].
The cavities used for the LCLS-II production are all
treated using high temperature nitrogen doping to enhance
the mid-field Q0, reducing the cryogenic load of the Linac.
Unfortunately this technology requires a complete surface
removal and re-heat treatment in case of cavity rework,
unlike EXFEL which only required a light flash BCP [3].
Prior to re-doping, depending on the rework requirements,
30 to 100 µm of chemistry is needed to remove the initial
doping – adding length to the cavity to stay within the
frequency tolerance.
All cavities comply with the tight LCLS-II specification
requirements (see Table 1) after standard tuning under
room temperature conditions. Cavity length at this
manufacturing step is measured between the connecting
flanges (see Fig. 1) and frequency corresponds to operating
pi-mode of TM010 at room temperature and air pressure.
___________________________________________

* Cavities provided by Jefferson Science Associates, LLC under U.S.
DOE Contract No. DE-AC05-06OR23177 for the LCLS-II Project
† Alexey.Sulimov@desy.de
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where sensitivity of pi-mode frequency (F) to deviations of
cavity length (during standard tuning) and inner contour
radii (during electropolishing process):
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Some LCLS-II cavities required extra treatment of about
100 µm chemical removal. But it was not possible to
provide it for three of them, because their effective
elongation almost achieved the limit LT (see Table 2).
Table 2: Cavity Characteristics Before Rolling
L, mm
F, MHz
L, mm
R, µm
EZ-1 1063.7
1297.90
2.9
5
RI-1
1063.6
1297.89
2.8
8
RI-2
1064.0
1297.96
3.0
0
Another important cavity characteristic is field flatness
(FF) on operating mode. It equals a ratio between minimal
and maximal E-field amplitudes on cavity axis in the
middle of different cells:
Cavity

𝐹𝐹

|

|

|

|

100%,

3

where i = 1..9 – cavity cell.
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Radial tuning procedure [4], which was used at DESY
originally for hydroformed elliptical cavities [5], provides
reduction of effective elongation by decrease of equator
radius for all 9 cells (see Fig. 1).

RADIAL TUNING
Prior to the rolling all three cavities were tuned by cavity
supplier EZ (one cavity) and RI (two cavities) to achieve a
flat field distribution on operating mode with FF = 98 %
(standard tuning of cells length). It was required for
calculating of the radial tuning plan (Table 3) for homogeneous deformation of all cells. Different frequency
deviation dF(i) corresponds to equal deformation of cell
(i = 1..9). This fact can be explained by sensitivity changes
(dF/dR)RT due to perturbation of field distribution for
fundamental mode.
Table 3: Frequency Deviation After Cell Deformation
(kHz)
Cell #
EZ-1
RI-1
RI-2
1
87
145
152
2
117
191
204
3
101
153
193
4
93
96
123
5
48
84
87
6
55
66
62
7
42
57
52
8
50
47
49
9
56
69
77
SUM
649
908
999
0.4
-0.6
-0.7
L, mm
132
178
185
R, µm
Final frequency deviation (SUM, in Table 3) after radial
tuning of all 9 cells provides reduction of effective
elongation (about 2 mm for EZ-1 and over 3 mm for RI
cavities 1 and 2) and increases maximal possible value of
additional EP treatment over 100 µm (Tables 2 and 3).
These values correspond to equator radius reduction about
(40-70) µm [6]. So the mechanical control on this
deformation level becomes challenging taking into account
relatively high fluctuations of outer geometry shape in
equator area. It explains the choice of frequency control
plan.
One can observe the relatively flat distribution of cells
eigenfrequencies before rolling (see Fig. 2).
Different material properties (e.g. Nb hardness) of the
cavities and limited accuracy of rolling procedure did not
allow making the homogeneous deformation of 9 cells
according to prepared plan (Table 3) for all cavities.
Maximal radial tuning inaccuracy for EZ cavity is
18 kHz in cell #9. It corresponds to about 10 µm additional
reduction of equator radius there. Nevertheless we could
keep FF on the level of 93 % and pretty smooth
eigenfrequencies distribution (Fig. 2) after rolling.
Maximal radial tuning inaccuracy for RI-1 cavity is
121 kHz in cell #9, but the first significant error were done
Cavities - Fabrication
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already for the cell #1. We have over pressed it on 95 kHz
(about 40 µm). Further tuning plan (Table 3 for RI-1)
became useless. Nevertheless we decided to proceed,
trying making the equal deformation in all cells by the
tactile feeling of applied forces and control of the imprints
on cavity cells from the tuning tool (rollers). Field flatness
was reduces till 66 % and eigenfrequencies of RI-1 cavity
(Fig. 2) after rolling indicate small deformation of cells #4
and #5 and strong deformation of cell #8. Further
correction was possible only for cells #4 and #5, but it was
decided to keep it as it is.

Figure 2: Eigenfrequencies of cavity cells before and after
radial tuning.
Maximal radial tuning inaccuracy for RI-2 cavity is
230 kHz in cell #3. But we proceed similar to cavity RI-1,
trying making the equal deformation in all cells. Correction
of such errors by radial tuning is not possible. An increase
of the cell #3 radius can be provided by e.g. local material
removal from the inner surface. So it was decided to keep
it as it is before conclusion about the efficiency of Higher
Order Modes (HOM) analysis.
Results of the measurements of cavities frequency and
length after radial tuning are collected in Table 4. One can
see that in addition to planned pi-mode frequency raise due
to radial compression, cavities have also longitudinal
deformation. EZ-1 elongation of 0.3 mm accompanied
with additional increase of pi-mode frequency. It is normal
behaviour for a pretty hard cavity, when stresses in the
material collected during radial deformations are coming
out after cavity disassembly (cavity is fixed against
elongation during radial tuning) from rolling device. RI
cavities show opposite behaviour. Cavity length reduction
(0.4 – 0.8) mm indicates on very soft material.
In spite of different individual results for each LCLS-II
cavity, all of them reduced effective elongation parameter
and additional EP treatment up to 100 µm can be provided
for them without a risk that their lengths exceed the
technical limits.
Table 4: Cavity Characteristics After Rolling
cavity L, mm
F, MHz
L, mm
R, µm
EZ-1 1064.0
1298.63
0.8
112
RI-1
1063.0
1298.98
-1.4
220
RI-2
1063.2
1299.14
-1.7
237
All three cavities were tuned again (standard tuning of
cells length) by cavity supplier EZ and RI to achieve a flat
TUP023
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field distribution on operating mode with FF = 98 %. Then
field distribution for second monopole TM011 zero-mode
was measured on cavity axis (Fig. 3). Dash lines present
standard LCLS-II cavity condition before rolling.
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SUMMARY
Based on our experience with LCLS-II cavities, we can
come to the following conclusions:
 radial tuning at DESY allowed to decrease the
cavities lengths about 2 mm for EZ-1 and over 3 mm
for RI-1,2 or/and provide possibility of an additional
chemical treatment (over 100 µm EP);
 the most accurate (homogeneous) deformations of
all 9 cells were provided for cavity EZ-1 (see Fig. 2).
The reasons of deviations in some cells for RI-1, 2
can be explained by different hardness of cavity
material and limited accuracy of radial deformations
process [4];
 deviation of field distribution for TM011 zero-mode
relative to standard cavities is less then between the
cavities before rolling. So the radial tuning
inaccuracy brings no significant impact to HOM
suppression efficiency.
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Figure 3: Normalized field distribution |E(r=0,z)| on cavity
axis for second monopole mode TM011.
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RADIAL TUNING DEVICES FOR 1.3 GHz TESLA SHAPE CAVITIES*
A. Sulimov†, J.-H. Thie, DESY, Hamburg, Germany
Abstract
Radial tuning devices at DESY can be applied to any
TESLA shape 1.3 GHz cavity to reduce its elongation due
to excessive additional material removal (>300 µm) or to
compensate critical manufacturing uncertainties. Radial
deformation of cavity cells can be provided by a special
chain or a rolling device with three rollers. The chain
distributes the radial forces on the equator area around the
cell. The rollers are moving radially in relation to the
rotating cavity and provide an equator diameter reduction.
Both devices have the contour close to the cell shape at the
equator area. The required equator radius deviation
depends on the tuning target and usually varies between
(0.02...0.60) mm. Different aspects of the tuning procedure
and material properties are described using the example of
cavity rolling.

INTRODUCTION
Conceptual design of 9-cell 1.3 GHz superconducting
niobium cavities for electron-positron collider TESLA [1]
was approved in the TESLA Test Facility (TTF) linac at
the end of the last century at the Deutsches ElektronenSynchrotron (DESY). Since that time this type of elliptical
cavities is commonly used for large scale superconducting
accelerator projects like the European X-Ray FreeElectron Laser (EXFEL) and the Linac Coherent Light
Source (LCLS)-II. This is motivating of scientific society
to optimize the technological process for TESLA shape
cavity manufacturing through the last three decades. The
technique of forming seamless (weld-less) cavities by
hydroforming [2] was developed at DESY. Some
reshaping devices were involved during this work and they
allow providing both reduction of equator radius and shape
adjustment. They were also used for compensation of
cavity elongation during extra chemical treatment [2, 3]
and for Higher Order Mode (HOM) suppression
improvement of EXFEL cavity [4]. More detailed
information about these devices and operating process will
follow this chapter.
Usual modern cavity fabrication procedure (which was
used for EXFEL and LCLS-II projects) requires only
standard (longitudinal) tuning with a cavity tuning machine
(CTM) [5], which allows achieving required fundamental
mode frequency (F) and field flatness (FF), keeping the
eccentricity (ECC) of cells in tolerances [6].
Sensitivity of fundamental mode frequency to
deformation of different cavity dimensions (L – length,
Re – average equator radius, Ri – average iris radius) [7]:
___________________________________________

* This work was supported by the Helmholtz Association within the
topic Accelerator Research and Development (ARD) of the Matter
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Acceptable deviation of cavity frequency is usually
limited by +/- 100 kHz. This value corresponds to length
deviations about +/- 0.3 mm. If a cavity is used for R&D
investigations, its length is not critical, but before
integration into helium tank and usage in the linac, cavity
length deviation is usually limited by +/- 3 mm.
Accurate fabrication and usage of special equipment as
HAZEMEMA [8] guarantee cavity length accuracy below
1 mm. But sometimes additional material removal during
an acid treatment is required. It causes fundamental mode
frequency reduction, which usually can be compensated by
cavity elongation during standard tuning.
To avoid excessive lengthening over the limit (+3 mm)
radial tuning can be applied. The radial tuning deforms cell
equator area radially while keeping cell and cavity length
constant.

RADIAL TUNING DEVICES
In comparison of radial tuning to conventional tuning it
is not reversible and can be applied only in one direction.
Cell equator radius can be reduced but not increased. As
well precision and predictability of radial tuning is much
lower compared to conventional cell length tuning.
At DESY there are two different tooling’s for radial
tuning available.
Principals of their functionality are described below.

Chain
The chain distributes the radial forces on the equator area
around the cell (Fig. 1). The tuning chain consists of eight
brass pressing shoes following the outer cell contour in the
equator area. They are mounted to the stainless steel made
chain itself sliding.

Figure 1: Opened stainless steel tuning chain with eight
brass pressing shoes.
The chain can be installed and closed by a screw lock to
each of the nine cells of a cavity separately as shown in
Figs. 2 and 3.
The tuning or reshaping is performed by further
tightening of the screw lock which leads to a reduction of
the gaps between the pressing shoes. With this gap
TUP024
459

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

reduction a plastic deformation of the equator radius is
achieved. During closing of tuning chain the frequency
change is observed as well as the length of cavity and cell
is kept constant.
The blue arrow in Fig. 2 indicates direction of movement
while closing the tuning chain. Red arrows display
homogenious force distribution by the sliding pressing
shoes around the equator.
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Assembling of a tuning chain on cavity is quite
challenging (Fig. 3) due to the comparatively high weight
for both of them. It was found a solution: chain is fixed on
the working desk and cavity is hanged up with two slings
by cavity lifter. So the cavity position relative massive
chain could be adjusted to prevent unwanted deformations
by gravity forces.
For further use this device needs to be improved as well
as the material properties of pure niobium to be understood
better.

Rolling Device

Figure 2: Closed tuning chain with cavity cell.

Second tooling for radial tuning available at DESY is a
rolling device.
Main parts of rolling device (Fig. 4 and 5) are two equal
form rollers made by stainless-steel. They are kept by two
adjustable transmission joints. The form rollers are moving
radially in relation to the rotating cavity and provide an
equator radius reduction.
Presented in Fig. 4 outer contour of both form rollers is
vice versa egg shaped. Its form does not follow theoretical
outer shape of cavity cell.
During rolling of cavity an elastic counter roller (see
Fig. 4 and 5) made by NBR – Nitrile Butadiene Rubberdeforms the equator area of the cell elastically.

Unfortunately this procedure of radial tuning is limited
on the one hand side by mechanical dimensions of tuning
chain itself and on the other hand side by unpredictability
of radius reduction.
A further reduction of equator radius neither elastically
nor plastically cannot be achieved when all gaps between
pressing shoes are completely closed. By tightening of
screw lock forces from chain start to deform cell equator
radius elastically first. Whenever the flow limit of pure
niobium material between elastic and plastic deformation
is reached by gap reduction, equator radius is reduced
abruptly. Thus the end value of deformation cannot be
achieved within a reliable precision.
Figure 4: Rolling device with cavity half-cell.
The red arrows (Fig. 5) indicate the force distribution on
cavity cell while the green arrows show principle of
rotating cavity cell and rollers.

Figure 3: Tuning chain installed to cavity.
Figure 5: Principle of rolling device.
TUP024
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Rollers and transmission joints are manually driven by a
counter spindle integrated to heavy central carrier unit
(blue arrow).

TUNING PROCEDURE
Due to fact that presented tuning chain (Fig. 1-3) still
needs to be improved only the procedure for rolling device
is presented in detail. Nevertheless general procedure for
both devices is comparable.
To provide an accurate control under cavity
deformation, frequency measurements are used. They
usually are more accurate in comparison with mechanical
measurements.
The tuning plan is calculated to guarantee homogeneous
radius reductions for all 9 cells. But field flatness (2) on
fundamental mode has to be adjusted (FF > 97%) prior to
radial deformations.
𝐹𝐹 =

𝑚𝑖𝑛|𝐸(𝑖)|
100%,
𝑚𝑎𝑥|𝐸(𝑖)|

(2)

where E(i) is an amplitude of electric field in cell i = 1..9.
If HOM suppression improvement is required for
TM011 mode the first cell can be compressed to achieve
the required field distribution (see [4] for details).
Fundamental mode frequency during FF adjustment has
to be corrected according Eq. (1), where dRe = dRi = 0 and
dL is a value of necessary length reduction.
Deviations of fundamental mode frequency during cells
deformation (tuning plan) are calculated by the wellknown method [9]. It based on the measurements of
fundamental mode (TM010) spectra (9 frequencies) and
the amplitudes of electric field in the centers of all cells on
each mode (81 amplitudes).
We always have to follow a tuning plan, starting with
deformation of the first cell, continuing with the next, when
the target pi-mode frequency is achieve with accuracy +/20 kHz.
Either after a rolling of all cells or in case of a strong
mistake (value depends on cavity, target frequency and cell
number) of any cell these measurements and new tuning
plan calculation have to be repeated.
After the cavity is installed on the base (Fig. 6) between
the rotating flanges, rolling tool is connected with a cavity
cell, measurement devices (NWA, RF amplifier) have to
be connected to cavities antennas with two long RF cables.
Cell is pressed strongly between the form rollers.
With start of rolling process a very high pre-stress by the
form rollers is adjusted first. The adjusted level of prestress depends on deformation value for effected cell and
material properties (e.g. elasticity of a cell).
The offset of elastic counter roller (Fig. 5) is adjusted on
a level where it is ensured deformations brought to cavity
cell are mostly elastically. The cell is squashed in the
contact area of counter roller and simultaneously stretched
on the opposite side of cell due to fact the cavity ends are
kept on axis.

Cavities - Fabrication
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Figure 6: Radial tuning with rolling device and
frequency control measurements.
Depending on different treatments cavity elasticity is
mostly related to thermal treatment and recrystallization
level. The center axis of counter roller is shifted among the
cavity axis by 0.2 mm (for end cells) to 0.5 mm (in the
middle).
Reaching flow limit during rolling relatively early in
combination with a fast frequency drift is well known for
weak or high temperature treated cavities. This is due to
low hardness and high elasticity of material.
By ongoing rolling and simultaneous reduction of prestress the equator diameter decreases further until there is
no more stress or contact between form rollers and cells.
The tuning or deformation value can be achieved more
precise and predictable when starting with high pre-stress
and fast reduction of pre-stress within reaching flow limit
and start of frequency drift versus rotations. The velocity
of reducing pre-stress from form rollers versus rotations is
given by experience.
This allows reliable and predictable results.
After deformation value is reached the cell is hardened
again by smooth deformation from elastic counter roller.
Material properties of Niobium are as well specific as
surprising- giving a good answer why the rolling procedure
is none awaited to be performed.

EXAMPLE
One of the R&D cavities (Z84) for TTF project at DESY
was used for testing of a surface treatment infrastructure. It
had been polished several times by centrifugal barrel
polishing (CBP) and electropolishing (EP), before its
weight reduces from 26 kg to 20 kg. It corresponds to about
600 µm of wall thickness reduction. Cavity characteristics
had significant deviations relative nominal frequency
(1297.37 MHz) and length (1059.0 mm) and marked with
“*” in Table 1 (before rolling). So it was decided to make
a radial tuning. This operation was divided in 4 steps:
1 – frequency correction of 1 MHz (about 60 µm
deformation of equator radius), 2 – 2 MHz, 3 – 2 MHz and
4 – 1 MHz.
During prior tuning FF value achieved 98 %, but cells
eccentricity increased. Usually a cavity becomes straighter
during rolling, thus we left ECC = 0.63 mm.
TUP024
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Table 1: Cavity Characteristics During Rolling
F, MHz dF, MHz FF, % L, mm dL, mm ECC, mm
Before rolling 1292.17 5.20*
98 1062.8
3.8*
0.63
After rolling 1 1293.21 1.04
86 1062.6
-0.2
0.34
After rolling 2 1295.24 2.03
87 1062.3
-0.3
0.29
After rolling 3 1297.31 2.07
87 1059.9
-2.4
0.28
dF SUM 5.14
+ dL SUM -2.9
After tuning 1297.23 0.14*
98 1059.9
0.9*
0.37

Cavity characteristics after each iteration of rolling are
presented in table 1. Cells eccentricity during radial tuning
gradually decreases up to 0.28 mm. Fundamental mode
frequency increases according the tuning plan, but FF was
reduced because of inaccuracies of radial deformations in
different cells.
Irregularity of these deformations is also confirmed by
inequality of eigenfrequencies in different cells (Fig. 7).
The highest deviation was observed after the third rolling.
It can be explained by strong cavity length reduction,
which indicates that both longitudinal and radial
deformations were taking place simultaneously. So
deviation of both parameters Re and L in Eq. (1) caused
additional frequency control uncertainty.
Total length reduction (dL SUM in Table 1) after rolling
3 was -2.9 mm. It corresponds to fundamental mode
frequency deviation of about 1 MHz and it was no
necessity in rolling 4. This step was skipped.

Figure 8: Normalized field distribution |E(r=0,z)| on
cavity axis for second monopole mode TM011 – before
rolling (dash line) and after final standard tuning (solid
line).

SUMMARY
Radial tuning comparatively to conventional one is not
reversible and can be applied only in one direction. Cell
equator radius can only be reduced. So precision and
predictability of radial tuning is more important than for
conventional cell length tuning. We can propose two ways
of improvement of rolling accuracy:
1. Length fixation is only in one direction (preventing
elongation). It is useful only for hard cavities. So
length reduction has to be prevented either for soft
cavities or for strong deformations ( > 200 µm).
2. Divide the planned deformation in several iterations.
Small deformation could be done with higher
predictability and possible inaccuracies can be
compensated by the next iteration.
Reduction of cells equator radii was successfully
approved for TESLA shape cavities of TTF [2], EXFEL
[4] and LCLS-II [3] projects.
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VIBRO-TUMBLING AS AN ALTERNATIVE TO STANDARD
MECHANICAL POLISHING TECHNIQUES FOR SRF CAVITIES*
E. Chyhyrynets†, O. Azzolini, V. Garcia, G. Keppel, C. Pira, F. Stivanello, L. Zanotto, Legnaro
National Laboratories (LNL) - Istituto Nazionale di Fisica Nucleare (INFN), Legnaro, Italy
vibro-finishing is widely used in industry and there are not
limitations.

Abstract
Centrifugal Barrel Polishing (CBP) is a common tool
in the Nb bulk SC cavities production, prior to electropolishing (EP). Indeed, the mechanical polishing is fundamental also in the superconducting thin film resonant
cavities in which one of the main issues that limits the performances is the surface preparation [1]. A promising vibro-tumbling technique is being studied and implemented
with a possibility to replace or improve mechanical treatment steps (grinding, barrel polishing) [2, 3]. The simplicity of the technology allows it to adapt to any cavity geometry, both for Nb and Cu materials. The presented work
contains last results on 6 GHz cavities obtained at LNLINFN, both Nb bulk and Cu cavities.

INTRODUCTION
The initial inner surface of the resonant cavities plays a
key role for the reproducibility of the RF performances.
The forming technique applied for the manufacturing of
seamless 6 GHz cavities is spinning. This method produces
unwanted damages in the surface of the cavities affecting
the reproducibility of the RF characterization. For this
reason, an alternative surface treatment is being under
studies – vibro-tumbling. The technique takes from CBP
motion of the cavity, adding the frequency of the vibromotor, that make abrasive to move inside the cavity. Due
to relative angular velocity between working surface and
abrasive, polishing and cutting effects occur.
The small dimensions of 6 GHz cavities represent a
challenge to improve their internal surface. Due to geometrical limitations, conventional mechanical treatments are
not efficient or even are not feasible to use (lathe and milling). Compromise option is being used – grinding, that produce deep scratches. Thus, it is required to find more reliable and less destructive mechanical treatment to substitute
grinding or improve the surface afterwards.
The study of the effect of vibro-tumbling treatment is
not only important for 6 GHz cavity preparation, but also
it could be useful for bigger sizes of the cavities (1,3 & 1,5
GHz) [1]. Vibro-tumbling is relatively easy to scale, since
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At this moment, it is required optimization of abrasive
materials usage to improve finishing steps and achieve
high removing rate (hard cutting step).

EXPERIMENTAL
The materials under studies were Cu (OFHC) and Nb.
Two types of samples were studied: 6 GHz cavities and cylindrical samples with a planar surface (10 mm diameter)
placed in the cavities. Roughness measurements were obtained with linear profilometer on coupons, (working distance 1 mm, force – 12 mg, triple scan for each sample),
cavity internal surface photo with dentist camera. Removing rate data was calculated using gravimetric analysis
(weight loss method).
Vibro-tumbling system (see Fig. 1) consisted on eccentric vibro motor, step motor, bearing & rolls, and inverter
(to modify working frequency).

Figure 1: Vibro-tumbling system overview.
Involved abrasives: SiC (prism), diamond powder, Al2O3
embedded in matrix (pyramid shape), coconut and corn
(see Fig. 2).

RESULTS AND DISCUSSION
During optimization process of the technique and followed by application on 6 GHz cavities standard treatment
protocol at LNL-INFN, it was done ~120 treatments on 17
cavities and 10 samples. Statistical data regarding treatment time, removing rate, type of abrasive, filed volume,
weight loss, and working frequency were collected since
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July 2018. Obtained optimal recipes are shown in
Table 1.

surface. Which is possibly due to organic compounds released, that might attack oxides of Cu chemically, but not
Nb. Another behaviour is observed when the granular coconut adsorbs powders from previous steps.

Figure 2: Applicable abrasive: SiC, Diamond, Al2O3, coconut, corn.

Effects and Behaviours
It is observed, that various modes of vibration can differently effect on temperature of the cavity. Overheating can
lead to additional oxidation of surface, in case of Cu has to
be avoided. However, the rise of temperature sometimes
can indirectly tell us, that with these parameters, the removing rate increased.
Table 1: Optimized Recipes to Treat Nb and Cu Cavities
Material
& step
Cu 1
initial
Cu 2
finishing
Nb 1
initial
Nb 2
finishing

Abrasive and
media
Al2O3 pyramids,
12 ml of
Rodastel 30 soap
Coconut, 80% of
volume
SiC + filler (ZrO2
balls) + 10 ml
soap solution
Diamonds, 30% of
volume + 10 ml of
water

of

the

Nb

and

Roughness measurements decreased after each step, as
shown in Fig. 4. However, the curve roughness are showing different behaviours for Nb and Cu materials.

Removing rate up to
0,3 g/h ~ 3,6 μm/h.
High glossy surface,
improve
microroughness.
Removing rate up to
0,25 g/h ~ 3,2 μm/h.
Absence of surface
gloss

The working frequency of eccentric motor plays an important role in efficiency of removing rate (RR). The increase of the frequency leads to higher removing rates,
however after 200 Hz, values of RR drops significantly due
to motor and inverter characteristics. Moreover, higher frequency leads to a faster heating, that is why the working
frequency was established around 190-200 Hz.
Results after vibro-tumbling steps are shown below on
Fig. 3. The surfaces were smoothed after each of them.
However, gloss surfaces are obtained only after coconut
granulate treatment on a Cu surface. Another abrasive used
was smashed corn, but it showed less reflectivity. Unfortunately, grounded organic abrasive did not work with Nb

cavity processing

surface

Comments

Additional wet media can improve the quality of the surface, eliminating unwanted surface covering during the
treatment. Moreover, water can possibly work as a cooling
element to avoid high temperatures during process. But,
adding volatile liquids can provoke small overpressure inside the cavity.

Cavities - Fabrication

Figure 3: Internal
Cu 6 GHz cavities.

Figure 4: Roughness trend curve after treatments.

CONCLUSION
It was successfully used and applied promising vibrotumbling technique for the surface treatment of 6 GHz cavities. Standard protocol of cavity preparation was modified
with vibro-tumbling application to improve surface.
As a result, deep scratches (usually produced by grinding) are removed after ~ 8 hours with a 2 steps treatment.
For Cu, Al2O3 and granular coconut, achieved roughness of
0,29 μm. For Nb, SiC and diamond step achieved a 0,53
μm roughness. This technique can be consider promising
to be applied on Cu and Nb cavities.
However, for now, only 2 step process has been developed – medium cutting and finishing. That is why, future
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steps are required: continuous studying, collection of statistics, application on 6 GHz cavities that will be sputtered
and RF measured in order to correlate the effect of the surface preparation with the RF performances. Future research on abrasives and medias will be aimed to improve
removing rate up to 30 μm/h.
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VERTICAL ELECTROPOLISHING OF NIOBIUM NINE-CELL CAVITY
WITH A CAVITY FLIPPING SYSTEM FOR UNIFORM REMOVAL
K.Nii#, V.Chouhan, Y.Ida, T.Yamaguchi, Marui Galvanizing Co., Ltd., Himeji, Japan
H.Hayano, S.Kato, H.Monjushiro, T.Saeki, KEK, Tsukuba, Japan
Abstract
Marui Galvanizing Co., Ltd. has been developing
vertical electropolishing (VEP) technology for single and
nine-cell niobium superconducting radio frequency
cavities using a unique cathode namely Ninja cathode in
collaboration with KEK. The VEP process usually results
in non-uniform removal with a large asymmetry along the
cavity length. In order to suppress the asymmetry in
removal, we are making different approaches. Flipping of
the cavity during the VEP process is one of the approaches
applied so far. A unique VEP setup, which allows the
flipping of a multi-cell cavity, has been developed as
reported earlier. Here, we report the improvement in the
setup with automation for cavity flipping. VEP
experiments were conducted with the improved system.
VEP parameters were studied and the VEP results
including the removal trend are discussed in detail.

CAVITY FLIPPING VEP
Flipping VEP was performed using a dedicated cavity
holder [3]. In this holder, the part with the motor and the
cathode electrical contact is defined as the top, the state
with the top on the upper side is called “Forward position
(F)”, and the state with the top on the lower side is called
“Reverse position (R)”. The cathode through part of the
PVC pod was specially sealed so that the EP solution did
not leak when it was reverse position. Cavity flipping was
performed using a motor and positioning of the stop was
performed using a sensor. This simplifies the flipping
operation and improves the position reproducibility.
Figure 1 shows a photo and a schematic of the VEP
equipment, and Fig. 2 shows a continuous photo of the
state of flipping.

INTRODUCTION
Marui Galvanizing Co., Ltd. is working on the
development of vertical electropolishing (VEP)
technology of niobium superconducting radio frequency
(SRF) cavity using Ninja cathode in collaboration with
KEK for mass production and cost reduction. In case of 9cell cavity VEP, there was a big problem that the removal
thickness distribution became non-uniform because of
bubble accumulation so far. In VEP, because bubbles
generated from the cathode rise up and promote polishing
during EP, the removal thickness on the upper side is larger
than that on the lower side both in-cell and inter-cell,
resulting it become asymmetry removal. To solve this
problem, we proposed two methods, the separate (dual)
flow method and the cavity flipping method [1] [2]. In the
separate (dual) flow method, the flow of the EP solution
was divided into two, and the bubbles were not diffused
into the cavity and drained out of cavity rapidly, so the
removal symmetry was successfully improved [1]. The
cavity flipping method is a method of compensating for the
difference in removal thickness between the upper and
lower portions of the cavity during VEP to improve the
uniformity of the removal thickness. In this paper, we
report the improvement of the equipment of cavity flipping
method and the result of VEP experiment.
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Figure 1: A photo and a schematic of the VEP equipment.

Figure 2: A continuous photo of the state of flipping
(Upper: F to R, lower: R to F).

VEP EXPERIMENT
Table 1 shows the EP conditions of this flipping VEP.
Ninja cathode V6 with metal wings and mesh covers was
used for this experiment. EP was performed in the
procedure of repeating “3 min forward position EP - EP
stop, flipping - 3 min reverse position EP - EP stop,
flipping”. The time for stopping and flipping was about 3
minutes. The cavity was cooled with a water shower during
VEP.
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Table 1: Conditions of Cavity Flipping VEP
Parameters
Cavity flipping VEP
Voltage
17~18V
Current density
20 – 30 mA/cm2
Cavity surface
temperature
Cathode rotation
speed
Acid flow rate
EP process
Target removal
thickness
Cathode

20~25 ⁰C
20 rpm
(both F and R)
~5 L/min
3min ON (F) – OFF, flipping –
3min ON (R) – OFF, flipping
~30um
Ninja-v6 (With metallic wings
and mesh cover)

The IV curves of the forward position and the reverse
position are shown in Fig. 3. In the IV curve of the forward
position, the plateau region appears relatively clearly in the
region of 8 V or more, but in the reverse position IV curve,
although a change in slope is observed, no clear plateau
region can be confirmed. The current flow is asymmetrical
between the forward position and the reverse position.

Figure 3: The IV curves of forward position (left) and
reverse position (right).

Figure 6: The EP solution temperature during VEP

Figure 7: The EP solution flow rate during VEP
The current in VEP differs between the forward position
and the reverse position, and the current is larger at the
reverse position (Therefore, the voltage is lowered slightly
at the reverse position). In addition, the cavity surface
temperature is higher at the reverse position. This is the
same tendency as the IV curves. Although the cause is not
known, it is suspected that a leak current due to the contact
of the cathode located on the lower side in the reverse
position EP with the cooling water getting wet. This is
under investigation. It is also conceivable that there are
asymmetric parts in the upper and lower parts of the system
and the cathode, which have an influence. The temperature
of the EP solution was around 20 ° C., and the flow rate of
the EP solution was about 4 - 6 L / min, it was almost on
target. The inner surface observation result after flipping
VEP is shown in Fig. 8.

The current, voltage during VEP is shown in Fig. 4, the
cavity surface temperature in Fig. 5, the EP solution
temperature in Fig. 6, and the EP solution flow rate in
Fig. 7.

Figure 4: The current, voltage during VEP

Figure 8: Inner surface observation photos after VEP
(upper: with digital camera, lower: with endoscope)

Figure 5: The cavity surface temperature during VEP
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The inner surface after the VEP was glossy, but some
bubble traces were also seen. It seems that optimization of
conditions and measures against bubbles will be needed in
the future. The distribution of removal thickness after VEP
is shown in Fig. 9. The upper numbers indicate the average
removal thickness in each cell.
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[2] K. Nii et al., “Study on New Removal Thickness Distribution

Figure 9: Removal thickness distribution after VEP

Improvement Methods for Niobium 9-cell Vertical
Electropolishing with Ninja Cathode” in Proc. 29th Linear
Accelerator Conf. (LINAC’18), Beijing, China, September
2018, paper TUPO067, pp. 488−490.
[3] Y. Ida et al., “Development of Vertical Electropolishing
Facility for Nb 9-cell Cavity (3)”, 19th Int. Conf. on RF
Superconductivity (SRF’19), Dresden, Germany, July 2019,
TUP028 (this conference).

Although the distribution is generally good, it can be seen
that the removal thickness of the upper and lower and
center cells (first, fifth, eighth and ninth cells) are smaller
than those of the other cells. Although the cause is not yet
known, it is thought that the condition of flipping and the
stagnation of bubbles are the candidate. We will improve
the system and parameters to improve the distribution of
removal thickness between cells in the future.

SUMMARY
In order to improve the non-uniform removal thickness in
the upper and lower parts, which is a problem of the 9-cell
cavity VEP, we improved the equipment of the cavity
flipping VEP and performed VEP and its evaluation. The
IV curves showed a plateau region at the forward position,
but not clearly seen at the reverse position, there is a
difference between the two positions. The current in VEP
is also larger at the reverse position, and a difference is
seen. After VEP, the inner surface was glossy but some
bubble traces were observed. The removal thickness
distribution was generally good, but the average removal
thickness of the upper, lower and center cells was smaller
than other cells. In the future, to improve these, we will
perform the improvement of system and cathode
symmetry, prevention of bubble retention and electric
leakage, optimization of various EP parameters to improve
removal thickness distribution and polishing inner surface.
And we would like to proceed with the evaluation of cavity
acceleration performance.
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DEVELOPMENT OF VERTICAL ELECTROPOLISHING FACILITY FOR
NB 9-CELL CAVITY (3)
Y. Ida #, V.Chouhan, K. Nii, Marui Gal vanizing, Himeji, Japan
H. Hayano, S. Kato, H. Monjushiro, T. Saeki, M. Sawabe, KEK, Tsukuba, Japan
Takao Akabori, Goh Mitoya, Kenich Miyano, Higashinihon Kidenkaihatsu, Morioka, Japan
Yasunori Anetai, Fukumi Takahashi, WING, Kitakami, Japan
Abstract
The 1st report was delivered in May, 2018 at the IPAC
18 in Vancouver, Canada. The 2nd report was delivered in
September, 2018 at the LINAC 18 in Beijing, China. We
will make our 3rd report in July, 2019 at the SRF-19 in
Dresden, Germany. There will be two main points this
time. The first is that by using our improved Ninja
Electrode Premium, we can out-perform our number one
and number two competitors in terms of uniform
electropolishing of the interior of the 9-cell cavity. The
second point is that we can remove hydrogen gas, reacted
during electropolishing, from the cavity chambers in a
manner that has not been successfully achieved by 1st
report, May 2018 and 2nd report, September 2018. We will
report our 9-cell vertical polishing revolver-type unit that
solves the above two problems.

Figure 1: Photos of 1st – 3rd machine.

INTRODUCTION

PREVIOUS PROBLEMS

The 1 report was delivered in May, 2018 at the IPAC
18 in Vancouver, Canada [1]. Following that, after
improvements were made for its practical use, production,
and installation, the 2nd report was made on September,
2018 at the LINAC 18 [2].
Our 3rd report this time concerns improvements made to
the 9-cell VEP for mass-production3.

Problems arose in trying to achieve uniform EP inside
the 9-cell cavity. We surmise that the reason was the
creation of hydrogen gas during EP that resulted in the
hydrogen bubbles adhering to the inner cavity surface.
Why do they adhere? The two reasons are as follow.

st

FACILITY DEVELOPMENT OVERVIEW
With our #1 machine, our goal was to achieve a uniform
internal surface in the cavity with the ninja electrode by
inverting the flow and outflow of the EP solution, but we
saw a 1:6 scattering. With our #2 machine, our goal was
to use automatic valves to control the inflow and outflow
of the EP solution to achieve a uniform polishing with the
ninja cathodes, but saw a 1:4 scattering. With our #3
machine, we aimed for mass production and worked to
achieve an EP polishing scattering of 1:2 on the inner
surface of the cavity, but we achieved 1:15. The main
points of #3 machine are that we set the ninja cathode
inside the 9-cell cavity and rotated it 180 while the EP
solution was inside. Figure 1 shows photos of 1st – 3rd
machine.

① Rotation speed of the ninja cathode
② EP solution flow speed
To solve these 2 problems, we improved the rotation
device on the #3 machine, but a problem arose.
1. EP solution leak
2. Changing electrodes
3. Cooling system during electropolishing
4. Control of EP solution flow with solenoid valves
5. EP solution leakage from rotating part when ninja
electrode rotating part was rotated
6. Total removal of hydrogen gas produced during EP
To solve these problems,
・ EP solution doesn’t leak even when Ninja electrode
rotates
・ Supply, electricity, coolant water doesn’t disperse
・ Power source, water, disposal of EP solution
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DISCUSSION AND CONTENT OF
IMPLEMENTATION
In the normal position, hydrogen gas is removed from
the upper part along with the EP solution. But part of the
hydrogen gas still adheres to the upper portion of the
cavity.
We surmise that hydrogen gas in the upper part sticks to
the adhesion layer, and results in lack of uniform
polishing. As a solution, we inverted the position so that
bubbles adhering to the upper part are now on the bottom
and can then be removed from the top.
When reversing, there is some concern the EP solution
may leak from the lower portion of the rotating part. We
solved the problem of EP solution leakage from the
rotating part by constructing a seal like one shown in the
separate diagram. We confirmed there was no leakage
during 10-hour, 30 minute inversion. Figure 2 shows
photos of cavity rotation. Currently, during rotation, there
is no EP leakage during electropolishing. The seal on the
rotating part is replaced with each usage.

JACoW Publishing
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FUTURE PLAN
Using the above method, we will next proceed with
mass-production. Although electropolishing uniformity
has been improved, we will investigate ninja electrode
masking, and rotation speed in order to further reduce EP
scattering from the equator part and the iris part, in order
to achieve more uniform polishing of the inner surface of
the 9-cell cavity.
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AN EXPERIMENTAL ANALYSIS OF EFFECTIVE EP PARAMETERS FOR
LOW-FREQUENCY CYLINDRICAL Nb CAVITIES*
C. E. Reece†, Jefferson Lab, Newport News, VA, USA
Abstract
While the basic process of electropolishing niobium with
1:9 HF:H2SO4 electrolyte has been well characterized, the
specific process parameters used to electropolish different
superconducting radio frequency (SRF) cavity geometries
requires thoughtful attention. One seeks to realize
confidently local diffusion-limited polishing at each point
on the surface while maximizing uniformity of removal
rate. Since the reaction rate is temperature dependent, this
implies that one must manage the cavity surface
temperature during polishing. Too-high applied voltage
aggravates temperature and thus removal non-uniformity,
but too-low applied voltage risks placing the largediameter locations “off the current plateau,” yielding
etching rather than polishing. The majority of recent
experience has been with elliptical L-band SRF cavities
and some half-wave cavities at ANL. Lower frequency
cavities with increased surface area and larger cathode-toequator distance require fresh analysis and optimization. In
preparation for the SNS PPU project, JLab performed some
EP process development runs with SNS high beta cavities
to help identify viable parameter regimes for
communication to cavity vendors. Results from this study
are presented.

INTRODUCTION
Substantial experience has been accumulated employing
an electropolishing (EP) finishing process for the RF
surfaces of niobium superconducting RF (SRF)
accelerating cavities. While much of the process
development history was empirical, the analytical
contributions of Tian and Éozénou yielded insights that
now enable system design for reliable effect [1-3]. While
the basic process of electropolishing niobium with 1:9
HF:H2SO4 electrolyte has been well characterized, the
specific process parameters used to electropolish different
superconducting radio frequency (SRF) cavity geometries
requires thoughtful attention.
The majority of recent experience has been with
elliptical L-band SRF cavities and some half-wave cavities
at ANL. Lower frequency cavities with increased surface
area and larger cathode-to-equator distance require fresh
analysis and optimization. In preparation for the SNS PPU
project, JLab performed some EP process development
runs with SNS high beta cavities to help identify viable
parameter regimes for communication to cavity vendors.
To obtain effective electropolishing of Nb with the
standard H2SO4/HF electrolyte requires that the polishing
____________________________________
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surface experience diffusion-limited chemistry. This
sustains 25–35 mA/cm2 in the temperature range 20–30 °C,
based on controlled sample measurements with 1:10
volume ratio of HF(49%):H2SO4(96%). This diffusionlimited current density is directly proportional to the
concentration of HF in the electrolyte, so actual current
depends on solution mixing and prior use details.
To understand an EP system response, it is important to
recognize that the applied power supply voltage is divided
into three parts: cathode polarization potential (current
density dependent), electrolyte potential drop (dependent
on current distribution), and anode polarization potential
(the balance of the total and locally varying on the cavity
surface).
The process with cavities is significantly constrained by
the internal geometry which typically drives the use of a
concentric cylindrical rod as the cathode. The total current
required on the cavity must also be driven through the
cathode chemistry. The polarization current requirement
for hydrolysis at the cathode is observed to be 1 V per
57 mA/cm2 [4]. This property is dominated by the H2SO4
concentration. Masking portions of the cathode inherently
results in higher cathodic polarization to push the same
total current.
The finite conductivity of the electrolyte also reduces the
potential available for anodization of the cavity surface,
also increasing in significance with larger surface areas and
distance from the cathode. This complication increases as
the maximum/minimum ratio of diameters of cavity parts
increases. Sustained anodization is required for effective
polishing.
Lower temperatures slow the diffusion and reaction
rates, which in turn lower the integrated current, which
lowers the potential drop through the electrolyte and also
at the cathode. Thus, a lower applied cell potential (power
supply voltage setting) is desirable to realize the intended
polishing conditions at the cavity surface. (But too low
applied voltage will not be sufficient to create polishing
conditions at the larger diameter equators.)
The basic diffusion-limited process is not dependent on
the anodic potential once diffusion-limited conditions are
established. (This is what produces the “plateau” in a
constant-temperature I-V curve.) Higher anodic
polarization simply sustains a thicker oxide layer in steadystate. The local heat generated by pushing even a uniform
current through this resistive oxide layer does, however,
increase with oxide thickness. Unless actively cooled, this
heat deposition, which varies with distance from the
cathode, results in temperature variation, which increases
the local reaction rate and thus the local removal rate and
the integrated current. This is what leads to faster removal
on the smaller diameter beampipes and iris locations
compared to equator regions. Thus we have the motivation
Cavities - Fabrication
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to control the cavity wall temperature via external water
cooling.

CONSIDERATIONS FOR HB CAVITIES
As part of the SNS PPU Project R&D, JLab was asked
to support the “Conceptual Development of Processing and
Testing Recipe for PPU Cavities.” The SNS cavities HB071, HB-072, and HB-073 were received at JLab and
processed nominally according to the requested directions,
with concurrent analysis and comment toward process
improvement.
An initial attempt was made to qualify an EP procedure
which did not involve external water spray cooling so as to
provide a path for potential vendors to employ their
existing capability. This attempt was not successful. The
cold acid, 10 V process resulted in etching rather than
polishing at the equators. The rf test showed significant Qslope at 8–9 MV/m without radiation. Subsequent
reprocessing of this cavity with 17 V applied with external
waterflow cooling yielded clear polishing of the equator
regions. A more structured analysis was applied to the
situation.

Cathode Issues
A 1” diameter aluminum cathode used for SNS HB 6cell cavity, if fully unmasked with 125 cm exposed length,
has an active area of 997 cm2. A cavity processing that
draws 350 A (which results in 350 mA/cm2 current density
on the cathode), will then require 8.4 V of the applied
potential just to push the current through the cathode [4].
The potential drop at the cathode would also increase the
generation of sulfur [5]. For the HB cavity design, with a
14,000 cm2 internal surface area, this condition
corresponds to ~25 mA/cm2 avg. The problem accounting
for cathodic polarization is increasingly significant with
larger surface area RF structures with the present typically
used small diameter Al cathode design. (With lower HF
concentration that results in 16 mA/cm2 average, the total
current is 225 A and requires 6.0 V cathode polarization, at
~20 ºC.) Increasing the cathode surface area in these
cavities with larger clear aperture would reduce this
problem. Masking portions of the cathode increases this
problem [6].

Electrolyte Conduction Issues
The resistivity of the typical Nb EP electrolyte has been
measured to range from ~13 Ω-cm2/cm to ~8 Ω-cm2/cm
between 20 ºC and 32 ºC [4]. In a cavity, the current
distribution is very non-uniform, but we may approximate
that the iris radius to equator radius of an HB cavity is 4 to
16 cm. So, it may not be unreasonable that a potential drop
variation of several volts may exist through the electrolyte
between iris and equator of a large (SNS HB) cavity. Such
would create a condition of effective polishing only at the
irises, but not at the equators. (Potential drop variation
when the cell potential is not large enough may create the
desired diffusion controlled process at irises, but not at the
equator, which may be still under polarization control—
etching. In the etching condition, there is no persistent
Cavities - Fabrication
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oxide layer and local reaction rates vary for different
niobium grain faces presented at the surface [4]. This
results in faceted topography with sharp corners at grain
interfaces—bad for high-field SRF performance. In
addition, in the “etching” condition, there is no sustained
oxide on the niobium surface, so the natural barrier to
hydrogen diffusion into the bulk is removed. This then also
creates a mechanism for loading the cavity niobium with
hydrogen, greatly increasing the vulnerability to “Qdisease” from hydride formation during a slow transition
through the vulnerable precipitation temperature range
~100 K.

Current vs. Temperature Issues
For a given cathode surface area with a large surface area
cavity, too high a current draw may starve the equator
regions of adequate polarization potential. Higher applied
power supply voltage is required, but without temperature
control via external cooling, the local current will increase
via small-radius heating and aggravate removal uniformity
and increase generation of sulfur precipitation (which
becomes a source of field emission if not thoroughly
removed). The S generation may not be avoidable with
large cavity/cathode surface area ratios and practical
polishing rates; increasing the surface area of the cathode
as much as possible within constraints imposed by the
cavity structure will help minimize sulfur production.
So, for SNS HB cavities, one should expect that currents
of order 220–350 A will be needed to obtain the required
current density for full-surface polishing (plateau current),
and at least 14 V power supply potential should be needed.
Experimental confirmation of the plateau condition is
needed for each EP system configuration. High currents
will present greater opportunity for sulfur generation than
with smaller cavities. The large equator/iris aspect ratio
makes temperature control of the irises and endgroups
more of a challenge than with all smaller cavities.
Unrestricted cooling water flow should be assured in these
regions.

EXPERIMENTAL TEST RUNS WITH HB
CAVITIES
Low Voltage Run
For the purpose of potentially identifying a suitable EP
method for HB cavities which does not employ external
cooling water, a test run was performed on HB-071. This
run attempted to minimize heat production by using an
applied voltage of 10 V and a supply sump temperature of
the circulating electrolyte of 10 ºC. Recent EPs of other
cavities have been quite successful using an applied
voltage of 10 V. Any voltage higher than that necessary is
understood to only generate additional heat, complicating
removal uniformity and cathodic potential drop from high
currents. (Very successful EP of the SNS MB cavities was
previously accomplished at JLab with 13 V and external
water spray cooling.)
The cathode was fully masked outboard of the endcell
irises, otherwise unmasked. This kept the cavity equators
TUP029
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~27 ºC and beampipes ~28 ºC. The process parameters are
illustrated in Fig. 1. The process appeared well behaved,
with very attractive temperature uniformity and moderated
current ~ 180 A.
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Table 1: Process Parameters for HB-71b
Acid sump temperature
10 °C
Acid circulation rate
~6 l/min
Applied cell voltage
17 V
Cathode condition
unmasked
External water cooling
aggressive
Cavity wall temperature
24–28 °C
Current
210 A
Average surface removal
60 µm

High Voltage Run

Figure 1: Low-voltage processing run.
The cavity cryogenic test, however, was disappointing
(Fig. 2). While the low-field Q was excellent, the cavity
showed evidence of Q-slope at very low field (beginning
8-9 MV/m) in the accelerating mode and also in several
other passband modes. An exponential Q decline beginning
~ 40 mT Bpk. This indicates a phenomenology of limitation
consistent in all cells. It was interpreted as failure of
polishing in all cells.

Figure 2: Cold RF test after low-voltage processing.
Subsequent internal inspection of HB-71 with the JLab
Kyoto camera system confirmed the above interpretation.
Good polishing was observed at the irises and radially
outward to at least the position of the stiffening ring welds.
At the radii of the equators, however, the surface was found
to be very strongly etched, showing crystallographic
structure in high relief—definitely not good for high-field
SRF performance. The prompt step changes in current at
changes in the applied voltage in Fig. 1 are also direct
evidence that the desired “plateau” polishing conditions are
not being met.
TUP029
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The second pass of JLab EP on HB-071 used the
parameters listed in Table 1 and demonstrated excellent
polishing of the equator regions while actively managing
the heat generation via cooling water in order to keep the
current well controlled for uniform polishing. The desire to
assure that a vendor’s EP setup would necessarily yield
electropolishing in the “plateau” regime at the high
magnetic field equators, led to the selection of 17 V applied
voltage with fully unmasked cathode used for the secondround EP applied to HB-71. The unmasking of the cathode
was done to increase assurance that the HOM coupler cans
would be polished rather than etched. This will be likely
unnecessary for the PPU HB cavities, since they do not
have the HOM couplers. The process parameters are
illustrated in Fig. 3.

Figure 3: High-voltage electropolishing run.
Figure 4 compares same-scale views of HB-71 equator
welds after the initial low voltage, no cooling water EP run
(etching) and the 2nd run (good EP) taken with the JLab
Kyoto camera. The finished surface would be smoother yet
had the etching not taken place in the earlier run. Sharp
corners are, of course, bad for RF due to local magnetic
field enhancement which create local field > Hc sh.
The left side beampipe (FPC end) was not well cooled,
as indicated by the thermocouple FGL. (After ~9:15 am,
the attachment of this sensor to the cavity was
compromised reducing the integrity of subsequent data.)
The measured removal at in this area was also more than
double the rest of the cavity. By total charge passed, the net
average removal was 60 µm over the entire surface.
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Removal thickness measurements were made at the same
locations as the temperature sensors. These locations and
measured removal amounts are depicted in Fig. 5.

Figure 5: Temperature monitoring and
measurement locations.

Figure 4: Equator weld region of HB-71 after the 10 V/ no
cooling and 17 V/ water cooling EP runs.
The indicator that desired polishing is occurring over the
entire surface is a “plateau” in the IV curve, i.e. increased
voltage yields no increased current. This is strictly valid
only if constant temperature is assured. This is what drives
the need for independent external cooling. For the
configuration used for HB-071b, the power supply applied
voltage was varied between 14 and 18 V in an attempt to
probe for this “plateau” condition. Fig. 6 shows the logged
average temperature of the monitoring thermocouples and
the smoothed current plotted against the applied voltage.
The data are consistent with an interpretation that 14 V and
higher indeed satisfied the “plateau” condition.
Analysis of the data from the HB-071b EP run indicated
that for the conditions used, 15 V applied voltage would
have satisfied the desirable “plateau” condition, while 10 V
clearly did not.

Cavities - Fabrication
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thickness

Figure 6: Current and average temperature versus applied
voltage for HB-71b run, demonstrating “plateau”.

Hydrogen Loading
Due to happenstance, during the cooldown for RF test of
HB-71 after the second EP, the cavity spent over 1 hr in the
window of 80-120 K. The subsequent 2 K RF performance
clearly reveals significant “Q-disease.” See Fig. 7. We
interpret this to indicate that the “off-plateau” etching, not
only significantly roughened the surface, but also enabled
significant hydrogen loading into the bulk due to the
absence of a sustained surface oxide. This cavity would
require vacuum heat treatment for hydrogen degassing
prior to any application use.
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cavities”, Phys. Rev. ST Accel. Beams, 2012. 15(8): p.
083501. doi:10.1103/PhysRevSTAB.15.083501
[2] H. Tian, S. G. Corcoran, C. E. Reece, and M. J. Kelley, “The
Mechanism of Electropolishing of Niobium in Hydrofluoric-Sulfuric Acid Electrolyte”, Journal of The Electrochemical
Society,
2008.
155(9):
p.
D563-D568.
doi:10.1149/1.2945913

[3] H. Tian and C. E. Reece, “Evaluation of the diffusion
coefficient of fluorine during the electropolishing of
niobium”, Phys. Rev. ST Accel. Beams, 2010. 13(8): p.
083502. doi:10.1103/PhysRevSTAB.13.083502
[4] H. Tian and C. E. Reece, “Quantitative EP studies and results
for SRF production” , Proc. 15th International Conference on
RF Superconductivity (SRF’11), Chicago, IL USA, July
2011, p. 565-570 ,

Figure 7: Q-disease performance of HB-71 with hydrogen
loading from defective polish process.

FURTHER IMPROVEMENT
OPPORTUNITIES
A few specific opportunities for improvement not yet
implemented on HB cavities have been identified:
1. Relocate cavity electrical contacts from the stiffening
rings to equators. The straps around stiffening rings
block cooling water flow to the iris—where it is most
needed.
2. Ensure generous cooling water flow to both
endgroups to avoid excessive removal due to heating.
(In this run, the cooling water to the left (FPC side)
beamtube was weakly supplied.)
3. Increase cathode surface area via the use of thickerwalled Al pipe with added grooving. This could easily
be done with the HB cavities while preserving
existing mechanical interfaces.

accelconf.web.cern.ch/AccelConf/SRF2011/papers/w
eioa01.pdf

[5] L. Zhao, M. J. Kelley, H. Tian, and C. E. Reece, “Sulfur
Residues in Niobium Electropolishing”, in Proc. 15th
International Conference on RF Superconductivity (SRF’11),
Chicago,
IL
USA,
July
2011
p.
129-131.
accelconf.web.cern.ch/AccelConf/SRF2011/papers/t
upo024.pdf

[6] C. E. Reece, F. Marhauser, and A. D. Palczewski, “The
Transfer of Improved Cavity Processing Protocols to Industry
for LCLS-II: N-Doping and Electropolishing”, in Proc. 17th
International Conference on RF Superconductivity,
(SRF’15), Whistler, BC, Canada, Sept 2015, p. 418-422.
accelconf.web.cern.ch/AccelConf/SRF2015/papers/m
opb110.pdf

CONCLUSION
It is quite clear that the translation of “successful”
niobium cavity electropolishing procedures from one setup
to another and one cavity geometry to another must be done
with careful analysis. The underlying electrochemical
processes are both non-linear and scale dependent.
The general advice, which also aligns with common
commercial electropolishing experience, is to maximize
the usable cathode working surface area and stabilize the
cavity temperature to maximize uniform polishing and
removal rate.
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AUTOMATION OF PARTICULATE CHARACTERIZATION*
J. Spradlin†, A-M. Valente-Feliciano, O. Trofimova, and C. E. Reece
Jefferson Lab, Newport News, VA, USA
Abstract
Foreign particulates residing on high electric field surfaces of accelerator cavities present sources for field emission of electrons that limit the useful dynamic range of that
cavity. Developing the methods and tools for collecting
and characterizing particulates found in an accelerator enables process development towards creating and maintaining field emission free SRF cavities. Methods are presented for sampling assemblies, components, processes,
and environmental conditions utilizing forensic techniques
with specialized tooling. Sampling activities to date have
produced an inventory of over 850 samples. Traditional
SEM + EDS analysis of this volume of spindles is challenged by labor investment, spindle sampling methods, and
the subsequent data pipeline which ultimately results in a
statically inadequate dataset for any particulate distribution
characterization. A complete systematic analysis of the
spindles is enabled by third party software controlling
SEM automation for EDS data acquisition. Details of spindle creation, collection equipment, component sampling,
automating particle assessment, and data analysis used to
characterize samples from beamline elements in CEBAF
are presented.

INTRODUCTION
Functional operation of SRF cavities requires a clean RF
surface [1]. Any material on the high electric field surfaces
of the cavity has the potential to become an electron field
emission source. Studies have been conducted to determine
what types of materials may emit due to high electric field
exposure [2]. It is understood that the size and shape of the
particulate is generally of highest consequence [3].
In an effort to gain useful specific knowledge regarding
the contaminating particulates found in CEBAF beamline
assemblies, including accelerator cryomodules, we have
developed an efficient and systematic routine to collect and
analyze such contamination. To date, this system has primarily been used to characterize components after removal
from the CEBAF beamline [4]. Such contaminants are
largely a legacy issue from which we continue to learn. We
have also begun to use the system to characterize current
particulate sources that present challenges in the JLab cavity and cryomodule production processes. Our intent is to
develop this system into a quality assurance and continuous improvement tool – identifying particulate sources
early so that effective targeted controls may be implemented.
We want to do more than simply count and size particulates present. We want to characterize them sufficiently to
___________________________________________
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have some idea as to their source, and also perhaps their
migration path from generation to the location found forensically. The task then becomes one of accumulating familiarity with the sources for the types of materials actually
represented in the particulates found and, as possible, association with candidate sources from which controlled
representative particulates have been collected.
To have any hope of succeeding, we recognized that automation of characterization and data processing is essential. Only a system capable of producing reliable statistics
on 10’s of samples per week analysing 100’s of particulates
per sample will suffice. Producing valid statistics requires
a reliable collection process with negligible, or easily distinguishable, features from the sampling population and
sufficient observations to establish quantitative differentiation.
The elements of an automated scanning electron microscope (SEM) particulate identification system for multisample analysis with elemental characterization utilizing
electron-dispersive X-ray spectroscopy (EDS) are presented. Presently, the resulting database is being incorporated into JLab’s Pansophy system [5].

METHODS AND MATERIALS
Standard Sample Collection
Application of forensic sampling techniques to enable
process development for field emission free cavities is built
on the use of standard commercially-available gunshot residue (GSR) forensic spindles and an SEM. Creation of collection spindles, handling, and automated analysis were all
performed in a clean environment with cleanroom techniques. Several types of spindles were created: witnesses,
controls, component sampling, and process evaluations.
Witness samples were created alongside collection spindles to provide background measurements of airborne environments.
Controls were of two types: process and library. Process
controls created a collection spindle by directly sampling
some activity or environmental contributor other than airborne particulate. Library controls were intended as material references for capturing the contributions from a
known process component. If the component could fit in
the SEM, like a stainless steel bolt or bellow, then direct
SEM examination characterized the bulk EDS spectra. Intentional particle generation with a flat chisel scribe produced particulate characteristic of the components’ material type. Contact library controls sampled the surface of
components with carbon tape.
There are several methods that could be used to sample
a sensitive component for particulates. The simplest
method is to directly sample the parts with carbon tape [6].
Direct sampling has a limited surface area and may leave a
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residue on the sampled component but likely has excellent
particulate retention if the sampled surface is flat enough
and free of any adhesive wetting agents. More elaborate
methods of flow assays allow for collection from the entire
surface area of the part but are challenged mainly by process development: reliable background measurements, implementation, and efficacy. A compromise between the two
sampling methods is to fabricate a component sampling
wand with a non-interacting swab. The component sampling wand we used was fabricated from SS tube and VCR
fittings to capture an isopropyl pre-wetted ITW Alpha
Wipe as the sampling surface. The synthetic wipes are a
non-abrasive knap that has adequate texture and surface
area to accommodate particle retention up to transfer onto
the carbon tape. The swabbing wand collection surface
area is an integrating medium for consolidating large components’ surface area into a single collection spindle. The
GSR collection spindles are standard SEM 12 mm aluminium stubs topped with carbon tape prepared by the vender
under clean conditions that are sequentially stamped with
numbers on the side.. Each spindle is retained on the inside
of a glass vial’s plastic top. The examination surface of the
collection spindle is provided with a plastic cover slip that
is removed just prior to creating a collection sample. Control samples of the collection spindles as received did not
identify any particulates, validating the product as an ideal
sampling vehicle. Particulates were collected from components with the swabbing wand or by shaking the components over a transfer wipe and then transferring the collected particulates to a collection spindle. (See Fig. 1.)

Figure 1: Sampling methods for spindle creation.
The selection of assemblies installed in CEBAF for sampling was determined by machine performance. Identified
problematic assemblies were removed from CEBAF service for reprocessing. Some of the assemblies removed
have been in service since the 1990’s and were prepared
with processes known to be inferior to the current standard
operating procedures developed, for example, for the
LCLS-II project.
Opportunistically, the assemblies were dissected while
creating particulate samples before reprocessing. The assemblies were externally cleaned and transferred to the
cleanroom for particulate sampling. Setup for collecting
particulate samples occurred at least 12 hours before sampling in an effort to reduce ambient contributions. Tools
were cleaned, blown to zero counts, and then the area was
vacated to allow recovery of the environment before disassembly or component sampling. Particulates were collected from the assembled components with the swabbing
wand first and then from disassembled components collecting any observable debris independently on a unique
collection spindle. If a suspicious region of oxide, stain, or
TUP030
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surface residue was identified on a component then a collection spindle was independently created isolating the distinguishable feature from the other particulates collected
on the given component. Once the assembly had been
completely disassembled and sampled for particulates, the
individual components were cleaned and then reassembled
with the current standards. The reprocessed assembly was
then reinstalled into CEBAF service.

SEM Standard Parameters
A Tescan VEGA XMH3 scanning electron microscope
(SEM) with a LaB6 filament and equipped with an EDAX
EDS detector was used for particulate analysis. This SEM
is located integral to the JLab cleanroom suite. Standard
procedure upon loading collection spindles was to collect
a low mag image of the whole spindle, 12 mm field of view,
and panoramas upon first examination and any auditable
event. A specific instance of an auditable event occurred
with the first set of spindles processed in 2016 revealing
that standard SEM venting compromised carbon tape particulate retention, especially for large particulates.
Configuration of the beam for particle analysis requires
a balance in resolution and beam density. Obtaining high
resolution SEM images builds an inventory of morphological characteristics for the collected particulates. Classifying particulates types with EDS requires sufficient beam
power in the EDS volume of the microscope. Typical SEM
LaB6 beam configurations are presented in Table 1.
Table 1: Beam Parameters for 16–17 mm Working Distance
Acc
Voltage Beam
Intensity
(kV)
20
15
30
15

Spot
Size
(nm)
200
150

Probe
Current
(pA)
30–50
50–150

CPS on
Carbon

CPS on
Metal

0.5–5k
5–20k

1–10k
50–100k

Particulate Identification
Automatic identification of particulates with EDAX
Genesis Particle Software via grey scale thresholding was
conducted on 242 spindles. Particulates are identified in
the image by selecting a region of the pixel grey scale histogram combined with dimension constraints. Only minimum and maximum particle sizes were implemented as dimension constraints. The detectable particle size is dictated by the image field of view and pixel resolution. In
Team, particulates were selected by the SEM operator, primarily with SE imaging, focusing on the largest particulates for EDS analysis.
Identifying particulates with grey scale thresholding was
explored with SE, BSE, and SE + BSE detectors. Methods
were developed to accommodate particle identification for
each imaging mode. A combination of SE and BSE detectors was found to produce the best contrast and provide the
most dynamic range for isolating different particle types
from the carbon tape features. A single phase was implemented for balanced to dark field images acquired with SE
+ BSE detectors mixed in a 25/75 to 60/40 ratio. Metallic
Fundamental R&D - Nb
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particulates were readily selected, though some of the polymeric/elastomeric and hydrocarbon-based materials were
not contiguously identified with a single phase. A more
elaborate 4 phase scheme was developed for balanced to
bright field SE only images. The increased number of
phases allowed for selection of bright and dark particulates,
distinguishing from carbon tape features and isolating particulates of all material types.
Carbon tape features often have contrast similar to some
types of particulates. Carbon tape features are blocked by
a combination of image detector settings and by a pre-scan
pass filter on spectra. The automated particulate software
rejects particulate that quantify as only carbon and oxygen
with a carbon signal above 96% atomic percentage. Other
pre-scan features allow blocking particulate types with low
x-ray yields (CPS) and insufficient total counts in a specified energy range (0.1–6 keV).
The volume of features identified became excessive for
some heavily burden collection spindles even when implementing pre-scan filters. For a pre-scan of 2 seconds, approximately 43,200 particulates could be screened in a day,
and with a spectra collection live time of 20 seconds, ~
4,320 particulates can be quantified for material typing per
day.

SYSTEM PERFORMANCE
A system has been developed to support an on-going particulate analysis program for forensics analysis of assemblies, monitoring environments, and particulate centric
process development activities. The system utilizes commercially available components with minimal custom tooling. Creating collection spindles is a time consuming process due to meticulous process controls necessary to eliminate cross contamination from environmental and sampling sources. Setup time and component disassembly are
main drivers for the total time commitment for generating
collection samples. The sampling environment and assembly design can contribute significantly to the time allocation. Generally 30–50 collection spindles could be created
in an 8 hour shift, average direct labor per collection spindle creation ~ 10–15 minutes including setup and clean up.
The Tescan SEM has a standard GSR stage available that
was purchased for the particulate analysis program. The
Tescan GSR stage can carry up to 52 spindles per pumpdown cycle. It is standard procedure to register the collection spindles’ rotation with the serial number centered on
the spindles’ set screw. Stage loading time is proportional
to the number of collection spindles to be characterized,
~2–3 minutes per collection spindle, plus some allotment
for routine venting and pumping cycles on the SEM. A
chamber pump down is generally less than 5 minutes to a
cross over pressure of 5×10-3 Pas. Venting with particulate
samples in the chamber takes 15–20 minutes to let the
turbo pump spin down naturally, no gas breaking.
Characterization of the collection spindles was proceeded by programming the Tescan for panorama’s and the
Genesis software for automated particle characterization.
Low mag inspection images were manually collected during the programming of the stage. The entire direct labor
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invested in each spindle during automated SEM characterization generally is 5–7 minutes. On several occasions,
20–30 spindles were loaded, inspected, and both software
programs configured in 4–5 hours. The tool time associated with the imaging automation was fixed, 3–5 minutes
per low magnification image and 30–50 minutes per panorama (depending on image quality). The panoramas generated by the Tescan VEGA software could be passively
collected in several hours. Automated spectra collection
time was proportional to the number of potential particulates identified. Referring to the simple grading method of
red, yellow, and green labelling; red collection spindles
must have a max particulate cut-off or have morphological
filters enabled to prevent excessive particulate counts.
Some heavily burden spindles took more than 48 hours to
acquire spectra on more than 10,000 particulates in the
specified size range. For a run of 22 process evaluation
spindles, 3 with a red disposition (limited to a maximum of
1500 particulates per spindle) and the remainder split between yellow and green dispositions, the average time per
spindle was ~ 2 hours, producing data for a total of 9426
particulates in ~ 40 hours.
Initially during development of the automation software,
collection spindles were analyzed manually with EDAX
Team. Each spindle would have at most 20–30 particulates
selected by the operator starting with the largest particulates. Elemental spectra were collected in TEAM with a
20 second live time. Data was processed in TEAM and
exported by EDS location to PowerPoint files. On average,
3 spindles were completed in an 8 hour shift. A Visual
Basic program was written to mine the spectra settings, elemental channel data, and then the program created a separate PowerPoint file to group all the particle images and
spectra analyzed in a batch. The elemental channel data
was reviewed with accompanying particle images and
spectra to dimension particulates and assign a material category and type. Processing the data from PowerPoint files
to CSV import files typically took ~1.5 hours per spindle.
An Access database was created to compile the collection
spindle creation records, spectra settings, elemental channel data, & particle dimensions with material category typing data. The process is illustrated in Fig. 2.
Reporting data was focused around labelling particulates
and generating statistics for dimensions, distributions, and
occurrences. This method of reporting is thorough and
time consuming. Compilation of the manual data identified prevalent types of particulates, and relative occurrences in the types of particulates, establishing the elemental palette for the automated software.
The automated software output consisted of a table of
particle ID, relative stage coordinates, dimension data, elemental channel data for 26 elements, and Genesis material
assignment. The automated data generated was combined
with the manually collected data in Access until a standard
desktop computer’s resources were exceeded. Another Visual Basic program was written to homogenize the reporting
of identified particulates’ category and typing between the
manually assessed and automatically labelled particulates.
Development of an Oracle database with Pansophy query
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interface is underway to create a completely automated solution from acquisition to reporting and datamining. The
automated data flow is presented in Fig. 3.

Figure 4: Example of reporting data from 1 EDS area for a
manual collection.

Figure 2: Manual particulate characterization data flow.
The automated data is compiled with spindle attributes
enabling correlation of collection, component, location,
and assembly data with accumulated particulate statistics.

field of view that acquired the EDS spectra of the
particulate identified by color coded stars. There are three
grey stars surrounding the steel particulates and a gold star
surrounding the clay particulate. The only valid statistical
statements that can be readily made from manually collected data are the observed frequencies which only become strong statements with sufficient sampling, increased
direct labor. For a similar amount of direct labor the automated system can produce a particulate typing report similar to Fig. 5.

Figure 3: Automated characterization of particulates data
flow.

Particulate Reporting
A case example is presented for a set of collection spindles created from a VTA test stand issue. There was a problem with a pump cart that caused a vacuum failure to an
actively pumping cavity on a test stand. During disassembly of the vacuum line it was found that there was a residue
of dust and particulate. The suspicious area was wiped
with an ITW Alpha wipe producing a collection of the particulate for anaylsis. The wipe was transferred to surface
analytical portion of the cleanroom in a heat sealed bag
where it was removed and sampled with collection spindles. Figure 4 demonstrates reporting data from one area
scanned manually on one of the two collection spindles
created from the vacuum line particulate.
On the left is the low magnification inspection SE image
of the whole collection spindle as viewed in the SEM. On
the right in Fig. 4 there are several related SE images of
decreasing field of view, the lowest magnification is the
upper right image, the middle magnification is the lower
left image on the right, and the bottom right image is the
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Figure 5: Example of reporting data for particle typing.
In Fig. 5 on the upper left is a graphical representation
of the spindle and sampled fields of view. The fields of
view are also presented at the bottom of the figure placed
next to the corresponding SE image. A legend on the bottom right provides the association of the symbol color with
specific particulate type. The automated typing dataset
elucidates strong statements about particulate distribution
on the spindle, observed frequency, & size distribution.
Although faster and easier to execute, the automated
data tends to supress the cross contamination contributions.
One might be tempted to expand the category and typing
scheme to capture Steel + Cu, Steel + Ag, Steel + Cl, & any
other permutation of steel with trace element(s). An EDS
map of steel particle with various type of trace contamination is presented in Fig. 6.
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CONCLUSION

Figure 6: EDS map of a steel particle with trace elemental
contaminants.
It can be seen that there are several elements present that
are not in any steel specifications (e.g. F, S, & Ca). Distinguishing each variation in material type creates a verbose
typing system that will become cumbersome to report due
to the distinct variations of individual dominant particulate
types.
A solution is provided in Fig 7, counting the number of
particulates that exceed atomic % thresholds for each individual elemental channel [7].

A fully automated particulate characterization system
has been developed. The system has been designed for
throughput with minimal labor. A database and reporting
system has been implemented for manual, automated, and
combined manual and automated datasets. Manual inspections provide for targeted inquiries of particulate types and
appearance with high resolution SEM images and X-ray
spectra. Every particulate is manually selected from a field
of view and spectra reviewed before reporting to PowerPoint. Isolation of cross contaminates on the surface of
particulates is possible with the high resolution images and
control over spectra excitation volumes. Collecting data
manually cannot provide the throughput for real time process feedback due to acquisition, processing, and analysis
burden. Ultimately the dataset produced with manual inspections are subjective and lack statistically integrity. The
automated system produces a dataset capable of providing
statistical statements about relative occurrences and distributions without a significant direct labor investment. The
automated particulate analysis system will be utilized in
continued forensic studies of assemblies in service and deploying into service. Significant improvements in field
emission behaviour will be realized by analyzing process
particulate evaluations.
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Figure 7: Example of reporting data for elemental channel
counting. The four color bars for each elemental channel
represents thresholds of 0.5, 1, 5, & 10 At %.
The channel counts are interpreted by looking at the distribution of elemental peaks with respect to each other.
This captures the total particulate elemental volume of the
spindle in the form a characteristic spectrum or relative distributions. To decode the distribution, individual elemental
channels are dissected based on the composition of particulate types and material category typing statistics. For example, in Fig. 7 above, iron is most often steel and occasionally just Fe from material and typing statistics. Looking at chromium and nickel indicate the probable number
of particulates in the Fe elemental channel that are steel.
The disparity in small to large threshold suggest that there
are likely some elemental Fe particulate and some small
elemental Cr and Ni. Majority of the particulates collected
were metallic.
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HEAT TREATMENT FOR JACKETED HALF-WAVE RESONATOR
CAVITY∗
Yoochul Jung† , Junwoo Lee, Sangbeen Lee, Danhye Gil, Juwan Kim, Moo Sang Kim,
Do Yoon Lee, Bonghyuk Choi, Heetae Kim, Myung Ook Hyun, RISP, IBS, Daejeon, South Korea
Abstract
Vertical tests of a prototype half-wave resonator (HWR)
cavity have been carried out in SRF test facility. Jacketed
HWR (jHWR) cavity is tested both in the test pit and in the
cryomodule, while bare HWR (bHWR) cavity is tested in
the test pit. In a previous study, we reported that the heat
treatment effect on the the cavity performance. Mainly, it
was due to removing hydrogen gas which causes Q drop
phenomenon during the heat treatment.
To improve the cavity performance, we baked the jacketed
HWR cavity (jHWR) with the same heat treatment conditions as those for bHWR. We baked a jacketed HWR cavity
(jHWR) for 10 hrs at 650◦ C under the partial pressure level
of hydrogen as 10−5 Torr (partial pressure peak of hydrogen
was 10−4 Torr) during the heat treatment. According to the
results, the cavity performance improved as much as in the
case of bHWR. In this study, we will report the heat treatment effect on the jHWR cavity performance with residual
gas analysis (RGA) and the vertical test results.

INTRODUCTION
A superconducting cavity undergoes many fabrication
steps from raw niobium to final product [1], [2]. Final cavities are classified as bare cavities and jacketed cavities. A
bare cavity, which is as-produced, is covered by jacket (or
called helium vessel) to confine 2K or 4K helium between
jacket and outer surface of the cavity. Then, the jacketed
cavity is integrated in the cryomodule, which is specially
designed for supplying cryogenic environment to the cavity,
by thermal insulation from the surroundings. A linear accelerator consists of many cryomodules that contain proper
number of cavities according to the target energy. For the
successful fabrication of LINAC, superconducting cavity,
either as a bare cavity or a jacketed cavity, must be carefully tested. A quality factor QO from the cavity tests is
one of the important parameters of the cavity along with an
accelerating electric field gradient (Eacc ).
During the cavity fabrication, the cavity must be treated
with a mixed chemical solution, composed of nitric acid,
phosphoric acid and fluoric acid, to remove a damaged surface of the cavity. This chemical polishing becomes the main
process that makes hydrogen incorporated into the cavity.
Hydrogen is well known as the main cause of Q disease,
which means the quality factor of the cavity degrades due to
hydrogen [3]. Hydrogens near the cavity surface agglomer∗
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ate to form hydrides, and these hydrides increase the surface
resistance of the cavity only to degrade the cavity performance. Heat treatment on the bare/jacketed cavity is very
effective method to remove hydrogen gas from the cavity
surface. Thus, cavity baking is useful way to recover the
cavity performance after a long time chemical polishing.
In the previous study, we reported the baking effect on
the bare half-wave resonator cavity (bHWR) with RGA and
XRD analyses [4]. In this study, we baked the jacketed
HWR cavity (jHWR) that has relatively low quality factor
to improve cavity. The quality factor and the accelerating
electric field are measured to check out the heat treatment
effect with RGA results.

EXPERIMENTAL
Furnace Setup
Typical specifications of a vacuum furnace are summarized in Table 1. Figure 1 shows the picture of the furnace
(left) and titanium box (right) in which jHWR cavity is
loaded. Titanium box is for gathering outgassed hydrogen
from the cavity because titanium has relatively lower vapor
pressure than the niobium at 650◦ C baking temperature. The
setup for the heat treatment in the furnace is shown in Fig.
2. As is shown in Fig. 2, cavity is loaded horizontally in
the furnace. A bare HWR cavity (bHWR)and a jacketed
HWR cavity connected with thermocouples for monitoring
temperatures are shown in Fig. 2. In order to monitor the
temperature of the cavity and the furnace, two thermocouple
wires, made of platinum, are connected to titanium box, and
two additional thermocouple wires are connected to jHWR
cavity flanges. Not only to support the jHWR cavity mechanically during the heat treatment, but keep the cavity from
being chemically reacted with SUS pillars of the bottom in
the titanium box, alumina (Al2 O3 ) frames are attached on
top of SUS pillars [4].
The temperature for baking jHWR cavity is 650◦ C, and
the ramping-up speed is 10◦ C per minute up to 650◦ C. The
temperature profile is shown in Fig. 3. Heating time is 10
hrs under the chamber vacuum of about 10−5 Torr when
the temperature reaches 650◦ C. The furnace is cooled down
naturally after the baking, thus it usually takes 2 days to take
out cavity from the furnace.
During the entire heat treatment including cavity cooldown, the partial pressures of all gases in the furnace chamber are monitored. The residual gas analysis detector (RGA,
QME220, Pfeiffer Vacuum Co.) was used to monitor all
outgassed impurities from the cavity.
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Table 1: Specifications of Vacuum Furnace
Items

Specification

Unit

Furnace size
1×1×3
Meter
Chamber vacuum 10−5 @ 650◦ C, 10−8 @25 ◦ C Torr
Temperature
Operation at 650
Celsius

Figure 1: Vacuum furnace for the heat treatment in the SRF
cleanroom: Cavity is loaded horizontally in the furnace with
titanium box.
Figure 3: Temperature profile during the heat treatment (top)
and RGA analysis (bottom): The maximum partial pressure
peak of hydrogen (red line), 3 × 10−4 Torr, appears at around
2 hours.
Figure 2: Horizontal loading of the jacketed and bare HWR
cavity in the vacuum furnace: (a) bare HWR cavity and (b)
jacketed HWR cavity.

RGA
RGA results from all gases in the furnace are shown in
Fig. 3. Severe amount of hydrogen (red line) are outgassed
- removed - from the cavity during the heat treatment. The
maximum partial pressure of the hydrogen is 3 × 10−4 Torr.
The maximum partial pressure of the hydrogen appears less
than 2 hrs as 10−4 in order and gradually decreased during
the heat treatment as 10−5 in order. Finally, the partial pressure of the hydrogen decreases to 10−8 in order after 2 days
natural cooldown, which is same as background level in the
furnace.

VERTICAL TEST
Figure 4 shows two types of places for the cavity test. Final jacketed cavities assembled with all auxiliary parts such
as RF coupler, tuner, are integrated in the cryomodule ((a) of
Fig. 4) and tested in the cryomodule, which is called a cryomodule test. Before the final cryomodule test of the cavity,
either bare cavity or jacketed cavity must be tested in the test
pit ((b) of Fig. 4), which is called a vertical test. This vertical
test with bare/jacketed cavity is for checking out if the produced cavity can be installed in the cryomodule or not, thus,
the vertical test is very important step not only to distinguish
the functioning cavity from malfunctioning cavity, but save
production time by avoiding inserting malfunction cavity
into cryomodule. Since fixing the cryomodule requires a
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long time and the cost at the same time. The heat-treated
jacketed HWR cavity in this study is tested in the vertical
test pit in SRF test facility, which is shown in (b) of Fig. 4.
Since the HWR cavity operates at 2K, the vertical test was
carried out at 2K.
Vertical test results of the jHWR cavity is shown in Fig.
5. In order to check out the heat treatment effect on the
jHWR cavity, the performance of the cavity with no heattreatment is also shown Fig. 5. The QO (quality factor at
the low RF field) was improved by around one order magnitude. One of the possible reasons, this is due to hydrogen
degassing, known as a major element causing Q drop (Qdisease). The number of hydrides formed on the surface
upon cooling down to cryogenic temperature, decreases because the amount of hydrogen substantially lowered by the
heat treatment. The accelerating electric field of the HWR
cavity also increased up to 9 MV/m after heat treatment.
This is because the surface resistance of the HWR cavity
substantially decreased due to removing hydrides which act
as scattering centers to increase the surface resistance. Thus,
it is confirmed that the heat treatment improved the cavity
performance by removing impurities, mainly hydrogen, from
the cavity surface. Also, this result is in good agreement
with the previous studies [4].

SUMMARY
The jacketed half-wave resonator cavity was baked for 10
hrs at 650◦ C. With RGA, it was confirmed that the substantial amount of hydrogen was effectively removed during the
heat treatment. From the comparison of vertical test results
before and after heat treatment on the cavity, we observed
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Figure 4: Cavity test: (a) cryomodule test in which the
jacketed cavity is integrated with RF power coupler and
tuner and (b) vertical pit test, in which bare or jacketed
cavity is inserted with only variable coupler.
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the removing hydrogen that can form hydrides on the cavity
surface during the cooling down. Also, the surface resistance of the cavity decreased by suppressing hydride formation, which in turn, shows the increased accelerating electric
field gradient. However, we, RISP, still need to carry out
a lot of cavity tests, including bare quarter-wave resonator
(QWR) cavity, jacketed QWR cavity, and bare/jacketed single spoke resonator (SSR) cavity for the complete construction of LINAC. Additional test results and in-detail analyses
will be studied during the cavity and cryomodule fabrication.
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MODAL ANALYSIS AND VIBRATION TEST FOR QUARTER
WAVE RESONATOR FOR RAON*
Myung Ook Hyun†, Minki Lee, Youngkwon Kim, Hoechun Jung, Rare Isotope Science Project
(RISP) / Institute of Basic Science (IBS), Daejeon, South Korea
Abstract
The Rare Isotope Science Project (RISP) in the Institute
of Basic Science (IBS), Korea, is developing and constructing the multi-purpose linear accelerator at the north
side of Daejeon, South Korea. RISP accelerator (RAON)
is composed of low-energy region (SCL3) and high-energy
region (SCL2) [1]. Low-energy region is made with quarter-wave resonator (QWR) and half-wave resonator
(HWR) while high-energy region is made with single
spoke resonator type-1 (SSR1) and type-2 (SSR2). This paper presents the initial resonance issues of QWR superconducting (SC) cavity occurred during cold test and disturbance measurement in the Munji SRF test facility. Also, this
paper shows the modal analysis and vibration test of QWR
SC cavity.

RESONANCE OF QWR SC
CAVITYDURING COLD TEST
During cold test, there were some failures for RF phase
control of QWR cavity due to unexpected disturbances. After finishing cold test, we measured the vibration level on
the several points of Munji SRF test facility. By repeating
turn-on and turn-off of all devices including general utilities, we found that there were two main outer disturbances,
one came from the cold box of cryogenic system and the
other came from the water circulation pump connected to
the utility water supply line. Figures 2 and 3 show the disturbances from both vibration sources corresponding to the
device on and off.

INTRODUCTION
Since 2018, RISP enters the pre-production stage for
SCL3 so that QWR and HWR SC cavities [2], RF couplers,
tuners, and cryomodules [3] are prepared with entire assembly. For the mass-production, first we should evaluate
the QWR and HWR entire assembly. We prepared for the
first pre-production QWR cryomodule test with fully-assembled QWR cryomodule. Figure 1 shows the installed
QWR cryomodule in the horizontal test bunker at the
Munji SRF test facility.
Figure 2: Disturbance from Cold-Box (upper – turn-on,
lower – turn-off).

Figure 1: Installed QWR SC Cryomodule.

___________________________________________
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Figure 3: Disturbance from Circulation Pump (upper turn-on, lower - turn-off).
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The disturbance from the cold-box is around 27 Hz and
the other disturbance from circulation pump is between
200 Hz and 280 Hz. Vibration from any source can be reduced by applying proper damping system, but cannot be
removed. Furthermore, any disturbance can affect the RF
control. Therefore, we focused on the analysis of low frequency effect to the QWR SC cavity including modal analysis and vibration experiments.

MODAL ANALYSIS OF QWR SC CAVITY
Figure 4 shows the modelling of unjacketed QWR SC
cavity with ANSYS Mechanical ver.18.0. Initially QWR
SC cavity has a weakness with mechanical vibration because of inner conductor which behaves as a pendulum.

Figure 7: Bode Plot of Unjacketed QWR SC Cavity.
Through the FEM analysis we calculated the lower
modes of QWR SC cavity which could make RF power
uncontrollable. Proving this analysis, we proceeded the vibration test of unjacketed QWR SC cavity with vibration
test system.

VIBRATION TEST OF QWR SC CAVITY
Figure 8 shows the setup for the vibration test at the Korea Institute of Machinery and Materials (KIMM), the one
of the official certification institute of mechanical test in
South Korea. Figure 9 shows the fixture for the vibration
test of QWR SC cavity.
Figure 4: Modelling of unjacketed QWR SC Cavity.
For the modal analysis, beam port flange was fixed as
boundary condition with applying gravity which could
make a weight force to the whole body. We found two
modes of QWR SC cavity corresponding of the outer disturbances. Figure 5 shows the first bending mode of inner
conductor which have a 35 Hz and 42 Hz frequency which
we have found at first prototyping [4]. Figure 6 shows the
second bending mode of inner conductor at 246 Hz. Applying harmonic analysis, we can make a bode plot of unjacketed QWR SC cavity as shown in Fig. 7.

Figure 8: Vibration Test Setup.

Figure 5: Inner Conductor 1st Bending Mode (left - Inphase bending, right - Pure bending).

Figure 9: Fixture for QWR Cavity for Vibration Test.

Figure 6: Inner Conductor 2nd Bending Mode.
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Vibration test was performed by the lateral vibration machine, FAMTECH EDS-4000LS, and test conditions followed the KS B ISO10055 and JIS D 1602 code. For a precise measurement, we attached the accelerometer to the inner conductor as Fig. 10. By sweeping sinusoidal wave up
to 1000 Hz with 0.5 G, we could find the similar resonance
shape of unjacketed QWR SC cavity by comparing with
ANSYS FEM analysis as shown in Fig. 11.
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Figure 10: Inner Conductor Attachment.

Figure 11: Vibration Test Results.
From the vibration test results, we could find the resonant frequency of unjacketed QWR SC cavity, 27.56 Hz,
42.23 Hz, 193.3 Hz and 239 Hz. We thought that 27.56 Hz
was from the inner conductor 1st bending mode (in-phase
with outer) and 42.23 Hz was from the inner conductor 1st
bending mode (pure bending). Also, we could assume that
the resonance of 193.3 Hz was from the fixture and 239 Hz
was from the inner conductor 2nd bending mode. Comparing with previous FEM analysis by ANSYS, we concluded
that clear resonant frequencies existed between 27 Hz and
42 Hz, and also around 240 Hz which is already measured
during the QWR cryomodule cold test.

CONCLUSION
From the cold test of QWR cryomodule and the vibration
test of unjacketed QWR SC cavity, we could find a clear
resonance issue of QWR cavity due to the outer disturbances which could be generated by surrounding devices
such as cold-box, circulation pump, other motors or generators. Our SRF utilities at the Munji site is a little unstable
without clear root causes, so we requested to our cryogenic
system team for reducing liquid helium pressure fluctuation below 1 mbar. Also, we requested to RF engineer for
increasing control bandwidth for better RF power input.
We will also check the background vibration level of our
main SRF site, Sindong, for avoiding disturbance problems.
Cavities - Design
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MODAL ANALYSIS OF THE XFEL 1.3 GHz CAVITY AND CRYOMODULE
MAIN COMPONENTS AND COMPARISON WITH MEASURED DATA
S. Barbanotti †, A. Bellandi, J. Branlard, K. Jensch, DESY, Hamburg, Germany
Abstract
Future upgrades of the European X-ray Free Electron
Laser (EXFEL) [1] may require driving the linac at higher
duty factor, possibly extending to Continuous Wave (CW)
mode. A R&D program has started at DESY, to prepare for
a CW upgrade. Cryomodules are being tested in CW mode
in our CryoModule Test Bench (CMTB) to study the performance and main issues for such an operation mode; sensitivity to vibration causing microphonics is one of the
main concerns for the CW operation mode.
Therefore a detailed analysis is being performed to evaluate the frequency spectrum of the EXFEL cryomodule
main components: the cavity itself, the cavity string, the
cold mass and the vacuum vessel. Finite Element Modal
Analyses have been performed and the results compared
with data measured at the CMTB. This paper summarizes
the main results and conclusions of such a study.

INTRODUCTION
The EXFEL linac operates nominally at 17.5 GeV in a
burst mode with up to 2700 bunches within a 0.65 ms long
bunch train and 10 Hz repetition rate. A possible upgrade
of the EXFEL linac to CW or LP (long pulse) modes holds
a great potential for a further improvement of X-ray FEL
user operation.
One of the main modifications needed for a CW upgrade
of the linac is the exchange of the first 17 accelerator modules with new ones designed for operation in CW mode at
a relatively high gradient (up to 16 MV/m).

Vibrations in a cryomodule can have many different
sources and are strongly dependent on the environment
where the components are installed.
The next paragraphs describe the modal analysis
performed on a standard EXFEL cryomodule design
(Figure 1) to identify the main eigenmodes of the different
components and the comparison of the calculated values
against the ones measured on a real cavity or cryomodule.

Figure 2: EXFEL cavity.

ANALYSED COMPONENTS
An EXFEL cryomodule is a complex assembly of many
components; a finite element modal analysis of the whole
cryomodule would require a very powerful computing machine and would not deliver clear results. Therefore we decided to study its main components individually: the accelerating cavity, the cold mass with string and the vacuum
vessel.

Cavity
The EXFEL cavity is a 9-cell Niobium Tesla-type cavity
with two HOM (High Order Mode), one pick up and one
coupler port. The cavity is integrated in a titanium tank and
a cryomodule contains eight cavities connected via stainless steel bellows [2].

Figure 1: EXFEL cryomodules at DESY Hamburg.
The new CW design of the cryomodules will have to allow for bigger heat extraction from the helium bath surrounding the accelerating cavities (i.e. a larger 2-phase
pipe), adequate cooling capability during cool down of the
cryomodule and good isolation against vibration-induced
microphonics.
The sensitivity of the components to external excitement
strongly depends on the eigenmodes of the structure, therefore we decided, as first step in the R&D work on CW cryomodules, to perform a detailed study of the EXFEL cryomodules.
___________________________________________
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Figure 3: EXFEL cold mass with string at CEA Saclay.
For the modal analysis we considered the “naked” cavity
(no tank) without ports (only the opening remained,
Figure 2).

Cold Mass with Cavity String
The GRP is also the main support for all the pipes running inside the cryomodule and the two thermal shields
(Figure 3).
SRF Technology - Cryomodule
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Figure 4: The GRP with string.
The GRP is supported at three positions by the vacuum if appropriate. For large and regular components, a mesh
vessel. The middle support is fixed, while the two lateral sizing of ~30 mm was used. For smaller or more sensitive
ones are free to slide longitudinally, to avoid damages due components, elements of a few millimetres were used as
to thermal contraction.
illustrated in Figure 6 and Figure 7 respectively.
In the modal analysis we considered only the GRP itself
together with the cavity string (Figure 4).

Vacuum Vessel
The vacuum vessel is the outer shell of the cryomodule.
It thermally isolates the inner cold mass from the outside
and provides the structural support for the whole assembly.
In the EXFEL linac the vessel is hanging from the ceiling; it is fixed at one point and free to slide longitudinally
at the second support.
Figure 6: Cavity mesh example.
Figure 5: The Vacuum Vessel.

FINITE ELEMENT ANALYSIS
All the finite element analyses were performed with Ansys Workbench; the Modal and Harmonic Response modules were used in their standard configuration. The modal
analyses were set up to deliver the first few modes of each
assembly. Further details on the harmonic response analysis are summarised in the next paragraphs.

Geometry
The 3D geometric models were imported from the CAD
software NX and simplified (example in Figure 5) following some simple rules:
 All fasteners or similar assembly components were removed.
 Holes were closed whenever not necessary for the
simulation (holes for screws, pockets …).
 Geometry was simplified if not interfering with the
simulation results (for example, flanges were model
as simple cylinders, chamfers were removed, …)
 The use of constraints was reduced as much as possible, grouping together components in the geometry
model.
 The cavity and vacuum vessel models have only
bonded connections. The GRP with cavity string has
bonded connection except for the connection between
the cavity supports and the GRP (more details in the
boundary condition paragraph).

Mesh
The total number of elements and nodes was the limiting
factor in the simulation. Therefore, a “sweep” mesh was
used wherever possible. Thin elements were used as well,
SRF Technology - Cryomodule
microphonics

Figure 7: String mesh example.
Table 1 summarises the number of elements and nodes
for the different components.
Table 1: Elements and Nodes
Component
Cavity
Cold Mass and String
Vacuum Vessel

Elements
300.000
360.000
84.000

Nodes
640.000
750.000
160.000

Loads and Boundary Conditions
Vacuum Vessel The first component we investigated
was the vacuum vessel. The vessel is made of carbon steel,
flanges of stainless steel.
The vessel was studied both in the hanging position, as
installed in the EXFEL linac, and laying on the floor, as in
the test stands. The two configurations showed minimal
frequency differences (a few Hz) and very similar mode
shapes. Table 2 shows the results for the hanging model.
A preliminary analysis of the vessel included a prestressed condition imported from a static structural analysis, to take into account the vessel’s own weight and the
weight of the cold mass distributed on the three upper
openings. The difference in the results between the simulation with and without the pre-stressed condition was so
small (in the range of 0.1 Hz) that we decided to neglect it
for further analyses.
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Figure 8: The first mode of the cold mass with string.
Cavity The cavity was modelled without tank or ports.
The end rings are the fixed points (red arrows in Figure 9).
Table 2: Cavity and Vessel First Eigenmodes (in Hz)

Figure 9: Cavity fixed points.
The cavity is made of Niobium, while the end rings are
NbTi (to allow welding to the titanium tank).
The model included a pre-stressed condition imported
from a static structural analysis, to take into account the
cavity own weight.
Cold Mass with Cavity String
The model of the cold mass with cavity string is slightly
more complicated since it has to:
 take into account the longitudinal freedom of movement of the two upper lateral supports;
 allow the cavity supports to slide longitudinally along
the GRP pipe, but to follow the movement of the GRP
in the horizontal and vertical direction;
 weakly connect the ends of the cavities (to simulate
the inter-cavity bellows).
The first requirement was easily satisfied using a “displacement” boundary condition, fixing the displacement to
zero in the lateral and vertical direction only.
The second one was fulfilled by coupling the degrees of
freedom between cavities and GRP supports, forcing the
lateral and vertical points on the supports to move together.
The bellows were simulated as tubes of a very soft material, to simplify the mesh but keep the flexible connection
between two consecutive cavities.
Additionally, to reduce the number of elements and
nodes, the cavities and the superconducting magnet were
simulated as tubes of a material with a very high density,
to preserve the component total weight (important in the
modal analysis) but simplify the geometry.

Results of the Modal Analyses
Table 2 summarizes the first eigenmodes of the cavity
and vacuum vessel; one of the cavity modes is also shown
in Figure 10.

Figure 10: Example of a cavity mode (152Hz).
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Cavity
59 – 60*
150 – 152*
202
266 – 270*
391 – 398*
402

Vacuum vessel
15 (lateral)
38 (vertical)
42 (vertical)
48 (lateral)
54 (lateral)
56 (vertical)

*(same mode in lateral and vertical direction)

The results for the cold mass with string are listed in
Table 3. The first mode is shown in Figure 8: one can observe that the GRP (the big pipe at the top) shows almost
no displacement, while the string of eight cavities and the
magnet independently moves in the longitudinal direction.
This is exactly the movement we wanted to allow using the
coupled degree of freedoms.
Table 3: Cold Mass with String First Eigenmodes (in Hz)
Cold mass with string
22
25
27
27
32
40
41
54
58
62

Direction
longitudinal (string only)
lateral
lateral
longitudinal (string only)
vertical
lateral (quad only)
vertical
longitudinal (string only)
longitudinal (string only)
lateral

Harmonic Response Analyses
A harmonic response analysis was performed on the cavity and the vacuum vessel. For the cavity, a vertical and
longitudinal force of 10 N was alternatively used as input
load; the input load was simulated as a sinusoidal load with
a frequency varying from 0 to 800 Hz. For the vessel the
input load was as well a force of 10 N applied on the middle
opening, either vertically or laterally, but the frequency
sweep was limited to 400 Hz.
A damping factor of 1% was used in all simulations to
reduce the amplification of oscillations matching a natural
frequency of the system.
The cavity frequency response to the longitudinal and
vertical load is shown in Figure 11. The red solid line is the
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lateral response at the central stiffening ring, while the light
blue dashed is the longitudinal response at the NbTi ring
(the red arrow in Figure 9).
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Measurements on a Vacuum Vessel with String
In spring 2019 we performed a series of “hammering
tests” on an EXFEL cryomodule. Using a hammer
weighting 1 kg we hit the vessel at different places and recorded the induced acceleration at different positions with
three tri-axial piezoelectric accelerometers (SlamStick
Shock & Vibration Accelerometer Loggers from Mide [4],
Figure 13).

Figure 11: Cavity response to a longitudinal load.

Figure 13: “Hammering test” tools.
The test was performed both on a fully assembled cryomodule and on an empty vessel with cold mass. The sensors were positioned on the vacuum vessel either at the post
openings or at the big flanges at the ends. Figure 14 shows
the typical hit response in the time domain, measured on
the vessel. The ringing is rapidly absorbed with a time constant of 250 msec.

Figure 12: Vessel frequency response to a vertical load.
Figure 12 shows the same results for the vacuum vessel.
Here the load is applied at the central post and the frequency response displayed at the big flange at the cavity
one side of the vessel.

COMPARISON WITH MEASUREMENTS
Some studies have been performed to measure the vibrations on a cryomodule and cavities during linac operation
or on a test stand and therefore some of the calculated data
can be compared with measured ones.

First Measurements on a Single Cavity
One of the first studies on the resonance frequencies of
a single cavity were performed by T. Schilcher in his PhD
Thesis [3]. A cavity fixed at its extremities was excited with
sound waves from a loudspeaker while a piezoelectric
crystal measured the response of the cavity. The first measured resonance frequencies were found at 96, 175, 239 and
281 Hz (the strongest being the 175 Hz). We can find some
similitudes with the data we simulated, but the comparison
stops there due to the evolution of the cavity design since
these firsts measurements.

SRF Technology - Cryomodule
microphonics

Figure 14: Typical acceleration values.
The first series of tests was devoted to assessing which
direction of the hits (vertical, longitudinal and transverse)
coupled the most to the sensor’s three directions (x,y,z).
Every effort was taken to provide hits of consistent strength
and momentum, regardless of the direction. The test was
repeated several times in an attempt to average out inaccuracies inherent to this approach. Lateral and vertical responses usually showed similar profile. This first test also
confirmed that a hit in the vicinity of the sensor can saturate
the readings (total sensor range +/- 16 g). Further studies
will require special care of this aspect.
For the second series of tests, we applied repeated vertical hits (20) in the middle of the vessel and measured the
corresponding responses at both ends of the cryomodule.
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The signal FFTs were averaged to provide a better signal
to noise ratio and isolate dominant frequencies. The results
in vertical and longitudinal directions are shown in
Figure 15.
One should first state that we were not able to draw clear
conclusions from these first tests regarding the frequencies
that were excited with the hammering.
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simulation and of the harmonic response (Table 2 and
Figure 11 respectively).

Figure 16: Piezo response to a longitudinal load.

CONCLUSION AND OUTLOOK

Figure 15: Averaged FFTs .
The comparison with the harmonic response simulation
results (Figure 12) shows some qualitative similitude in the
200 Hz area, but the peaks in the lower amplitude (40-140
Hz) range are much lower in the experimental data than in
the simulation.
Our main conclusion after these tests is that the simulation provides some similitude with the experiment but one
cannot conclude to a close match between the two. It could
be due to the approximation done in the simulation or it
could be due to limiting factors in the experimental set up
(maybe not the best sensors for this kind of analysis, maybe
the hammer hits are too small a stimulus to allow for a precise analysis of the resonant modes.)

Measurements in the XFEL Linac
A series of tests have been performed in May 2019 on
the EXFEL cryomodules installed in the main linac at the
RF station A16. For each of the 32 cavities in this RF station, one of the piezos installed in the frequency tuner was
used to excite the cavity in the longitudinal direction while
the other piezo was used to measure the effect of the excitation.
Piezos were excited with a sinusoidal voltage at different
frequencies (200, 300, 400 and 500 Hz for some cavities),
but the measured spectra are very consistent regardless of
the frequency of the stimulus.
Figure 16 shows the results for all the cavities in the cryomodule A16.M4 (the fourth cryomodule in the RF station
A16). The results for the other three cryomodules are very
similar. A few frequencies can clearly be recognized on all
cavities: 200, 260, 400 and 600 Hz. These frequencies are
in very good agreement with the results of the modal
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In an effort to better understand the mechanical behaviour of the EXFEL cryomodule with respect to vibrations,
a series of modal and harmonic response analyses have
been performed on the cryomodule main components.
When possible, simulation results are compared with experimental data.
A few conclusions can be drawn from this work:
 The vacuum vessel measurement didn’t show any
clear agreement with the simulated data. Some similitudes could be postulated, but no definite conclusions
can be drawn. Further studies should be performed
with a different set up or instrumentation, to better investigate the harmonic response of the vacuum vessel.
 The cavity analysis shows very good agreement with
the measured data. The system is quite small and the
boundary conditions well defined, making the simulation adherent to the reality;
 From the cavity measured data we can recognize
which frequencies are “picked-up” from the cavity
and are relevant for RF operation of the accelerator.
Any further design work should keep these frequencies in scope.
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MICROPHONICS TESTING OF LCLS II CRYOMODULES AT JLAB*
T. Powers†, K. Davis, and N. Brock
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 USA

Abstract
Jefferson Lab is partnering with Fermilab to build 40
cryomodules for the LCLS II accelerator that will be
installed at the Stanford Linear Accelerator (SLAC). The
LCLS II cryomodule is an 8-seat CW cryomodule which
operates at 1300 MHz and is based on the XFEL design.
The cavities have design loaded-Q of 4×107, which means
that it has a control bandwidth of 16 Hz. The JLab
prototype cryomodule was instrumented with a series of 10
accelerometers, and impulse hammer response
measurements were made while the cryomodule was being
built and after it was installed in the JLAB cryomodule test
facility. This was done so that we could better understand
the shapes of the modes of the structure. These results were
compared to impulse hammer testing from the outside of
the cryomodule to individual cavity frequency shifts when
the cryomodule was cold. Additionally, background
microphonics and transfer function measurements were
made on several other LCLS II cryomodules in the JLab
cryomodule test facility (CMTF). The prototype
cryomodule had excessive microphonics up to 100 Hz peak
due to a thermo-acoustic oscillation in the cryogenic
supply circuit. Design modifications were implemented
and subsequently the cryomodules had microphonics on
the order of 10 to 20 Hz.

BACKGROUND
Modal
measurements,
extensive
microphonics
measurements and impulse hammer to cavity frequency
shift measurements were made on the prototype
cryomodule. JLAB cryomodules CM03 and CM10 also
had impulse hammer testing to frequency shift
measurements made and varying amounts of background
microphonics measurements were made of six of the 8
cryomodules that have been tested to date.

Modal Analysis
The modal analysis was done using the standard
approach of striking the structure with a force instrumented
hammer and measuring either the response of tri-axial
accelerometers or changes in the resonant frequency of the
cavity. The frequency shift was recorded by using one of
the analog outputs of the low level RF chassis while it was
operating in a frequency tracking mode known as selfexcited loop (SEL) or by recording the phase difference
between the field probe and forward power when the
systems were operated in a fixed frequency mode known
as the generator driven resonator mode (GDR). In general
the transfer function is defined as:
___________________________________________
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𝑌𝑌(𝜔𝜔)

(1)
𝑋𝑋(𝜔𝜔)
Here 𝐻𝐻(𝜔𝜔) is the transfer function which is a complex
number in the frequency domain, 𝑌𝑌(𝜔𝜔) is the average of
several frequency domain measurements of the system
response, accelerometer or cavity frequency shift, and
𝑋𝑋(𝜔𝜔) is the average of several corresponding frequency
domain measurements of the output of the force sensor. In
order to reduce the measurement noise, equation (2) is used
for calculating the system response. Here 𝑋𝑋 ∗ (𝜔𝜔) is the
complex conjugate of output of the force sensor in the
frequency domain.
𝐻𝐻(𝜔𝜔) =

𝐻𝐻(𝜔𝜔) =

𝑌𝑌(𝜔𝜔)𝑋𝑋 ∗ (𝜔𝜔)

𝑋𝑋(𝜔𝜔)𝑋𝑋 ∗ (𝜔𝜔)

Frequency Shift Measurements

(2)

Two methods are used for determining the frequency
shift of the cavity. The first method made use of a
frequency tracking RF source to excite the cavity. The RF
frequency of the output of the field probe port on the cavity
was the same frequency as the cavity. This signal is
acquired using a digital I/Q receiver where the RF
frequency was within 100 Hz of the cavity frequency. The
I/Q outputs of the receiver are processed using the
following equation:
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑(𝑡𝑡)
− 𝐼𝐼(𝑡𝑡)
𝑄𝑄(𝑡𝑡)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
(3)
∆𝑓𝑓 =
2𝜋𝜋�𝐼𝐼 2 (𝑡𝑡) + 𝑄𝑄2 (𝑡𝑡)�
Which for a sampled system can be estimated as:
𝑄𝑄𝑖𝑖 (𝐼𝐼𝑖𝑖 − 𝐼𝐼𝑖𝑖−1 ) − 𝐼𝐼𝑖𝑖 (𝑄𝑄𝑖𝑖 − 𝑄𝑄𝑖𝑖−1 )
∆𝑓𝑓𝑖𝑖 =
2𝜋𝜋∆𝑡𝑡(𝐼𝐼𝑖𝑖2 + 𝑄𝑄𝑖𝑖2 )

(4)

While both analog [1] and digital methods [2, 3] can be
used to process the results, a digital approach was used for
this work.
In the second method the cavities are operated with a
fixed frequency system which regulates gradient and phase
of the cavity where the cavity voltage is given by the
following equations:
������⃗
𝑉𝑉𝐹𝐹𝐹𝐹 [1 + 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗(𝜑𝜑𝑅𝑅𝑅𝑅 − 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 )] (5)
𝑉𝑉𝑅𝑅𝑅𝑅 ∝ ������⃗
������⃗
𝑉𝑉𝐹𝐹𝐹𝐹 �1 + 𝑗𝑗
𝑉𝑉𝑅𝑅𝑅𝑅 ∝ ������⃗

𝛿𝛿𝛿𝛿 =

2𝑄𝑄𝐿𝐿 𝛿𝛿𝛿𝛿
�
𝑓𝑓0

𝑓𝑓0
𝑇𝑇𝑇𝑇𝑇𝑇(𝜑𝜑𝑅𝑅𝑅𝑅 − 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 )
2𝑄𝑄𝐿𝐿

(6)

(7)

Here ������⃗
𝑉𝑉𝑅𝑅𝑅𝑅 and ������⃗
𝑉𝑉𝐹𝐹𝐹𝐹 are the voltage of the RF source and that
measured at the field probe port respectively, 𝑄𝑄𝐿𝐿 is the
loaded-Q of the cavity, 𝑓𝑓0 is the center frequency of the
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������⃗
cavity, 𝜑𝜑𝑅𝑅𝑅𝑅 is the phase of 𝑉𝑉
𝑅𝑅𝑅𝑅 and 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 is a constant
phase offset that is set such that the difference between it
and 𝜑𝜑𝑅𝑅𝑅𝑅 is zero when the resonant frequency of the cavity
is same as that of the RF source.

RF Power Limitations

The LCLS II system was designed to operate at a
gradient of 16 MV/m, a loaded-Q of 4.12×107 and a
maximum beam current of 100 µA. The RF sources which
have been purchased for the project are designed to deliver
3.8 kW CW. Assuming 5% losses for the transmission
lines, circulators, etc. means that the cavities operate with
a maximum of 3.6 kW of RF power at the cavity. Figure 1
is a plot of the required RF power and phase for no beam
current and for full beam current. It shows that for no or
minimal beam loading, the cavities can operate with only
18 Hz of microphonics. When the machine is operated at
full beam current, the maximum microphonics before the
RF power limitation is met is about 13 Hz.

Figure 1: Peak RF power and phase requirements for an
LCLS II cavity, as a function of cavity detune frequency
for no beam and design beam current.

RESULTS
Modal measurements were done on the prototype
cryomodule at various phases of the fabrication process.
Accelerometers were placed on the beam lines between the
cavities, where they remained functional until the
cryomodule was first cooled down to 2 K at which time, as
expected, they failed. This was done as part of the program
to better understand the vibrational modes which
contribute to microphonics. We also made transfer function
measurements from an impulse hammer striking different
locations on the outside of the cryomodule to cavity
frequency shifts. Background microphonics under several
different operating conditions were also measured and
analysed.

Modal and Transfer Function Measurements
Modal measurements were made on the prototype
cryomodule string using 10 accelerometers which were
placed on the beam line between each cavity as well as on
the gate valve at the cavity 1 end of the cryomodule and on
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the quadrupole magnet located at the cavity 8 end of the
cryomodule. Single-point excitation, multi-point response
impulse response testing was done after the string was
assembled and prior to insertion into the insulating vacuum
vessel. The accelerometers were left in place, connected
through vacuum feedthroughs, and the impulse testing was
repeated while it was in the cryomodule test facility prior
to cool down.
Modal analysis software called MEScope® was used to
analyse the resultant transfer functions and to generate
animations of the motion of the structure at the
accelerometer locations. These results were used to better
understand the modes. Further, the animations can be used
to identify locations for potential mitigations. Although we
did not do so in this instance, the results of this analysis can
also be used to validate finite element models of the
system. In addition to providing animations the software
did a modal analysis and identified 33 significant modes
between 3 and 95 Hz. One thing of note is that there is a
theoretical shift upward in frequency of about 10% due to
the increased stiffness of the structure at cryogenic
temperatures. This shift was confirmed in other
cryomodules [4].
Transfer function measurements from an impulse
hammer strike to cavity frequency shift were taken for
three different cryomodules. On two they were done one
cavity at a time using a low power RF system which
provided about 100 mW to the fundamental power coupler.
In these two cases the data for each cryomodule was
combined to provide sets of single-excitation multiresponse transfer function measurements. In CM10 a
remote controlled impulse hammer was used to strike the
beamline flange, and in a separate test, the coupler vacuum
pipe. Both were done while the cavities were operated
using the high power solid state amplifiers. In these cases
the detune phase shift data for 7 of the cavities was taken
simultaneously with the force sensor signal. Two sets of
data were taken and the results from the eighth cavity was
combined with the data from the other set to provide a
complete transfer function measurement. The results from
these measurements are shown in Fig. 2 through 6.

Figure 2: Impulse hammer to delta-F response function for
the prototype cryomodule.
Figure 2 shows the results of the impulse hammer tests
of the prototype cryomodule where the impact point was
the flange on the beam pipe at the cavity 8 end of the
cryomodule. The dominant modes which affect the cavity
frequencies in this cryomodule from this excitation point
are at 46 Hz, 84 Hz, 31 Hz 62 Hz and 100 Hz. As shown in
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Fig. 3, there are also vibrational modes which affect the
cavity frequencies with at least 20 frequencies between 25
and 95 Hz.

Figure 6 shows the transfer function from a strike on the
coupler vacuum manifold pipe to the 8 cavities in CM10.
The vacuum manifold pipe is a vacuum pipe approximately
12 cm in diameter which runs the length of the cryomodule.
It connects to each of the RF couplers via a vacuum
bellows. Modal measurements and analysis of the vacuum
pipe using an impulse hammer and accelerometers
indicated that the 41-42 Hz mode is the cavity 1 end of the
pipe vibrating mostly horizontally while the cavity 8 end
of the pipe is vibrating mostly vertically. This 41 Hz mode
is an example of a mode which was not excited by striking
the beam line at the cavity 8 end of the cryomodule.

Figure 3: Example of the large number of the modes
between 25 Hz and 95 Hz in the prototype cryomodule.
Figures 4 and 5 show the results of impact response tests
using the same excitation point for cryomodules CM03 and
CM10 respectively. Both of these cryomodules also have
the same dominate 46 Hz mode. The difference being that
in CM3 it was strongest only in cavity 8 while in CM10 it
was strongest in cavities 3, 4, and 5. Review of the modal
data taken on the cryomodule string indicate that a likely
source of this mode is a vertical vibration of the quadrupole
magnet located at the cavity 8 end of the cryomodule.

Background microphonics Measurements
For the prototype cryomodule, the cavities were
measured one at time in SEL mode. This cryomodule
suffered from thermoacoustic oscillations (TAO) in the JT
valve which was addressed with a design change [5]. JLab
staff found an approach to operating our specific
installation such that the effects of the TAO were
minimized. This involved regulating the liquid level with a
valve in an upstream heat exchanger. We designated this
mode as the “quiet” state. Figure 7 shows the microphonics
for cavity 7 when the cryogenics system was operated in
the quiet state. Similar results were obtained with all of the
other cavities with the highest “quiet state” microphonics
being on cavity 1 at 8 Hz peak. The vibrations at 29.9 Hz
and 89.8 Hz are probably due to a nearby motor with a
rotational frequency of 1800 rpm. At +/- 8 Hz peak
microphonics the system was operating below the target
maximum of +/- 10 Hz.

Figure 4: Impulse hammer to delta-F response function for
the cryomodule CM03, excitation point was beam pipe at
cavity 8 end.

Figure 5: Impulse hammer to delta-F response function for
the cryomodule CM10, excitation point was beam pipe at
cavity 8 end.

Figure 6: Impulse hammer to delta-F response function
for CM10, excitation point was the coupler vacuum
manifold.

SRF Technology - Cryomodule
microphonics

Figure 7: Prototype cryomodule cavity 7 background
microphonics when the cryogenics were operated in a quiet
state. Upper plot is time domain, lower trace is frequency
domain plot for 25 seconds worth of data.
Figure 8 shows the background microphonics when the
cryogenic piping was undergoing a thermoacoustic
oscillation. The data in the upper plot is the time domain
data from an accelerometer which was placed on a plate
that is attached to the valve stem of the JT valve. The
second plot shows the resultant microphonics which
exceeded the requirements by a factor of ten. The third plot
shows the frequency domain plot of the microphonics and
accelerometer signals. It should be noted that although the
90 Hz and 120 Hz valve vibrations were about an order of
magnitude larger than the 46 Hz components, the resultant
microphonics at 46 Hz was 10 times larger than any other

TUP034
495

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

harmonic. This was due to the amplification effect that the
modal resonance at 46 Hz which is shown in Fig. 2.
Figure 8 shows the effect of JT valve operation on the
microphonics. When the JT valve was operated it caused a
120 Hz vibration that was primarily transverse to the beam
line direction. It also produces a vibration nearly an order
of magnitude smaller at 30Hz, 40 Hz and 80 Hz. Again,
these modes are amplified by modal resonances at 45 Hz
and 80 Hz in the structure that are shown in Fig. 3.

Figure 8: Prototype cryomodule cavity 7 readings from an
acceleration of the JT valve (red, blue and green) and
background microphonics (black) and when the cryogenics
where in a state of thermoacoustic oscillation.
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had on the microphonics in cryomodule CM10. The short,
smaller microphonics bursts shown in Fig. 10 is more
typical of the later cryomodules. In this instance the first
two pulses were position changes of 1% and the third is a
2% change in position. One hypothesis is that the
additional wipers on the JT-valve actuator shaft couple it to
the tube and dampen the vibrations of the actuator shaft.
No effort was made to optimize the JT-valve control
algorithm in order to reduce these vibrations. Figure 11
shows the background microphonics for CM10 with no JT
valve motion.

Figure 10: Typical transient which occurred when the JTvalve was actuated. CM10 cavities 1, 2, 4, 5, 6, 7, and 8.

Figure 11: Background microphonics for cavities 1, 2, 4,
5, 6, 7 and 8 of CM10. Data taken simultaneously.

Figure 9: Prototype cryomodule cavity 7 background
microphonics and accelerometer readings while the JT
valve was being operated.
In Fig. 9, the valve control loop implemented a 0.6%
change in position, and there was a large microphonics
transient. Figure 10 shows the effect JT-valve operation
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Figure 12: Measured microphonics when the tuner motor
is operated in a full step mode.
One of the other concerns when designing a cryomodule
is whether operation of the tuner induces added
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microphonics when the stepper motor is operated. Figure 12 shows the effect of operating a single tuner motor and
changing the cavity resonant frequency by 10 Hz. There
was no indication of excess microphonics when the motor
was operated.

Comparison of Background Microphonics and
Transfer Function
Figure 13(a) shows a comparison of the background
microphonics and the transfer function for the cavity pCM1. Figure 13(b) shows the same data for CM10-1. Similarly,
Fig. 14 shows the results for cavities pCM-5 and CM10-5
respectively. In Fig. 13(a) and 14(a) the modes at 42 Hz
and 29.8 Hz, respectively, are much larger than the vertical
scale, which was reduced in order to allow one to see the
other narrow band modes. A significant contributor to
29.8 Hz mode in the prototype cryomodule was that the
mounting plates were not properly bolted to the concrete
floor which allowed them to vibrate vertically. Even with
proper mounting plate installation two of the tests (not
shown in this work) had significant 29.8 Hz, 59.7 Hz,
89.6 Hz, and 149.3 Hz vibrations. The most likely cause
of these vibrations was a nearby motor with a failing
bearing.
The changes in the cryomodule design between the
prototype and CM10 shifted the mode at 10 Hz down to
7 Hz where it became susceptible to some form of
background vibration. 7 Hz is a known vibration frequency
of the chilled water tower which is located about 25 m from
the cryomodule. The design changes and improved
cryomodule mounting in the test cave also reduced the Q
of or moved the frequency of the 30 Hz modal resonance
in CM10, which made it less sensitive to that source of
excitation. Cavity 5 continued to have a 46 Hz modal
resonance which was not excited as much in CM10 as the
42 Hz was in the prototype cryomodule.

Figure 13: Transfer function as compared to the
background microphonics for (a) cavity 1 on the prototype
cryomodule and (b) cavity 1 on CM10.
In all of these results one can observe that the narrow
band microphonics noise frequently overlapped with
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modal resonances. This generally indicates a mode which
is driven by a narrowband external source. The broadband
noise, such as is seen in CM10 between 45 and 55 Hz, is
typical for a modal resonance driven by broad band noise.
It should be noted that the cryogenic piping and the floor
of the test facility were sources of several narrowband
vibrational excitations with narrow vibrational lines every
few Hertz up to a few hundred Hertz.

Figure 14: Transfer function as compared to the
background microphonics for (a) cavity 5 on the prototype
cryomodule and (b) cavity 5 on CM10.

SUMMARY

The prototype cryomodule had excessive microphonics
with the dominant cause being thermos-acoustic
oscillations in the helium supply piping. There were a
number of issues relating to the installation in the test cave
and the cryogenics system design. The cryogenic design
issues were dominated by a thermoacoustic oscillation in
the JT valves. Both the cryogenics and installation issues
were addressed on subsequent cryomodules. Subsequent
cryomodules generally met the 10 Hz peak microphonics
spec for steady state operations. However, operation of the
JT-Valve in the JLab cryomodule test cave produced
vibrations which caused the cavities regularly exceed
14 Hz peak microphonics and occasionally exceeded
18 Hz. These value would exceed the available RF power
when the cavities are operated at 16 MV/m and at full beam
loading and no beam loading respectively. These tests were
carried out in the JLab cryomodule test facility which has
different background vibrations than the tunnel will have
at LCLS II. Modal analysis and the use of accelerometers
to measure vibrations of external components are useful
tools for understanding and mitigating microphonics
issues.
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COMMISSONING OF KLYSTRON TRANSMITTERS
WITH 270 kWCW AT 1.3 GHz∗
B. Schriefer† , W. Anders, A. Heugel, H. Hoffmann, G. Mielczarek, H. Stein
Helmholtz-Zentrum Berlin für Materialien und Energie, Berlin, Germany
RF SYSTEM

Abstract
The Helmholtz-Zentrum Berlin currently builds “bERLinPro” (Berlin Energy Recovery Linac Project) at its site
in Berlin-Adlershof close to the synchrotron light source
BESSY II. The SRF system of bERLinPro consists of three
klystron transmitters each providing 270 kWCW and four
solid state amplifiers 15 kWCW at 1.3 GHz.
In this paper the klystron transmitters are shown and the
first power test.

INTRODUCTION
Figure 1 shows a picture of the installation of the ERL.
BERLinPro’s is a single-pass ERL to demonstrate ERL technology for use as a future synchrotron light source with beam
currents up to 100 mA. Its 6 MeV injection line consists of a
1.3 GHz SRF photo injector module containing one 1.4 cell
SRF-cavity and a booster module using three 2-cell cavities. The beam is merged into the main linac via a dog-leg
merger where it is accelerated to 50 MeV in the linac module
using three 7-cell SRF cavities following recirculation via
the straight section reserved for future experiments. The
decelerated beam is dumped in a 600 kW beam dump at
6 MeV.

To provide the energy for the beam loading the SRF gun
and the two out of three booster cavities are powered by
three klystrons each delivering up to 270 kWCW at 1.3 GHz.
Four solid-state amplifiers 15 kWCW at 1.3 GHz are used
to power the LINAC module and the first booster cavity.
The power supplies and solid state amplifiers are located
on ground floor level of the building. The klystrons are
located in the basement close to the cavity modules behind a
radiation shield wall to keep the distance short and to reduce
waveguide losses.

Klystron Power Supply
The klystron’s power supply is manufactured by FUG [1].
Nominal output is 65.2 kV and 9.2 A with a ripple of less
than 0.1% peak to peak. Each power supply consists of
30 switching modules (20 kW) located in two cabinets. In a
smaller cabinet the voltage is added. All high voltage parts
are in an oil bath. The fourth rack is for connection of the
mains and for controls. Figure 2 shows the installed three
power supplies.

Figure 2: Klystron power supplies. Each power supply consists of two cabinets 32.6 kV 9.2 A, one combining cabinet
and one rack for mains and controls.
Figure 1: bERLinPro facility.
The beam loading in the injector path is 600 kW while the
beam loading in the linac is low due to the energy recovery
principle.
∗
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Klystron
Figure 3 shows the klystron installation at bERLinPro.
The klystron in the rear is the first klystron that has been
tested. The klystrons are produced by CPI [2] and have
6 internal cavities. They are optimized for high linearity
up to high power levels. Maximum power is 290 kWCW
but operation should not exceed 270 kWCW . Klystrons have
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been developed for bERLinPro and for ARIEL project at
TRIUMF [3] to share the development costs.

Figure 3: Installed klystrons.
The klystron specifications are listed in Table 1:
Table 1: Klystron Specifications
Specification

Value

Beam Voltage, Typical
Beam Current, Typical
Usable CW Output Power
Efficiency
Gain
Drive Power

61 kV
8.5 A
>270 kW
58 %
45.9 dB
8W

Figure 4: Installed klystron with circulator (left bottom) and
300 kW waterload (left top).

Circulator and Waterload
Each klystron is protected by a circulator. Figure 4 shows
one of three klystrons including the circulator and waterload.
The circulator is of type CPR650 manufactured by AFT [4].
It is capable of withstanding 270 kWCW power with full
reflection at any phase. Insertion loss is specified to be
better than 0.15 dB and return loss at center frequency is
specified to be better than −26 dB.
The waterload is manufactured by Ferrite Domen Co. [5]
from St. Petersburg/Russia. It is build from three loads.
Rated power is 300 kWCW with an input VSWR of better
than 1:1.07 (−29.4 dB).

Waveguide System
The klystrons are connected with the cavities by WR650
waveguides. Figure 5 shows the setup of the waveguide
system. The gun module contains one cavity and the booster
module three cavities. The klystrons are located behind the
radiation shielding wall.
Due to the fact that the cavities have two couplers each,
there is a waveguide splitter in each power line. To adjust the
phase between the couplers a phase shifter is used. The phase
shifter is built using two waveguide bellows and a motor
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Figure 5: The gun module is on the right and the booster
module on the left. Behind the radiation shield wall the
klystrons can be seen.
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driven sliding unit. Each bellow can be moved ±24 mm
achieving a total phase shift of 150°. Figure 6 shows the
phase shifter.

Figure 7: Measurement results.

Figure 6: Motor actuated waveguide phase shifter.
The waveguides at 270 kW power level are water cooled.
After the splitter and some losses the waveguides are on
120 kW level and no water cooling is required.

POWER TEST
Figure 7 shows the measurement results of the commissioning of the first of three klystrons. The beam voltage is
in green, the collector current in yellow and the RF output
power in purple. The plotted collector losses (red) are based
on calorimetric measurements performed on the cooling water. Body current was low. RF output power is measured
with RF demodulators that are calibrated based on calorimetric measurements. The results show an efficiency of more
than 50 % at maximum tested power of 270 kWCW .

OUTLOOK
All three transmitter power supplies and klystrons are
installed. The first klystron transmitter is commissioned to
full power. The next two transmitters will follow. Currently

Facilities - Progress
status report of funded machines

there are not enough switching power units to reach full
power with all transmitters due to cost reasons in the project
phase. After successive commissioning of all transmitters to
full power the switching power units will be redistributed to
have 20 instead of 30 units per transmitter. This will result
in 54 kV 7.3 A and a maximum RF power of about 160 kW
good for 40 mA beam current. In a later stage all transmitters
will be equipped to full power.
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H. Hara, A. Miyamoto, K. Sennyu, T. Yanagisawa,
Mitsubishi Heavy Industries Machinery Systems, Ltd. (MHI-MS), Kobe, Hyogo, Japan
Abstract
The RIKEN Heavy-Ion Linac is undergoing an upgrade of
its acceleration voltage in order to enable it for further investigations of new super-heavy elements and radioactive isotope
production. In this project, a new superconducting booster
linac is being developed and constructed. The booster linac
consists of 10 TEM quarter-wavelength resonators made
of pure niobium which operate at 4.5 K. The target performance of each resonator is Q0 = 1 × 109 with an accelerating
gradient of 6.8 MV/m. We succeeded in developing highperformance resonators which satisfy the requirements with
a wide margin. The cryomodule assembly and installation
of the cryomodules and a helium refrigerator system were
completed by the end of FY2018. A cooling-down test is
scheduled for September 2019. This article reports the construction status of the superconducting booster linac.

INTRODUCTION
The existing heavy-ion linac, RILAC [1], at the RIKEN
Nishina Center plays an important role of supplying intense
beams for the synthesis of super-heavy elements (SHEs) as
well as acting as the injector for the succeeding RIKEN Ring
Cyclotron. The RILAC has been in operation since 1982 and
was originally designed to have a total acceleration voltage of
16 MV with six drift-tube-linac (DTL) tanks. Each DTL tank
is a room-temperature (RT) quarter-wavelength resonator
(QWR) which can vary its resonant frequency from 17 to
45 MHz. For example, the original RILAC can accelerate
heavy-ions with a mass-to-charge ratio (m/q) of 6 up to
2.7 MeV/u with 36.5 MHz operation. In 1996, the front end
of the RILAC was replaced by an 8 GHz electron-cyclotronresonance ion source (ECRIS) with a 500 kV Cockcroft–
Walton electrostatic accelerator connected to an 18 GHz
ECRIS and a variable frequency RFQ linac [2] to increase
the beam intensity. Six new DTL tanks (A1–6), with a
resonant frequency twice that of the RILAC, were added
downstream of the RILAC as a booster linac [3] in 2001 to
increase the beam energy for SHE synthesis experiment, etc.
Synthesis experiments on the 113th element started in 2003
using a 70 Zn14+ beam with an energy of 5 MeV/u accelerated
by the RILAC and a booster with frequencies of 37.75 MHz
and 75.5 MHz, respectively. The first synthesis of element
113 was achieved in July 2004 [4]. The 113th element,
nihonium, named for Japan, was listed in the periodic table
∗
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in November 2016, and the seventh period of the table was
completed by the determination of the names up to element
118 at the same time.
Recently, we proposed an upgrade project [5] to increase
the beam intensity and energy of the RILAC, aimed at making possible SHE experiments for the eighth period of the
table, as well as producing valuable radioactive isotopes.
It was planned that the beam intensity would be increased
dramatically by introducing a new 28 GHz superconducting (SC) ECR ion source [6] at the front end of the RILAC.
We removed the last four tanks of the booster linac, A3–6,
and installed an SC booster linac (SRILAC) consisting of
10 SC-QWRs to boost the beam energy to over 6.5 MeV/u
for heavy ions with m/q = 6. The full layout plan of the
SRILAC is shown in Fig. 1.
Construction of the SRILAC started in the autumn of
2016 when the budget was finalized. Figure 2 shows the
construction schedule of the SRILAC. The status of the
construction is reported in this paper. The status up to 2018
was reported in Ref. [7].
Transfer line

Valve box

#6

Beam

A1 A2

He refrigerator

Joint box

CM1

CM2

CM3

Top View

Figure 1: Full layout plan of the SRILAC.

SUPERCONDUCTING BOOSTER LINAC
Outline
The 10 SC-QWRs of the SRILAC are arranged into groups
of 4 units, 4 units, and 2 units, stored in three cryomodules
(CM1–3). The resonant frequency of the SC-QWR was chosen to be 73 MHz, twice the fundamental frequency of the
RF system of the RIKEN Radioactive Isotope Beam Factory
(RIBF) [8,9] accelerators. The geometry of the SC-QWRs is
optimized for βopt = 0.078, which is almost compatible with
the beam energy of 3.61 MeV/u at the exit of the A2 tank for
73.0 MHz operation. The operation temperature is 4.5 K, using a Claude-cycle liquid-helium refrigerator located in the
vicinity of the cryomodules. We adopted an RT quadrupole
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Figure 2: Construction schedule of the SRILAC.

Fabrication of SC-QWRs
Rinsing Ports
Top Torus
Stem
Bulk Nb Cavity
Magnetic Shield
Ti He Jacket
1m

doublet for the focusing element between the cryomodules
as well as in front and at the end of the SRILAC. The fundamental design of the SC-QWRs, cryomodule, and lattice
is based on the SC part of the upgrade plan [10–12] for the
RIBF, which was conceptually designed in 2013 and optimized in 2014. The fabrication technology of the SC-QWRs
and cryomodule had already been developed by prototyping [13–15] as a part of the ImPACT program [16]. The
designed gap voltage was raised from 0.8 MV to 1.2 MV
due to the good results of performance tests of the first prototype. The design parameters of the SC-QWRs are listed
in Table 1. Here, the effective length for obtaining Eacc is set
to βopt λ = 0.32 m.

Support Plate
End Drift Tubes

Table 1: Design Parameters of the SC-QWRs for the SRILAC. The surface resistance is conservatively assumed to
be 22.4 nΩ in the calculation.
Frequency [MHz] at 4.5 K
73.0
Duty [%]
100
βopt
0.078
Aperture [mm]
ϕ40
G [Ω]
22.4
Rsh /Q0 [Ω]
579
Q0
1.0 × 109
P0 [W]
8
Vacc [MV] at Eacc = 6.75 MV/m, β = 0.078
2.16
Eacc [MV/m]
6.75
Epeak /Eacc
6.2
Bpeak /Eacc [mT/(MV/m)]
9.6
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Wire Rope

Beam Port
Pickup Antenna Port

FPC Port

Figure 3: Schematic of a SC-QWR for the SRILAC.
Figure 3 shows a schematic of an SC-QWR. The SCQWRs are made from pure niobium sheets with a residual
resistance ratio of 250, and are contained within a helium
jacket made of pure titanium. The niobium sheets were
machined, press-formed, and electron beam welded (EBW)
with port parts manufactured by cutting a niobium round
bar to form four partial components, a stem, a top torus, an
outer cylinder, and a bottom dome, as shown in Fig. 4. The
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thicknesses of the stem and upper side of the outer cylinder
are 3.5 mm and 4 mm. The number of ports was cut from
nine in the first prototype to six to reduce the fabrication cost.
The flanges of each port and the ribs are made from grade
2 hard niobium. Tin-plated U-TIGHTSEAL is used for the
vacuum sealing for each port, and the flanges are tightened
with NC25 copper alloy bolts. A rib structure on the top
torus was optimized to reduce the influence of microphonics
and to suppress the deformation due to fluctuations of the
helium pressure. Frequency tuning of the SC-QWRs was
realized by compressing beam ports in the direction of the
beam axis. The compression force is driven by decelerating
the rotational force of the stepping motor with reduction
gears and pulling a wire wound around the cavity, converting the pulling force into displacement in the beam axial
direction. The shape around the end drift tube was optimized to reduce the maximum stress to less than 90 MPa,
required to comply with the High-Pressure Gas Safety Act
in Japan. A magnetic shield was installed between the bulk
SC-QWR and the jacket for shielding performance and ease
of cryomodule assembly. After the production of the partial
components, the resonant frequency of their assembly was
measured and carefully adjusted step by step by cutting the
straight section between the top torus, stem, and outer cylinder, as well as the outer cylinder and bottom dome. Details
of the frequency adjustment and SC-QWR fabrication are
described in Ref. [17].
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to comply with safety regulations were performed before
the second BCP. Assembly after the HPR was performed in
an ISO class 1 clean room (KOKEN floor KOACH) at the
factory of a private company.
We prepared a test stand at the RIKEN based on the test
stand at KEK [14] to confirm whether an acceptable performance could be obtained for each SC-QWR. We drilled a
hole in the floor and installed a cryostat with an inner diameter of 700 mm and a depth of 3240 mm. A magnetic
shield was put into the cryostat to prevent the penetration
of geomagnetism and a value of less than 10 mGauss was
achieved. An input coupler for the vertical test was designed
with a stroke of ±10 mm, which can change the external
quality factor (Qin ) by an order of 102 . The RF and radiation
interlock, data acquisition, excepting the thermometer and
RF circuit, and driving of the coupler were implemented on
a programmable logic controller (PLC). The validity of the
new test stand at RIKEN was confirmed by comparing the
test results of the second prototype carried out in RIKEN and
KEK. After assembly of a bulk SC-QWR, a performance
test was carried out sequentially from June 2018 in the same
procedure as that given in Ref [14]. All the bulk SC-QWRs
were fabricated by November 2018 and tested immediately.

Figure 5: Q0 vs Eacc plot of the bulk SC-QWRs measured at
4.2 K. The green star represents the criteria of the SRILAC.

Figure 4: Photographs of the stem (a), top torus (b), inner
view of outer cylinder (c), and bottom dome (d) of an SCQWR.
A second prototype bulk SC-QWR was produced to validate the modified design and prepare the jigs and manufacturing parameters before we started making the final SC-QWRs.
After the validation of the prototype resonator, ten bulk SCQWRs were fabricated and processed with an inner surface
treatment. The surface treatment consisted of a sequence of
treatments [18]: 110 µm buffered chemical polishing (BCP),
ultrasonic cleaning with pure water, annealing at 750 ◦ C
for 3 hours, 20 µm BCP, ultrasonic cleaning with detergent,
rinsing by pure water, high-pressure rinsing (HPR) with
8 MPa ultra-pure water, and baking at 120 ◦ C for 48 hours.
Pre-tuning [17] of the resonant frequency and a pressure test
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Figure 5 shows the quality factor Q0 plotted against acceleration voltage Eacc for all the bulk SC-QWRs. The multipacting phenomena observed at 0.8 MV/m were not serious,
and it could be processed within a few hours. The test results
indicate very high values of Q0 and Eacc for all SC-QWRs;
thus, all the SC-QWRs passed the acceptance test successfully. The maximum Eacc is significantly higher than the
required value of 6.75 MV/m, and no exponential deterioration of Q0 was observed for any of the SC-QWRs. The
resonant frequency of all the SC-QWRs is in the range of
the frequency tuner, as expected. Details of the test results
are presented in Ref. [17]. The mechanical vibration was
also measured and analyzed as described in Ref [19].
After the performance test, the SC-QWR was slowly
leaked in an ISO class 1 clean room (also KOKEN floor
KOACH) at RIKEN. The test couplers and vacuum exhaust
pipes were removed from the SC-QWRs and blank flanges
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were attached, and the units were sent back to the factory
for the post-process of installing the magnetic shield and
titanium jacket. Performance tests were performed on four
of the SC-QWRs after attaching the jackets. X-rays were
observed and the Q0 values dropped at around 5.2 MV/m
for two of the SC-QWRs. It is considered that particles were
mixed in the SC-QWR during the slow leak procedure. The
two other SC-QWRs were found to be fine. The remaining
six SC-QWRs were not tested due to budgetary schedule
limitations. Therefore, the steps after HPR were carried
out again for eight of the ten SC-QWRs except for two fine
SC-QWRs.
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etc. The vacuum vessel of the cryomodule is made of carbon
steel with electroless nickel plating to shield the external
magnetic field.
a)

c)

b)

d)

e)

f)

Fundamental Power Coupler
The input power coupler for the SRILAC [20] is a coaxial
type with a WX-39D connection plug, which has a single
disc-shaped ceramic window. The ceramic window is made
of KYOCERA A479B with a TiN coating on the vacuum
side and is located in the RT part of the coupler. The inner
conductor is an oxygen-free copper solid material without
forced cooling. The outer conductor is copper plated on
the inner surface of a thin stainless steel, where the RRR
variation of the copper due to the plating thickness was taken
into account to minimize heat penetration. The coupler
was designed to handle RF input powers greater than 5 kW
CW. By changing the insertion distance of its antenna, the
coupling can be adjusted so that the external quality factor
Qext can be varied from 1 × 106 to 4.5 × 106 .
A pair of couplers were mounted on a conditioning resonator in the ISO class 1 clean room at RIKEN and conditioned with a 5 kW RF power CW. The conditioning was
performed by inputting the RF power from one coupler and
extracting it from the other coupler, and the RF power was
terminated by a dummy load. The vacuum level and the
detection output of an arc sensor were used for interlocking
with the RF amplifier to gradually increase the RF input
power. The conditioning was completed successfully for all
10 couplers without any difficulty.

Cryomodule Assembly and Installation
The design of the SRILAC cryomodule [21] is based on
the first prototype cryomodule. CM1 and CM2 contain four
SC-QWRs, while CM3 is half the size of CM1 and CM2.
All the cold masses are mounted on the base plate by G10
pillars for thermal insulation. The SC-QWRs are supported
together at a point in consideration of the movement by heat
contraction. The thermal shield is made of aluminum and
cooled with liquid nitrogen. Two Gifford–McMahon cryocoolers (SHI CH-110LT) with a cooling power of 100 W
at 40 K are also attached to the thermal shield for operation without liquid nitrogen. The cryocoolers are directly
supported on the floor by an independent stand as a measure against their vibration. A bellows is inserted between
the cryocooler and cryomodule, and the cryocooler head is
connected to the thermal shield via copper braided wires.
CERNOX, PtCo, and Pt100 thermometers are attached to
the SC-QWRs, thermal shields, thermal anchors, pipings,
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Figure 6: Assembly procedure of SRILAC cryomodules.
Figure 6 shows the assembly procedure of the cryomodules. Because there was no crane in the ISO class 1 clean
room, we used a class 8 semi-clean room for the assembly, except for the work of releasing the beam vacuum. A
trial-and-error process was performed for CM2, the first
assembled module, and the procedure was changed a little
for the other cryomodules. The procedure that was finally
settled on was as follows. First, the base plate and middle
body were mounted on an assembly truck in the semi-clean
room, and the support pillars and bottom thermal shield
were attached. Each SC-QWR with the coupler attached
was mounted on the top, as shown in Fig. 6(a), and roughly
aligned. The whole truck was carried to the ISO class 1
clean room, and the bellows between the SC-QWRs were
assembled (Fig. 6(b)). The beam pipes, gate valves, and the
vacuum exhaust line of SC-QWRs were attached (Fig. 6(c)),
and a vacuum leak test was performed. The whole truck
was taken to the semi-clean room and the SC-QWRs were
aligned. The frequency tuners, lower cryo-pipings, cryocoolers, thermometers, etc., were installed (Fig. 6(d)). The piping, etc., were then attached to the top plate and the top plate
was mounted on the cryomodule assembly (Fig. 6(e)). After
connecting the helium line, a leak test of the helium line
was performed. We then performed the inspection for compliance with safety regulations. The lower thermal shield,
thermal anchors, and super insulators were installed, and the
cryomodule assembly was transported from the clean room
to the installation site. The nitrogen line and upper thermal
shield were assembled, and instrumentation such as thermometers and liquid level gauges were attached. The upper
vacuum vessel was mounted on the cryomodule assembly
as shown in Fig. 6(f) and a safety valve, rupture disc, etc.,
were attached on the top of the cryomodule. Finally, inspection of the outer piping was undertaken and the cryomodule
assembly work was completed.
Figure 7 shows photographs during the assembly and installation of the cryomodule. The three cryomodules were
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completed and installed in early March 2019. The installation of vacuum pumping system is now in progress in situ
using a local clean booth, as shown in Fig. 7(f). A new slowleak and slow-pumping system using mass-flow controllers
has been developed and introduced to the local clean work.
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ufactured with an accuracy of 50 µm or less in 10 of the
BEPMs.
A differential pumping system was proposed and developed to connect the particulate RT section and SRILAC
cryomodule. The system is almost complete and good performance is being obtained as described in Ref. [22].

HELIUM REFRIGERATOR

Figure 7: Photographs of cryomodule assembly in the ISO
class 1 clean room (a) and semi-clean room (b), transportation from the clean room to the installation site (c), installation of CM2 (d), installation of SRILAC cryomodules (e),
and clean work in situ (f).

Other Components
All the cryomodule related measurements, vacuum pumps,
heaters, and interlocks are controlled by a duplicated PLC.
The LLRFs, RF amplifiers, and frequency tuners are also
controlled by other PLCs for each cryomodule. The lowlevel RF controller of the SRILAC is based on a digital feedback module developed on the prototype system [21]. The
FPGA used was changed from an XILINX XC6SLX75 to an
XC6SLX150. Ten RF amplifiers with maximum output powers of 7.5 kW CW were manufactured for the SC-QWRs for
an operational bandwidth of ±60 Hz. These RF amplifiers
have built-in isolators and can withstand 7.5 kW reflection
without an external circuit. The control panels including the
PLCs, LLRFs, and RF amplifiers were built and installed by
March 2019.
An RT quadrupole doublet with a steerer function and a
vacuum pump are installed at each beam transport connecting the cryomodules. The quadrupole magnets and power
supplies are different from those used in the original booster
linac. Remodeling of the power supplies, wiring work to
the quadrupole magnets installations, and the main cooling
water pipe have already been completed.
A beam energy and position monitor (BEPM) of a diagonal cut type is installed in each quadrupole magnet. A total
of 11 BEPMs have been manufactured, and 10 units have
been mapped with the cooperation of the J-PARC facility.
According to the mapping results, the electrodes are man-
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The helium refrigerator of the SRILAC is a HELIAL MF
produced by Air Liquide, with a cooling power of 600 W at
4.5 K without liquid nitrogen. It is possible to upgrade the
cooling power to 720 W at 4.5 K by flowing liquid nitrogen.
Liquid helium is supplied to each cryomodule through a
transfer line installed as shown in Fig. 1 via a joint box
next to the refrigerator. A valve box located next to each
cryomodule has three valves produced by WEKA, used for
precooling, helium supply, and helium return. The valve
box and cryomodule are connected by five transfer tubes for
precooling, helium supply, helium return, nitrogen supply
for the shield, and nitrogen return for the shield.
The operation pressure for the SRILAC cryomodule is set
to 0.125 MPa and the pressure is controlled by a supply valve
so as to not affect the operation of the SC-QWRs. An upright
50 m3 buffer tank was newly installed to store helium gas.
The existing MAYEKAWA screw compressor was diverted
for the SRILAC, which had a flow capacity of 74.2 g/s with
1.7 MPa pressure. Because the compressor was installed in
another building, piping work was carried out over 200 m to
a cold box. Installation and testing of the refrigerator system
were completed by March 2019 and passed the completion
inspection required by the High-Pressure Gas Safety Act,
including the whole SRILAC.

OUTLOOK
Currently wiring work from the control system to each cryomodule is underway. We will test the control program after
the wiring work is completed, and the first cooling-down test
of the cryomodules will be performed in September. If the
cooling-down test is successful, we will connect the beam
ducts and BEPMs between the cryomodules and install a
differential pumping system. The quadrupole magnets will
be installed in November and a beam acceleration test will be
performed in December. We are aiming to have the SRILAC
ready for experiments from January next year.

ACKNOWLEDGEMENTS
Development of the first prototype system was funded
by the ImPACT Program of the Japan Council for Science,
Technology, and Innovation (Cabinet Office, Government of
Japan). The authors are grateful to Dr. A. Kasugai at QST
Rokkasho and Prof. K. Saito at FRIB/MSU for technical
advice on the design of the cavity and assembly work.

REFERENCES
[1] M. Odera et al., Nucl. Instr. Meth. A, vol. 227, p. 187, 1984.

Facilities - Progress
status report of funded machines

SRF2019, Dresden, Germany

[2] O. Kamigaito et al., Rev. Sci. Instr., vol. 70, p. 4523, 1999.
[3] O. Kamigaito et al., Rev. Sci. Instr., vol. 76, p. 013306, 2005.
[4] K. Morita et al., JPSJ, vol.73, p. 2593, 2004.
[5] O. Kamigaito et al., “Present Status and Future Plan of
RIKEN RI Beam Factory”, in Proc. IPAC’16, Busan, Korea, May 2016, TUPMR022, p. 1281.
[6] T. Nagatomo et al., “New 28-GHz Superconducting ECR
Ion Source for Synthesizing New Super Heavy Elements of
Z>118”, in Proc. ECRIS’18, Catania, Italy, Sep. 2018, TUA3,
p. 53.
[7] N. Sakamoto et al., “Construction Status of the Superconducting Linac at the RIKEN Radioactive Isotope Beam Facility”,
in Proc. LINAC’18, Beijing, China, Sep. 2018, WE2A03,
p. 620.
[8] Y. Yano, Nucl. Instr. Meth. B, vol. 261, p. 1009, 2007.
[9] H. Okuno et al., Prog. Theor. Exp. Phys., vol. 2012, no. 1,
p. 03C002, 2012.
[10] K. Yamada et al., “Conceptual Design of SC Linac for RIBFUpgrade Plan”, in Proc. SRF’13, Paris, France, Sep. 2013,
MOP021, p. 137.
[11] K. Yamada et al., “Design of a New Superconducting Linac
for the RIBF Upgrade”, in Proc. LINAC’14, Geneva, Switzerland, Sep. 2014, THPP118, p. 1127.
[12] N. Sakamoto et al., “Design Studies for Quarter-wave Resonators and Cryomodules for the RIKEN SC-Linac”, in Proc.
SRF’15, Whistler, Canada, Sep. 2015, WEBA06, p. 976.
[13] K. Ozeki et al., “Cryomodule and Power Coupler for RIKEN
Superconducting QWR”, in Proc. LINAC’16, East Lansing,
USA, Sep. 2016, p. 598.

Facilities - Progress
status report of funded machines

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP037

[14] K. Yamada et al., “First Vertical Test of Superconducting
QWR Prototype at RIKEN”, in Proc. LINAC’16, East Lansing, USA, Sep. 2016, p. 939.
[15] N. Sakamoto et al., “Construction and Performance Tests
of Prototype Quarter-wave Resonator and its Cryomodule
at RIKEN”, in Proc. SRF’17, Lanzhou, China, July 2017,
WEYA02, p. 681.
[16] http://www.jst.go.jp/impact/en/program/08.
html
[17] K. Suda et al., “Fabrication and Performance of Superconducting Quarter-Wavelength Resonators for SRILAC”, presented at the SRF’19, Dresden, Germany, Jun.-Jul. 2019,
paper MOP055.
[18] A. Miyamoto et al., “MHI’s Production Activities of Superconducting Cavity”, in Proc. SRF’15, Whistler, Canada, Sep.
2015, THPB029, p. 1141.
[19] O. Kamigaito et al., “Measurement of Mechanical Vibration of SRILAC cavities”, presented at the SRF’19, Dresden,
Germany, Jun.-Jul. 2019, paper TUP042.
[20] K. Ozeki et al., “Input Power Coupler for SRILAC”, RIKEN
Accel. Prog. Rep., vol. 52, to be published.
[21] N. Sakamoto et al., “Development of Superconducting
Quarter-Wave Resonator and Cryomodule for Low-Beta Ion
Accelerators at RIKEN Radioactive Isotope Beam Factory”,
presented at the SRF’19, Dresden, Germany, Jun.-Jul. 2019,
paper WETEB1.
[22] H. Imao et al., “Non-Evaporative Getter-Based Differential
Pumping System for SRILAC at RIBF”, presented at the
SRF’19, Dresden, Germany, Jun.-Jul. 2019, paper TUP013.

TUP037
507

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP041

SRF TESTING FOR MAINZ ENERGY-RECOVERING
SUPERCONDUCTING ACCELERATOR MESA∗
T. Stengler† , 1 , K. Aulenbacher2, 3 , F. Hug1 , S. D. W. Thomas1 ,
1
Johannes Gutenberg-Universität Mainz, Germany
2
Helmholtz Institut Mainz, Germany
3
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
CAVITY CHARACTERISTICS

Abstract
The two superconducting radio frequency acceleration
cryomodules for the new multiturn ERL ’Mainz Energy Recovering Superconducting Accelerator’ MESA at Johannes
Gutenberg-Universität Mainz have been fabricated and are
currently under testing at the Helmholtz Institut Mainz.
These modules are based on the ELBE modules of the
Helmholtz Center Dresden-Rossendorf but are modified
to suit the high current and energy-recovering operation
at MESA. The energy gain per module per turn should be
25 MeV, provided by two TESLA cavities, which were vertically tested at DESY, Hamburg, Germany. These tests
showed an excellent performance of the quench limit and
quality factor for three out of the four cavities. The fourth
cavity has a lower but still acceptable quench limit and quality factor. In order to validate the performance of the fully
assembled cryomodules after delivery to Mainz a test stand
has been set up at the Helmholtz Institut Mainz. The test
stand is described in detail and the status of the module
testing is reported.

INTRODUCTION
For the Mainz Energy-Recovering Superconducting
Accelerator MESA, which is currently under construction at Johannes Gutenberg Universtität Mainz, two
ELBE/Rossendorf-type cryomodules [1] were ordered from
the industry.
Each cryomodules contains two TESLA cavities to acclerate electrons at 𝑓0 = 1.3 GHz. An acceleration gradient
𝐸Acc = 12.5 MV m−1 with 𝑄0 > 1 × 1010 each is required
for the energy-recovering CW operation at MESA. A beam
current of 1 mA has to be accelerated and deccelerated two
times. Because of CW operation and a duty cycle of 100 %,
there will be two bunches in each cell of the cavity while
operating in ERL mode.
To suit the needs of MESA, modifications were made [2].
Especially the cooling of the HOM-coupler was optimized
as well as the tuner was changed from ELBE tuner to Saclay
tuner. The Sacaly tuner includes a piezo element which
can regulate the resonant frequency of the cavities faster,
whereas the ELBE tuner was only designed as lever tuner.
∗
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To characterise the cavity parameters for MESA specifications were made. To verify the compliance of the cavities
during production, a vertical test of all four cavities was
made at DESY. The final test of the specifications in the
cryomodule is done at the Helmholtz Institut Mainz.

Specifications
The vendor guaranteed parameter for the energy gain per
cryomodule and the static and dynamic losses. Those can
be found in Table 1. The dynamic losses at Δ𝐸 = 25 MV =
2 ⋅ 12.5 MV m−1 correspond to a 𝑄0 = 1.25 × 1010 for each
cavity.
Table 1: Specifications of the Cryomodule (CM) Performance at 2 K
Variable
energy gain per CM
static losses
dynamic losses @25 MV (CW)
∝ 𝑄0 @12.5 MV m−1

Specification
> 25 MV
<15 W
<25 W
>1.25 × 1010

Vertical Test at DESY
To check the gradients and 𝑄0 of each cavity a vertical test
was made at DESY. The test results were already discussed
in [3], but will be shown briefly to compare the results of
the site acceptance tests (SAT) with. As shown in Fig. 1, all
cavities are within specification at 2 K.

Figure 1: Vertical tests at 2 K at DESY. The MESA specifications are indicated in red. CAV008 shows field emission
above 26 MV m−1 and CAV009 shows a rather low quench
limit. All cavities are within specification.
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Two out of four cavities have shown a excellent behaviour
(CAV007 and CAV010). The third cavity (CAV008) had
also acceptable rf performances but has light field emission
above 26 MV m−1 . The fourth cavity (CAV009) fulfilled
the specification after a second high pressure rinsing. The
quench limit is at 16 MV m−1 , which is still acceptable for
MESA purposes. After the results of the vertical test, the
cavity composition in the cryomodules was finalized. The
cryomodule 1 consists of CAV007 and CAV008, while cryomodule 2 consists of CAV009 and CAV010.
To verify the specifications, a SRF test stand was built at
the Helmholtz Institute Mainz (HIM).

As frequency control, a Phase Locked Loop (PLL) was
successfully installed and tested [7]. In Fig. 3 the layout of
the PLL can be found.

TEST STAND FOR SRF CAVITIES
The Teststand for SRF cavity tests is located at HelmholtzInstitute Mainz. It was already described in [2]. It is designed to test superconducting (s. c.) and normal conducting
(s. c.) cavities and it will be used to test CH-cavities for
a CW operating LINAC for superheavy element research
at GSI [4] in the near future. A deeper discussion of the
parameter of the test stand, will be found in [5].

RF Generation and Control
To drive the cavities, a 15 kW solid state power amplifier
(SSPA) was installed. Designed as the prototype for rf generation for MESAs normalconducting and superconducting
cavities, it was tested on its own, as well as with n. c. and
s. c. cavities. A detailed report on the characterisation of
the SSPA can be found in [6].
With the SSPA and the given coupling, the cavities can
be driven up to 25 MV m−1 to 30 MV m−1 (see Fig. 2). But
40
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Figure 2: Acceleration gradient per forwarded power. The
solid state amplifier is limited to15 kW. Therefore only the
quench limit of CAV008 and CAV009 can be reached.
because of the terms of the approval for operation given
by the department for radiation protection of the federal
state rhineland platinate the measurements were limited to
12.5 MV m−1 . A recent adjustment of these terms allows
now gradients up to 25 MV m−1 . Data with higher gradients
than 12.5 MV m−1 will be published soon.
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Currently a µTCA based low level rf (LLRF) control is
installed at the test stand [8]. Because of interferences of
both systems, instabilities of the acceleration gradient were
induced. Therefore the measurement of the last measured
cavity (cryomodule 1, CAV008) suffer from a systematic
overestimation which only allow to fix a lower limit which
is nevertheless satisfactory.

Cryogenics
The cryogenic installation at the test stand allow operation of the cryomodules at 4 K to 1.8 K. A controlled cool
down of the cavities was implemented as shown in Fig. 4.
Therefore liquid helium is mixed with warmer helium gas.
The temperature of the mixture was always adjusted not to
fall below the temperature of the cavity by more than 30 K.
A detailed discussion on cryogenics will be found in [5].

Vacuum

12.5

20

Figure 3: Layout of the Phase Locked Loop (PLL).

For pumping the beam vacuum of the cryomodule, a
particle free pumping stage based on the DESY layout [9]
was designed and ordered at Pfeiffer Vacuum GmbH. A
mass flow controller allows a pumping speed reduction to
Δ𝑝Cavity < 1 mbar s−1 until 𝑝Cavity 1 mbar before the turbomolecular pump starts. For a pump down of the cryomodule
20 h are needed. The vaccum inside the module is around
1 × 10−9 mbar after cool down and while testing.

Calorimetric Measurement of 𝑄0
Because of the strongly over coupled cavities, the CW
measurement of unloaded Q is based on calorimetric measurement. Therefore two approaches to measure the heat
via the amount of evaporated helium were done: Via a helium flow rate and pressure rise. During measurement all
inlet valves into the helium vessel are closed for creating
stable helium conditions. The helium flow rate per gradient
is measured over a period of 5 min and can be compared
with a series of heater measurements for flow calibration.
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Figure 5: CAV007: Unloaded Q at module test (SAT) in
comparison to the vertial test (VT) results. Both measurements are compliant.

Figure 4: Cooldown of cryomodule 2 to 1.8 K in 30 h. To
cool down the cavities down to 4 K a intermediate temperature of the helium is used.
The static loss can be calculated by the calibration measurements. For pressure rise measurement, the exhaust valves
are also closed and the pressure rise inside of the closed
volume is measured and compared to heater measurements
for calibration. A description of this technique was given
in [10]. The measurement time is 30 s but can be adapted to
the pressure rise. Both measurements follow the Eq. 1.
𝑃Diss = (

𝑥RF − 𝑥static
) 𝑃Heater
𝑥heater − 𝑥static

𝑑𝑝

SITE ACCEPTANCE TEST OF THE MESA
CRYOMODULES
The cryomodule 2 was measured from November 2018 to
January 2019. The measurement of CM1 was from January
to May 2019. Both modules were shipped under nitrogen
atmosphere.

Cryomodule 1
In Fig. 5 and Fig. 6 the 𝑄0 vs 𝐸Acc data can be found. The
module tests of CAV007 are in compliance with the vertical
test results as shown in Fig. 5.
The measurements of CAV008 in Fig. 6 implies a higher
𝑄0 in module test than in vertical test on the first glance.
A detailed revision of the test set-up showed a unwanted
interferance of the µTCA test set-up with the PLL, which
was installed after the tests of CAV007.
510

3x1010
2.5x1010

(1)

where 𝑥 can be 𝑑𝑡 for pressure rise or 𝜙 for flow rate
measurements.
In the following discussion of the measurements, data
collected with both methods are merged together.

TUP041

The scattering of the data at fields > 10 MV m−1 is lower
for both cavities if compared to low fields and shows a similar slope than the vertical test data. This is due to the fact
that the 𝑥RF and 𝑥Heater -values in Eq. 1 can be determined
with higher relative accuracy if the losses are large. To optimize the accuracy, the measuring time will be adjusted. For
CAV008, due to the mentioned problems after the expansion
of the LLRF-system, another systematic error occurred. As
shown in Fig. 6, the measured values are clearly not realistic.
However, based on our experience with the cryogenics and
regarding the losses measured at the relevant fields we are
safe to assume that CAV008 surpasses the specifications.
New measurements are currently performed.

2x1010
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Figure 6: CAV008: Scattering of Q values because of interference of the LLRF system. New measurements will be
done soon.
Static losses of the cryomodule 1 are calculated with
𝑃Static = 9.0(23) W and within the specification.

Cryomodule 2
The measurement of the cavities of cryomodule 2 revealed
a severe problem with radiation.
The tests of CAV009 (Fig. 7) and CAV010 (Fig. 8) showed
radiation of 2 mSv h−1 at 2 MV m−1 up to 15 mSv h−1 at
10 MV m−1 . Because of radiation limits and limited forward
power, tests over 10 MV m−1 were not possible.
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Figure 7: CAV009: Radiation and a low 𝑄0 was detected. A
loose valve disk could have produced particles which caused
field emission.

Both cryomodules are fabricated and tested at 2 K. Cryomodule 1 was accepted. The cavities CAV007 and CAV008
showed a good behaviour compared to the vertical test results, despite the fact that the measurement of CAV008 has a
high uncertainty due to problems with the RF control. Cryomodule 2 showed radiation in both cavities at low fields and
was rejected. As a particle source, a loose valve disk was detected. Because of the shipping under nitrogen atmosphere,
the particle were spread all over the cavities and produced a
diffuse radiation. The cryomodule 2 was send back to the
vendor and CAV009 and CAV010 are under refurbishment
and will be tested within the year again. A shipment under
vacuum could reduce the risk of distributing paricles all over
the cavities.
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MEASUREMENT OF MECHANICAL VIBRATION OF SRILAC CAVITIES
O. Kamigaito∗ , K. Ozeki, N. Sakamoto, K. Suda, K. Yamada,
RIKEN Nishina Center for Accelerator-Based Science, Wako-shi, Saitama, Japan
Abstract
Mechanical vibration of quarter-wavelength resonators of
SRILAC, the superconducting booster of the RIKEN heavyion linac, was measured during a vertical cold test. The
measurements were performed for fully assembled cavities
as well as for bare niobium cavities without the titanium
jacket. In the procedure, the instantaneous resonant frequencies were measured for 10 seconds at a time interval of 1 ms
and were recorded as a time series. The frequencies were analyzed by means of conventional signal analysis. The power
spectrum was deduced from the autocorrelation function
calculated with the fluctuation of resonant frequencies. Although the vibration amplitudes were smaller in the cavities
assembled with the titanium jacket, we could not find a clear
reason for this.

respectively. The voltage amplitude 𝑉 is defined as 𝑉 =
𝑉0 (1 + 𝛿𝑣). The term 𝑛(𝑡) is the driving force representing
mechanical impacts, which causes microphonics. Therefore,
the mechanical vibration can be investigated through the
measurement of the instantaneous resonant frequencies.

MEASUREMENT SETUP
Cavity
Figure 1 shows a schematic drawing of the SRILAC cavity, based on the quarter-wavelength resonator (QWR). The
design parameters of the cavity are summarized in Table 1.
We made ten cavities in total for SRILAC, which are referred
to as MRQ-01 – 10, respectively.
Rinsing ports

INTRODUCTION
Since 2016, an upgrade project of RIKEN heavy ion linac,
RILAC [1], has been started at RIKEN RI Beam Factory [2,
3], in order to promote the scientific research of superheavy
elements as well as to enhance the production capability
of short-lived radioisotopes, such as 211 At. The project
attempts to increase the intensities and energies of metallic
ion beams by the introduction of a superconducting ECR
ion source [4] and a superconducting linac booster. The
superconducting booster, named SRILAC (Superconducting
RILAC), consists of ten quarter-wavelength resonators of
73 MHz contained in three cryomodules and is designed to
have a total acceleration voltage of 18 MV. The construction
status and cavity performance are reported elsewher [5–8].
The present paper reports in detail the measurement of
the mechanical vibration of the SRILAC cavities carried out
during the vertical cold test. The fluctuation of the resonant
frequency is related to the mechanical vibration as follows
[9–11]. First, the shift of the resonant frequency Δ𝜔(𝑡) can
be written as the sum of the contributions Δ𝜔𝜇 (𝑡) of the
mechanical vibration mode 𝜇:
Δ𝜔(𝑡) = ∑ Δ𝜔𝜇 (𝑡).

(1)

𝜇

Second, in the cw operation, the frequency shift is written
as Δ𝜔𝜇 (𝑡) = Δ𝜔𝜇0 + 𝛿𝜔𝜇 (𝑡), where Δ𝜔𝜇0 is the static
frequency shift caused by the mechanical mode 𝜇 at voltage
amplitude 𝑉0 . The fluctuation 𝛿𝜔𝜇 (𝑡) obeys the following
differential equation of forced oscillation:
𝛿𝜔̈ 𝜇 +

2
𝛿𝜔̇ 𝜇 + Ω2𝜇 𝛿𝜔𝜇 = −2𝑘𝜇 Ω2𝜇 𝑉0 2 𝛿𝑣 + 𝑛(𝑡), (2)
𝜏𝜇

where 𝜏𝜇 , Ω𝜇 , and 𝑘𝜇 are the decay time, frequency, and
coupling constant to the rf field of mechanical mode 𝜇,
∗
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Figure 1: Schematic drawing of the SRILAC cavity [6]. The
height of the cavity is 1,103 mm. A magnetic shield is placed
between the niobium cavity and the titanium jacket.
Table 1: Design Parameters of the SRILAC Cavity [6].
Parameter
Frequency [MHz] at 4.5 K
Duty [%]
𝛽opt
Height [mm]
𝐿cav [mm]
Total gap voltage [MV] for 𝛽opt
𝐸acc [MV/m] for 𝛽opt
Target 𝑄0 at 6.8 MV/m
𝑄ext

Value
73.0
100 (cw)
0.08
1,103
320
2.2
6.8
1×109
1 – 4.5 ×106
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All cavities were made from a bulk niobium sheet of thickness 3.5 – 4 mm with a residual resistance ratio (RRR) of
250. Their inner surfaces are processed by buffered chemical polishing (BCP). Each bulk niobium cavity is contained
within a helium jacket made of pure titanium. A magnetic
shield is placed between the niobium cavity and the titanium
jacket, as shown in Fig. 1. The height and inner diameter of
the cavity are 1,103 mm and 300 mm, respectively.
The goal of the unloaded Q-value (𝑄0 ) is set to be 1 × 109
at the designed acceleration voltage 𝐸acc of 6.8 MV/m. The
rf power coupler is designed so that the external Q-value
(𝑄ext ) can be changed from 1 × 106 to 4.5 × 106 by changing
the insertion distance. The smallest value of 𝑄ext = 1 × 106
was chosen to operate the cavity with a bandwidth of 60 Hz.
An rf amplifier of 7.5 kW is prepared for each cavity.

Vertical Test Stand

Thermal
shield

Connecting
plate
Pumping
duct
Cavity

0

1m
Driving shaft
of coupler

Rf pickup
Magnetic
shield
Cryostat

Rf coupler

Figure 2: Layout of the test stand with a cavity under vertical
test. Bare cavities without the titanium jacket are held at the
top torus of the niobium cavity.
As shown in Fig. 2, the bare niobium cavities without
the titanium jackets were held at the top torus of the cavity. After the titanium jackets were welded on the niobium
structure, the cavities were held at the support plate, which
is indicated in Fig. 1, with four long rods suspended from
the connection plate. The rf coupler has a long driving shaft
that is suspended from the top flange of the cryostat.
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The rf circuit used for the vertical test is shown in Fig. 3,
which was assembled following Reference [12]. The details
of the vertical test have been presented in Reference [8]. An
important point is that the rf frequency of the signal generator was always tuned to the instantaneous resonant frequency
through feedback control using the phase lock loop between
𝑃in , the input signal from the driver amplifier to the cavity,
and 𝑃t, the output signal from the cavity. Therefore, the
instantaneous frequency is directly measured with the frequency counter in Fig. 3. On the other hand, there is no
feedback loop for the voltage in this circuit.

-10 dB

Side View

Measurement Circuit

-20 dB
Attenuator
(optional)

A vertical test stand was constructed at RIKEN, as shown
in Fig. 2 [7]. The inner dimensions of the cryostat are
700 mm in diameter and 3,220 mm in depth. The top torus
of the niobium cavity, shown in Fig. 1, is located approximately 1,750 mm below the top flange. A Mu-metal magnetic shield surrounds the interior of the cryostat, and the
residual magnetic field in the cryostat was measured to be
less than 10 mG.
Top flange

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP042

-10 dB

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Detector
Detector

Pickup
Pt

Oscilloscope

R&S
RTO1004

Ch A Power Meter
Ch B Keysight N1914A
(sensor E9304A)

-10 dB

Attenuator
(optional)
-20 dB

Ch A Power Meter
Keysight N1914A
(sensor E9304A)

-10 dB

Figure 3: Circuit diagram used in the vertical test of the
cavity [8].
Measurements of the frequency shift were carried out during the Q-slope measurements for six bare cavities without
titanium jackets (MRQ-05 – 10) and four cavities that were
fully assembled with jackets (MRQ-01 – 04) at several acceleration gradients 𝐸acc . During each measurement, the
loaded Q (𝑄𝐿 ) of the cavity was set to be approximately
7 × 108 . The instantaneous frequency was measured with the
frequency counter at a time interval of 1 ms during a period
of 10 seconds. Each data set containing 10,000 instantaneous resonant frequencies was recorded as a time series.
The amplitude of the cavity voltage, which was monitored by
a power meter and an oscilloscope, was very stable during
each measurement.

DATA ANALYSIS
Frequency Fluctuation
As mentioned above, each time series has 𝑁 = 10, 000
data of instantaneous frequencies, 𝑓 (𝑛𝜏), where 𝑛 = 1, ⋯ , 𝑁
and 𝜏(= 1 [ms]) is the time interval of the measurement.
For each time series, the fluctuations of the instantaneous
frequencies were first calculated as follows:
𝛿𝑓 (𝑛𝜏) ≡ 𝑓 (𝑛𝜏) −

1 𝑁
∑ 𝑓 (𝑛𝜏).
𝑁 𝑛=1

(3)
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Typical examples of the frequency fluctuation of the cavity
are given in Fig. 4. The upper panel represents the fluctuation observed in MRQ-06 without the titanium jacket during
the cw operation at 𝐸acc = 6.0 [MV/m]. Oscillation of approximately 50 Hz is observed with a fluctuation amplitude
of approximately 5 Hz. The fluctuation amplitudes of the
bare cavities were of approximately the same order.
The lower panel of Fig. 4 represents the frequency fluctuation in MRQ-03 with the titanium jacket at the same 𝐸acc
as the top figure. As shown in the figure, the fluctuation
amplitude is reduced significantly compared with the data
without the jacket.
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Figure 5: Autocorrelation function calculated for lag up to
100 ms using the time series shown in part in Fig. 4.
Figure 5 shows the correlation function calculated for
the two time series of fluctuation shown in part in Fig. 4.
The autocorrelation function for MRQ-06 clearly exhibits
an oscillation of approximately 50 Hz. Oscillation with a
smaller amplitude is now visible in the data of MRQ-03 with
the titanium jacket.
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Using the autocorrelation function calculated above, we
estimated the power spectrum of the frequency fluctuation
as follows. The autocorrelation 𝑅𝑘 was extended to negative
values of 𝑘 by setting
(5)

𝑅𝑘 ≡ 𝑅−𝑘 ,

2
δf 0

and the following definition was adopted for the estimation
of the power spectrum in the present study:

[Hz]

-2

𝑁−1

-4

𝑆(𝑓 ) = 𝜏

∑

𝑅𝑘 exp [−j ⋅ 2𝜋𝑓 𝑘𝜏] .

(6)

𝑘=−(𝑁−1)
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Figure 4: Examples of frequency fluctuation of the cavity.
The upper panel represents the fluctuation observed in MRQ06 without the titanium jacket during the cw operation at
𝐸acc = 6.0 [MV/m]. Data of 100 ms were taken from the
time series recorded for 10 s. The lower panel represents the
fluctuation in MRQ-03 with the titanium jacket welded on
the niobium structure. The acceleration gradient 𝐸acc was
also 6.0 MV/m.

Autocorrelation Function
In order to see the mechanical vibration more clearly, an
autocorrelation function was calculated for the time series
of 𝛿𝑓 (𝑛𝜏), following Reference [11]. The autocorrelation
function 𝑅𝑘 is defined as follows in the present paper:
1 𝑁−𝑘
𝑅𝑘 = ∑ 𝑥𝑛 𝑥𝑛+𝑘 ,
𝑁 𝑛=1

(4)

where 𝑘 is the lag of the correlation, and we set 𝑥𝑛 ≡ 𝛿𝑓 (𝑛𝜏)
for simplicity.
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It is easy to show that the above definition is equivalent to
the following expression:
2

𝑁
1
𝑆(𝑓 ) =
∣𝜏 ∑ 𝑥𝑛 exp [−j ⋅ 2𝜋𝑓 𝑛𝜏]∣ .
𝑁𝜏 𝑛=1

(7)

Figure 6 represents the power spectra calculated with the
two time series of fluctuation shown in part in Fig. 4. Many
peaks are now visible in the range of mechanical vibration
below 100 Hz. As expected, the maximum amplitude of the
vibration in the fully assembled cavity of MRQ-03 is smaller
by more than 10 dB than that of the bare cavity of MRQ06. Note, however, that these two power spectra cannot
be compared in detail, because they come from different
cavities.

DISCUSSIONS
We first compared all of the power spectra of the ten cavities with the mechanical simulations, which was carried
out for the bare niobium cavity. According to the simulations, the frequencies of the mechanical vibration of the stem
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Figure 6: Power spectra calculated with the two data sets
shown in part in Fig. 4. The vertical axis shows the amplitude of fluctuation in dB (10 log10 𝑆(𝑓 ) is plotted). The
dashed line in each graph represents a fluctuation amplitude
of 1 Hz. Here, 𝛿𝑓 fluctuates with ±1 Hz.
should appear around 40 Hz, whereas the peaks in the measured spectra remain around 50 Hz, as shown in Fig. 6. On
the other hand, the simulations do not predict any vibration
modes around either 24 Hz or 70 Hz, where strong peaks
are observed, as shown in Fig. 6.
In order to investigate the origins of these peaks, we calculated the power spectra at different acceleration gradients
𝐸acc . The results are shown in Figs. 7 and 8. As shown in
the figures, the amplitudes of the dominant peaks are not
strongly dependent on 𝐸acc . This means that these peaks
do not come from the first term of the right-hand side of
Eq. (2), which coincides with the condition 𝛿𝑣 ≈ 0 observed
during the measurements, as mentioned above. In other
words, these peaks are microphonics, which are excited by
the external impulse.
By considering the mechanical simulations, the peaks
around 50 Hz can be attributed to the stem vibrations of the
cavity. The other dominant peaks around 24 Hz and 70 Hz
might come from the vibrations of the external components
in the test stand, which are affected by the environmental
conditions. In fact, the peaks around 24 Hz and 70 Hz did
not appear in several measurements, which are not shown in
the present paper.
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Figure 7: Power spectrum of frequency fluctuation measured
in MRQ-06 without the jacket at 𝐸acc = 4.0 [MV/m] (upper
panel) and at 𝐸acc = 12.0 [MV/m] (lower panel).

Moreover, we observed that the amplitudes around 50 Hz
are smaller in the cavities with titanium jackets. This tendency is also observed in the other cavities, which are not
shown in the present paper.
A plausible reason for the change of the amplitude is the
difference in mass of the cavities hanging in the test stand. In
the lowest-order approximation, the driving term 𝑛(𝑡) in Eq.
(2) is the inertial force related to the external impact coming
through the suspension rods holding the cavity. Since the
inertial force is inversely proportional to the mass of the
entire cavity, the vibration amplitude is considered to be
reduced when the cavity becomes heavier. In SRILAC, the
mass is 120 kg for a cavity welded with the jacket, whereas
the mass is 55 kg for a bare cavity. Moreover, four stainless
steel rods were added to the fully assembled cavity in the test
stand. Although this difference could explain the change in
the vibration amplitudes, we cannot give definitive evidence,
because we did not measure the vibration spectra for the
same cavity under the two conditions, i.e., with and without
the jacket, under similar environmental conditions. We plan
to measure the vibrations in the same way for the cavities
in the cryomodules when they are cooled at the RILAC
building.
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SUMMARY
We measured the microphonics of the cavities that will be
used in SRILAC at RIKEN during a vertical cold test. The
mechanical vibration frequencies were extracted from the
fluctuations of the resonant frequency through conventional
signal analysis. Several peaks appear below 100 Hz. Some
of these peaks might have originated from the vibration of the
components of the vertical test stand out of the cavities. We
also observed that the amplitudes of the fluctuations coming
from the stem vibration are smaller in the fully assembled
cavities. Measurements of the vibrations will be carried
out in the same way when the cavities are cooled in the
cryomodules.
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AB-INITIO STUDY OF ATOMIC SCALE INTERACTION
AMONG Nb, Sn, Cl, AND O*
Aron Tesfamichael, Clark Atlanta University (Chemistry Department), Atlanta, USA
Tomas Arias, Cornell University (Physics Department), Ithaca, USA
Abstract
Niobium (III) Tin (Nb3Sn) is the most promising alternative material for SRF accelerator cavities. The material
can achieve higher quality factors, higher temperature operation and potentially higher accelerating gradients compared to conventional niobium. Cornell University has a
leading program to produce 2 - 3 micrometer thick coatings
of Nb3Sn on Nb for SRF applications using vapor diffusion. This program has been the first to produce quality factors higher than achievable with conventional Nb at usable
accelerating gradients. Here we employed a combination
of ab-initio calculations and statistical mechanical models
to understand the nature of atomic scale interaction among
Nb, Sn, Cl, and O. Because of the profound Nature of the
interaction, we began our study by focusing only on the interaction of Nb with Sn in the absence of Cl and O. Our
results indicated: diffusion rate is five times slower comparing to the rate of re-evaporation, and also the time given
for nucleation stage (5hr) is too short comparing to diffusion rate (200 days), this result can be supported by both
charge density and electric field decrease as Sn atom is
transformed from Nb surface across z-axis. Therefore, we
conclude that the presence of oxides is important and also
Cl impurity can’t be avoided.

INTRODUCTION
Superconductivity in Nb3Sn was discovered by
Matthias et al. in 1954 [1], one year after the discovery of
V3Si, the first superconductor with the A15 structure by
Hardy and Hulm in 1953 [2]. Its highest reported critical
temperature is 18.3 K by Hanak et al. in 1964 [3]. Ever
since its discovery, the material has received substantial
attention due to its possibility to carry very large current
densities far beyond the limits of the commonly used NbTi.
It has regained interest over the past decade due to the
general recognition that NbTi, the communities’ present
workhorse for large scale applications, is operating close to
its intrinsic limits and thus exhausted for future application
upgrades. Nb3Sn approximately doubles the available
field-temperature regime with respect to NbTi and is the
only superconducting alternative that can be considered
sufficiently developed for large scale applications.
Mechanically, Nb3Sn is brittle, and a poor thermal
conductor. Deformation of a niobium surface that had been
coated with Nb3Sn resulted in extensive fracturing of the
coated layer [4] and measurements of the thermal
conductivity of Nb3Sn [5] at 4.2 K is approximately 103
times lower than that of niobium. From an engineering
standpoint, these properties result in the optimal solution
for SRF cavities being a thin film coating of Nb3Sn on
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some other, more thermally conductive substrate, such as
niobium or copper. Nb3Sn is an intermetallic alloy in the
A15 phase, with a stoichiometric ratio of three niobium
atoms to every tin. The stoichiometric crystal structure is
shown in Fig. 1, with the elements marked.

Figure 1: The unit cell of A15 Nb3Sn, showing the tin atoms in blue and the niobium atoms in red.
Nb3Sn has been well known to the superconducting
magnet community for some time, and much work has
already been undertaken to understand its fundamental
properties. A more general review on the material
properties of Nb3Sn was published by Godeke [6]. In this
section we will briefly review properties of Nb3Sn that are
most relevant to its use as a superconductor in SRF
cavities.
Of primary interest when fabricating Nb3Sn is the
stoichiometry of the material produced. It has been seen, in
phase diagrams published by Charlesworth [7] and more
recently Feschotte and Okamoto [8,9] , that in the binary
system of niobium and tin, the phase Nb3Sn exists in pure
form (without cohabitation with niobium, liquid tin, or
other phases of Nb–Sn) for atomic percentages of tin
between 17 and 26 percent at temperatures between 950 °C
and 2000 °C. This region of solitary existence of the A15
phase is highlighted in the phase diagram shown in Fig. 2.
It is this region of the phase diagram that is of interest for
the fabrication of an SRF surface. Extreme tin deficiency
will result in areas of uncovered niobium; excess tin will
result in unreacted tin at high temperatures, or other phases
of Nb–Sn at lower temperatures. These low-Tc tin-rich
phases are expected to have a far higher RF surface
resistance than niobium.
Nb3Sn has been well known to the superconducting
magnet community for some time, and much work has
already been undertaken to understand its fundamental
properties. A more general review on the material
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properties of Nb3Sn was published by Godeke [10]. In this
section we will briefly review properties of Nb3Sn that are
most relevant to its use as a superconductor in SRF
cavities.
It is not sufficient, however, that the material produced
lie in the range of 17–26 atomic percent tin, as the
superconducting properties of Nb3Sn are a function of the
atomic percent tin content. Crucially, the transition
temperature Tc decreases significantly for atomic
percentages of less than 23 percent tin. A plot showing the
dependence of this transition temperature on the atomic
percent tin, originally published in [10], is shown in Fig. 3.
From this, it can be surmised that, for best performance,
the region of the phase diagram that must be achieved lies
between 23 and 26 atomic percent tin.
Figure 3: A plot of the critical temperature of Nb3Sn as a
function of the atomic percent tin content, fitted to a
Boltzmann function. This plot has been adapted from [10].

Figure 2: The phase diagram of the niobium–tin system, as
measured by Charlesworth in 1970 (adapted from [10]).

FABRICATION OF Nb3Sn USING
VAPOR DIFFUSION
The coating furnace designed at Cornell University, at
least in part, is a replication of the furnace design of both
Siemens and Wuppertal Universities. However, the Cornell
design incorporates a second heating element around the
tin source, allowing the tin source to be held at a higher
temperature than the part to be coated. Simplified diagrams
of the furnaces used at Cornell is shown in Fig. 4.
Demonstrates all the steps utilized to date:
A degas stage The chamber is taken to a temperature
between 100-200 °C and parked at this temperature.
During this time, active pumping on the chamber removes
residual moisture, etc., that may have been introduced
during the opening of the furnace and the placing of the
part.
A nucleation stage At this stage, the chamber is taken
to an intermediate temperature, during which time
nucleation sites are created on the surface of the substrate.
Historically, this has been done either by pre-anodization
and the introduction of a temperature gradient during the
ramp-up (Siemens) [11], or the use of a nucleation agent
such as SnF2 (Siemens) or SnCl2 (Siemens, Wuppertal,
Cornell, Jefferson Lab) [12]. Using a nucleation agent
instead of pre-anodization helps to prevent uncovered
areas, but avoids the RRR degradation that has been
observed after growing a thick oxide and then diffusing it
into the bulk of the niobium substrate [13].
Fundamental R&D - Nb

theory

Ramp to coating temperature Beginning from the
intermediate temperature of the nucleation stage, the
secondary heating element is often activated at this stage,
if it is present. The chamber is then increased to the desired
coating temperature.
The coating stage The cavity is held at a constant
temperature above 950 °C, at which temperature the lowTc phases of Nb-Sn (Nb6Sn5 and NbSn2) are
thermodynamically unfavorable. During this phase, the
layer grows on the surface of the niobium, as tin consumed
in the production of the layer is replenished by the tin
source. During this stage, the tin source is held at a
temperature higher than the part, in the event that a
secondary heating element around the tin source is present.

Figure 4: Temperature of profiles of coating furnace used
by Cornell.
An annealing stage In the event that a secondary
heater is not present, this stage is likely to be identical to
the coating stage. If a secondary heater is present, then it is
closed and/or turned off and allowed to cool, thus reducing
the rate of tin arriving at the surface of the part. During this
TUP043
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time, the chamber is held at a temperature above 950 °C,
often at the same temperature at which it was held during
the coating stage. The purpose of this step is to allow any
excess of pure tin at the surface of the part to diffuse into
the layer and form Nb3Sn.
Virtually all temperature profiles published to date can
be described using a succession of these five stages,
although the first two steps – degas and nucleation – are
sometimes omitted. Furthermore, in the absence of a
secondary heater, the coating and annealing stage are often
indistinguishable from one another based on the
temperature profile alone.
Here we present an update on progress at Cornell
University theoretical studies of the formation of the
Nb3Sn layer using density functional theory calculations
for binding energy, diffusion rate, activation energy, reevaporation rate, electric field as well as oxidation state
change as Sn atom is transported from Nb layer.

COMPUTATIONAL METHODS
All bulk crystal, vacancy and interstitial properties have
been calculated using the Vienna ab-initio Simulation
Package (VASP). In these calculations, we used the projector augmented wave (PAW) method with a plane wave cutoff 350 eV for vacancy and interstitial calculations. The
calculations were spin-polarized and the Perdew–Burke–
Ernzerhof parameterization of the generalized gradient approximation (GGA) was used for the exchange–correlation
potential. The PAW potentials were generated using the following electronic configurations: 4d4 5s1 for Nb and 4d10
5s2 5p2 for Sn. The cell shape and volume are kept fixed to
that of pure Nb with a bcc structure but internal ionic relaxations are allowed. Brillouin-zone sampling was conducted using the Monkhorst and Pack scheme. A 4x4x4 kpoints mash at a temperature of 1050 ºC was employed for
calculation.

OBJECTIVE
The objective of this study have been focused on understanding the cause of Nb3Sn coatings on Nb imperfection, which are anticipated to have significant detrimental
effects on the performance of Nb3Sn coated cavities:
patchy regions with extremely thin grains [5-7] and Sn-deficient regions.
Nb3Sn-coated cavities have been seen to quench superconductivity in the 14–17 MV m−1 range and some cavities
still display a Q-slope, the increase of surface resistance as
a function of accelerating field. The surface magnetic field
at which the quench occurs, ∼70 mT is, however, significantly lower than the superheating field of Nb3Sn at
∼400 mT, the ultimate limit predicted by the theory for an
RF superconductor with an ideal surface [9-11]. These limits have been suggested to be a consequence of imperfections in the Nb3Sn coatings [12], including surface roughness, thin regions, Sn-deficient regions, grain boundaries,
and surface chemistry. For the purpose of study we have
employed ab-initio calculations: (I) to compare surface diffusion barrier vs absorption barrier and annealing rate with
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both diffusion and absorption rate (II) effect of impurity
such as the presence of chlorine in the substrate and oxidation of bulk niobium, (III) electric field potential and (IV)
change of charge density as Sn is transports across Nb surface.

RESULTS AND DISCUSSIONS
Diffusion Barrier vs. Re-Evaporation Barrier
Coating of Nb3Sn on Nb for SRF applications using
vapor diffusion is depending on many factors such as
thickness, composition and morphological evolution of
the product phase. Morphological evolution in the diffusional zone depends on many factors. Among them are the
annealing temperature and time, relative mobilities of the
species, number of nucleation sites and so on. Further increase in the grain size along with the growth of the product layer makes the whole process very complicated. In
this study we have calculated the re-evaporation barrier
using equation 1:
ν = ν0 exp (-Eb/KbT)

(1)

where: ν0 - Initial time of contact between the reactants or
Attempt frequency 1013s-1, Eb - activation energy (evaporation barrier) in eV unit, Kb - Boltzmann constant,
8.61733034 × 10-5 eV/K; T- Temperature, 1123 K.
To calculate the activation energy (Eb) one Sn atom was
transported from bulk Nb layer in z-axis by keeping the xy plane constant as in Fig. 5a. The graph shows binding
energy (eV) Vs. Sn transport (Aº). The activation energy
was obtained by subtracting the binding energy between
Nb layer and Sn atom at the immediate contact from the
binding energy at which Sn atom is completely isolated
from the Nb layer in this case the result is ~4.7 eV. Once
the activation energy was obtained the evaporation barrier
was calculating using equation 1. For this specific interaction the rate of re-evaporation was calculated to be ν
~0.001042 S-1 this implies t ~960 hrs or ~40 days. Also
Fig. 5b illustrated the electron density spectra of both Nb
and Sn as they are decomposed.
Similarly, we calculated the change in electron density
or oxidation state change of Sn as it is transported from
bulk Nb in the z-axis as shown in Fig. 5c. Our result indicates the electron density is reduced exponentially as it is
moving apart from Nb layer which implies there is a covalent bonding between Sn and Nb in addition to intermetallic interaction and it can be concluded that Sn is oxidized
and Nb is reduced as they interact. On the other we also
calculated the electric field change as Sn is transported
from bulk Nb using Maxwell equation 2.
E= K (q)2/z

(2)

where: E is electric filed, K coulomb constant, and z-separation between the charge density Aº.
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Our result as shown in Fig. 5d illustrated clearly that
there is a linear decrease of electric field of Sn as it is transported from the surface of Nb layer and it is a perfect agreement with Maxwell Equation.

A

D = a2ν exp (-Ea/KbT)

where: D - diffusion rate, a - lattice length 3.14 (10-10)
m, ν - Initial time of contact between the reactants or attempt frequency 1013s-1, Ea - activation energy (diffusion
barrier), T- temperature, and Kb- Boltzmann constant.
For the purpose of calculation one Sn atom was transported along x-y plane by keeping the z-axis constant and
binding energy vs. separation distance was plotted as
shown in Fig. 6. Then activation energy was calculated by
subtracting the binding energy at the saddle point from the
minimum point of the periodic function which is approximately 1.6 eV. Diffusion barrier (D~7.72 (10-13)m2 s-1) was
obtained by inserting the variables on equation 3.

Oxidation state vs z-axis Sn
Position (A°)

Finally, diffusion rate was calculated using equation 4:
t = [ L2/D]

0.5
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D
Figure 5: (a, b, c, and d) binding energy, electron density
spectra, electron density change of Sn, respectively as it is
transported across z-axis from Nb layer.
Our next step was to calculate the Diffusion barrier using
equation 3 and 4 and compare with Re-evaporation barrier
and time of annealing at constant temperature:
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(3)

Figure 6: (a) and (b): Electron density of Sn and Nb atoms
as transported across x-y axis, respectively.
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(4)

where: L (0. 5m) is the length of the cavity. So the time
needed to diffuse Sn across the cavity requires ~ 4860 hr
or 200 days. Therefore, we can conclude that the rate of
diffusion is 1/5 slower comparing to rate of re-evaporation.
Also in the same argument both diffusion rate and re-evaporation rate are too slow comparing to the time of annealing used in the fabrication process of Nb3Sn. This plays an
important factor that can play in the imperfection of Nb3Sn
production.
Another factor we have considered for the imperfection
of Nb3Sn production.is the presence of chloride in the reactant side and we can’t avoid the presence of oxides because Nb is easy to be oxidized. To illustrate the effect of
both of impurity we calculate the binding energy of both
chlorine and oxygen atom with Nb layer in the absence of
Sn as they transport in the z-axis as shown in Fig. 7a and
7b, respectively.
The binding energy of Cl with Nb layer is approximately the same as Sn and also the binding energy of O is
double comparing to Sn. Therefore, for the process of production will be complicated in the presences of these impurity. In our study we have never included any other factors as such temperature change.
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CONCLUSION
In this study we employed theoretical study to understand what other conditions can be changed to enhance the
performance of the cavity. So we have studied interaction
of pure Nb crystal with Sn, Cl and O using ab-initio calculation and our results show that:
1. Diffusion rate is five times slower comparing to the
rate of re-evaporation. Therefore, we concluded that
the rate of re-evaporation of tin from the cavity is
faster than the growth rate of the Nb3Sn in the chamber.
2. The time given for nucleation stage (5hr) is too short
comparing to diffusion rate (200 days).
3. Both charge density and electric field decrease as Sn
atom is transformed from Nb surface across z-axis and
this is in perfect agreement with the Maxwell’s electric
field equation.
In conclusion, this study can be used as a bench mark to
explore our understanding for the imperfection of Nb3Sn
production on Nb layer by vapor diffusion. In the future
work it is very important to consider: (a). the presence of
oxides because Nb is easy oxidized and there are many
kinds of Nb-oxides structure, (b). the presence of Cl can’t
be avoided because the source of the substrate is SnCl2 and
the binding energy of both are comparable with Nb layer.

(a)

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP043

REFERENCES

[1] B. Matthias, T. Geballe, S. Geller, and E. Corenzwit, Phys.
Rev., vol. 95, pp. 1435, 1954.
[2] G. Hardy and J. Hulm, Phys. Rev., vol. 89, pp. 884, 1953.
[3] Hanak, K. Strater, and R. Cullen, RCA Rev., vol. 25, pp.
342, 1964.
[4] B. Hillenbrand, “The preparation of superconducting
Nb3Sn surfaces for RF applications”, in Proc. 1st Workshop
on RF Superconductivity, Cornell Laboratory for
Accelerator-Based Sciences and Education, Ithaca, USA,
1980.
[5] Y. Wang, “Fundamental Elements of Applied
Superconductivity in Electrical Engineering”, Beijing,
China, 2013.
[6] A. Godeke, “A review of the properties of Nb3Sn and their
variation with A15 composition, morphology and strain
state Supercond”, Sci. Technol., vol. 19, R68–80, 2006.
[7] J.P. Charlesworth, I. Macphail, P.E. Madsen, “Experimental work on the niobium–tin constitution diagram and
related studies”, J. Mater. Sci. vol. 5, pp. 580–603, 1970.
[8] P. Feschotte, A. Polikar and G. Burri, “Equilibres de phases
dans les systemes binaries Nb–Ge et Nb–Sn”, C. R. Seances
Acad. Sci., C288 125–8, 1979.
[9] H. Okamoto, “Nb–Sn (niobium–tin) Binary Alloy Phase
Diagrams”, Materials Park, OH: ASM International, 1990.
[10] A. Godeke, “A review of the properties of Nb3Sn and their
variation with A15 composition, morphology and strain
state Supercond”, Sci. Technol., vol. 19 R68–80, 2006.
[11] B Hillenbrand, “The Preparation of Superconducting
Nb3Sn Surfaces for RF applications”, In Proceedings of the
First Workshop on RF Superconductivity, Karlsruhe,
Germany, pp. 41-52, 1980.
[12] B Hillenbrand, Y Uzel, and K Schnitzke. “On the preparation of Nb3Sn-layers on monocrystalline Nb-substrates”,
Applied Physics, vol. 23(3), pp. 237–240, 1980.
[13] D. Dasbach, et al., “Nb3Sn coating of high purity Nb
cavities”, IEEE Transactions on Magnetics, vol. 25(2), pp.
1862–1864, 1989.

(b)
Figure 7: Oxidation state of Cl and O as it is transported
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Abstract
We develop and apply new tools to understand Nb surface
chemistry and fundamental electronic processes using theoretical ab initio methods. We study the thermodynamics of
impurities and hydrides in the near-surface region as well as
their effect on the surface band gap. This makes it possible
for experimentalists to relate changes in STM dI/dV measurements resulting from different preparations to changes in
subsurface structure. We also calculate matrix elements for
electron-impurity scattering in Nb for common impurities
O, N, C, and H. By transforming these matrix elements into
a Wannier function basis, we calculate lifetimes for a dense
set of states on the Fermi surface and determine the mean
free path as a function of impurity density. This technique
can be generalized to calculate other scattering amplitudes
and timescales relevant to SRF theory.

Figure 1: Beta hydride phase viewed along the 110 direction, showing hydride chains (white) within the bcc niobium
lattice.

INTRODUCTION
Density Functional Theory (DFT) is a versatile tool that
can be used to calculate an array of interesting properties
from electronic structure to activation energies to superconducting parameters. This makes it a very useful complement
to experimental research of advanced materials such as those
used in SRF cavities. In this paper, we describe some of the
insights we have gleaned, and discuss their relevance to the
future of Nb SRF [1].

HYDRIDE FORMATION
Hydride formation occurs at cryogenic temperatures of
around 100K, at which point interstitial hydrogen in niobium is supersaturated, but still mobile enough to diffuse
through microns of niobium to form precipitates. When
hydride precipitates form within the RF penetration depth,
they contribute to RF losses and Q slope [2]. Some methods
to mitigate hydride formation, such as degassing and rapid
cooling through the hydride formation "danger zone" are
relatively well understood, but in order to further suppress
hydride formation it is important to understand hydrides in
greater detail.
Hydride crystals can be understood as low-energy periodic arrangements of interstitial H, which result in some
lattice expansion and distortion to the bcc niobium. The
beta hydride phase, for example, consists of hydrogen chains
∗
†

This work was supported by the US National Science Foundation under
award PHY-1549132, the Center for Bright Beams.
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Figure 2: Minimum energy aspect ratio for a critial droplet,
as a function of the interface energy to strain energy ratio.

in the 110 direction with an accompanying lattice expansion (Fig. 1) [3]. Because the niobium atoms remain in
an approximately bcc arrangement, interface energies with
the surrounding bcc niobium is small, and strain energy is
the primary factor inhibiting hydride nucleation. One can
show that, under these conditions, hydrides will tend to form
platelets, which minimize strain energy at the expense of
surface area (Fig. 2) [4].
Our calculations show that in the absence of external constraints, it is energetically favorable for interstitial hydrogen
to precipitate into a beta hydride crystal, as expected from
the experimentally determined phase diagram. We find that
an infinite hydride platelet, constrained along the surface
parallel directions but free to expand along the surface normal direction, has a smaller magnitude but still significantly
negative formation energy. A hydride constrained along all
three directions, however, is not an energetically favorable
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Figure 4: Bandgap as a function of sub-surface hydrogen
and nitrogen concentrations.

Figure 3: Image showing the atomically ordered "ladder
structure" surface that forms on the Nb 100 surface as prepared by the Sibener group.

precipitate, which confirms our understanding that hydrides
should tend to form platelets (Table 1).
Table 1: Hydride Formation Energies
Constraints

Formation
Energy (eV/H)

Unconstrained

-0.12 eV

2D Constrained -0.07 eV
(Platelet)
3D Constrained 0.16 eV
A hydride platelet of finite diameter can approach the low
formation energy of an infinite platelet if it forms on the surface, where it is free to expand along the surface normal.This
suggests that the critical droplet size for hydrides is smallest
on the surface, where strain energy is minimized. If this is
the case, and hydride precipitates preferentially form on the
surface, then even a fast cooldown that successfully freezes
most interstitial hydrogen into the bulk may result in many
nanohydrides at the surface.

HYDRIDE DETECTION
In order to develop methods to minimize the formation
of surface nanohydrides, it is important to be able to to
precisely measure the abundance of nanohydrides in the nearsurface area. The Sibener group at the University of Chicago
specializes in creating atomically ordered niobium oxide
surfaces (Fig. 3), making them perfectly equipped to perform
such measurements [5]. They have detected changes in the
physical structure of the surface during hydride nucleation
by continuously scanning the surface, and they have also
performed dI/dV measurements to determine the effect of
hydrides on the surface electronic structure.
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Figure 5: Example dI/dV measurement by the Sibener group.

Because the surface they study has a periodic structure, we
have successfully constructed a unit cell of the material and
used DFT to calculate the effect of different sub-surface hydrides and hydrogen concentrations on the surface bandgap.
We have had some success correlating our calculated changes
in surface bandgap (Fig. 4) with their experimentally measured changes in surface bandgap, making it possible to link
their observations to the presence of hydride structures that
they cannot directly observe. These measurements and calculations are being finalized in preparation for publication.

HYDRIDE MITIGATION
Moving beyond understanding sub-surface hydrides, we
next turn to the structure of a hydride-free surface, with a
goal of understanding the mechanisms by which various
bakes and nitrogen doping procedures can suppress hydride
formation and improve cavity performance. To this end, we
have begun studying sub-surface nitrogen, relating its concentration to the surface bandgap and studying its energetics
in the near-surface region. Our preliminary results show that
nitrogen has a different effect than hydrogen on the bandgap
(Fig. 4), making it possible to distinguish between hydrogenrich, nitrogen-rich, and clean surfaces even without a visible
change to the surface oxide. The trend we observe with
nitrogen doping is also in agreement with preliminary dI/dV
measurements by the Sibener group (Fig. 5).
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Figure 6: Example density of states calculations for the
same monolayer oxide surface with different sub-surface
impurities.
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Figure 8: Calculated energy for nitrogen interstitials as a
function of depth in lattice constants beneath the surface.

Figure 7: A Wannier orbital on the niobium oxide surface.
A limitation to our bandgap calculations at the moment is
the relatively low density of states on the upper end of the
bandgap (Fig. 6). This makes small changes in the bandgap
difficult to resolve. To overcome this, we are transitioning
to a Wannier function approach which describes surface
electrons in terms of maximally localized orbitals, making
much more precise calculations of the surface electronic
structure possible (Fig. 7) [6]. Our calculations on the
energy of nitrogen interstitials reveal an energy minimum a
few lattice constants from the surface (Fig. 8). This suggests
an approximate lengthscale of about 2 nm on which a lowtemperature nitrogen infusion might affect the surface.
The introduction of a thin nitrogen-rich layer could have
a significant impact on hydride nucleation behavior. It is
possible to show that the strain energy of a hydride near
the surface increases with the cube of depth (Fig. 9) on a
lengthscale related to the thickness of the hydride platelet.
Therefore, a nitrogen-rich layer passivated layer that forces
nanohydrides to nucleate slightly further from the surface
would significantly reduce the energetic advantage of nucleating in this region. Looking forward, we are optimistic that
the ability to produce and analyze pristine atomically ordered
surfaces in tandem with these computational techniques will
make it possible to analyze the effect of other bakes and
infusions geared towards creating a thin dirty surface layer
with specific beneficial properties.

ELECTRON-IMPURITY SCATTERING
CALCULATIONS
In addition to studying niobium surfaces, we also use
DFT to study fundamental processes in bulk niobium. In
particular, we have calculated elastic mean free path due to
scattering with the common impurities O, N, C, and H. To
do this, we calculate overlaps of pure niobium electronic
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Figure 9: Strain energy of a hydride platelet as a function of
depth.

states with the perturbing potential of an impurity in a large
supercell. The resulting matrix elements are then recast into
a Wannier function basis [6], which makes it possible to calculate scattering processes on a much finer momentum space
grid. This fine resolution allows us to obtain the electron
scattering amplitude as a smooth function over the Fermi
surface, as Fig. 10 illustrates.
Integrating over these amplitudes results in mean free
paths (Table 2) in reasonable agreement with those implied
by experimental resistance measurements [7].
Table 2: Calculated Electron-impurity Mean Free Paths
Impurity Mean Free
(1 at. %) Path (nm)
Oxygen

28

Nitrogen

34

Carbon

38

Hydrogen 780
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including inelastic impurity scattering, an important mechanism in thermal transport. First principles results for inelastic scattering will provide useful input parameters to new
theories attempting to explain important SRF phenomena
such as the anti-Q slope.

CONCLUSIONS
We have demonstrated the fruitful application of DFT
to open problems in Nb SRF related to hydride formation
and electron-impurity interactions. By improving our understanding of the fundamental physics at work, these results and future ab initio calculations will help develop new
recipes to maximize cavity Q and quench field.
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LOW FREQUENCY, LOW β CAVITY PERFORMANCE IMPROVEMENT
STUDIES
P. Kolb∗ , R.E. Laxdal, Z. Yao, TRIUMF, Vancouver, BC, Canada
Abstract
In recent years, new discoveries such as N2 doping and
infusion lead to significant increases in Q0 and accelerating
gradient for 1.3 GHz, β = 1 elliptical cavities. To understand
and to adapt these treatments for lower frequency, β < 1
cavities, two coaxial test cavities, one quarter-wave resonator
(QWR) and one half-wave resonator (HWR), have been built
and put through a systematic study of these new treatments
to show the effectiveness of these treatments at different
frequencies. These cavities are tested in their fundamental
mode and several higher order modes to study the frequency
dependence of new cavity treatments such as N2 doping and
infusion. Results of these studies are presented.

INTRODUCTION
The performance of SRF cavities in terms of Q0 and maximum reachable accelerating field continued to improve in
recent years due to the discovery of surface treatments like
high temperature degassing [1], N2 doping [2], N2 infusion [3], and two-step baking [4], environment control with
flux explusion utilizing a fast cooldown [5], and external
field cancellation [6], and new materials like Nb3Sn [7].
These discoveries were made exclusively on 1.3 GHz single
cell elliptical cavities, which are widely used as testing cavities. TEM mode cavities on the other hand are generally
less studied and have their own challenges with a well recognized, but not explained, medium field Q slope. Similarly,
the influence of the geometry on Q0 and characteristics like
flux expulsion is poorly understood.
To evaluate how these new treatments perform at different
frequencies and different geometries, two coaxial cavities
were designed [8] and built to extend the range of investigated frequencies from 650-3900 MHz [9] down to frequencies commonly used in TEM mode cavities. These new
multi-mode cavities can be driven in resonant modes ranging from 217 MHz to 1555 MHz to extract frequency dependency of the treatment without changing external variables
like cooldown speed, magnetic field, surface roughness, and
particulate contamination. These cavities can be viewed as
basic TEM mode test units analogous to single cell 1.3 GHz
cavities, to experiment with new treatments to improve the
Q0 and quench fields of TEM mode SRF cavities that see
use in hadron accelerators.

METHODOLOGY
Cavities
Two coaxial cavities will be used for this study - one
quarter wave cavity (QWR) and one half wave resonantor
∗

kolb@triumf.ca
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Figure 1: Photo and field distributions of the coaxial QWR
and HWR test cavities.

(HWR). The frequencies of the TEM resonant modes of
interest in the QWR are 217 and 648 MHz, while the modes
of the HWR are at 388, 778, 1166 and 1555 MHz. THe
reduced frequency range of the QWR is due to the field
distortion at the high voltage tip of the inner conductor that
generates distorted peak surface fields compared to the pure
coax geometry of the HWR. Unique to these cavities is
the lack of beam ports, which would not have a purpose in
these test cavities and would complicate fabrication. There
are also no features or requirements to frequency tune the
cavities.
The body of the cavities are made out of RRR niobium,
while the port flanges are reactor grade niobium to reduce
fabrication cost. The all niobium construction is done to
avoid different materials than Niobium (NbTi, Stainless
steel,...) to diffuse during high temperature heat treatment
and potentially contaminate the cavity. All joints that make
up the RF volume are electron beam welded. Both cavities
have four ports on one side of the cavity as can be seen in
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Fig. 1. These ports are used for rinsing, vacuum connection,
mounting the variable RF coupler, and the pick up antenna.
Each cavity has its own coupler and pick-up. In the QWR,
RF is coupled in via the electric field and in the HWR via
the magnetic field.
The cavities are of similar size to 1.3 GHz single cell
cavities and fit in TRIUMF’s induction furnace, which was
designed for heat treatments of single cell cavities. Hermetic
sealing of the cavity ports is done via indium wire seals.

Processes
The test plan for both cavities consists of performance
measurements at various points in the treatment plan. The
baseline performance of the cavity is measured after a deep
etch of 120 µm via BCP to remove the from fabrication damaged surface layer. The initial treatment schedule follows
standard SRF cavity treatment protocols and are part of the
treatment study and are done subsequently:
• 120 C bake for 48 h,
• degassing at 800 C for 6 h,
• flash BCP of 15 µm,
• 120 C bake for 48 h.
After each treatment the performance of the cavity is
measured. New treatments like infusion/doping will follow
after these commonly used treatments are characterized.
After each treatment, the cavity is rinsed with HPR, assembled and hermetically sealed in a class 10 clean room
environment. An exception to this is the 120 C bake, which
is done in the cryostat without opening the cavity, eliminating the need for HPR and assembly. Evacuation of the
RF space up to a rough vacuum of a few mTorr is done
via controlled pumping at around 1 Torr/s or slower and is
done while the cavity is still in the class 10 clean room. The
cavity is then moved to the testing area and assembled with
diagnostics (temperature sensors, fluxgate probes,...) on the
cryostat insert. High vacuum in the cavity is established and
maintained with active pumping via a turbo pump once the
cavity is in the cryostat.
Typically a fast cooldown through the Q disease regime
is done to limit the time between 200 and 50 K to the order
of 1h 40min, although future studies will involve studying
the role of cooldown speed and temperature gradient across
the cavity with respect to either flux expulsion or hydride
formation. Once the cryostat is filled with 4.2 K liquid helium, RF cables are calibrated and the cavity is conditioned
for multipacting and field emission as needed. The RF is
controlled via a self excited loop as described in [10]. Fixed
temperature measurements of Q0 as a function of Bp are
done up to the quench field in continuous wave. Afterwards
pulsed measurement are performed to determine the nature
of the quench.
Once done with measurement of all modes at 4.2 K, a slow
cooldown to 2.0 K begins, during which Q0 data is taken
as a function of temperature at fixed field amplitudes. This
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Figure 2: Q vs T measurement at different field amplitudes
in the 217 MHz mode while cooling down from 4.2 K to
2.0 K.
∗
∗ at this field level via
data is taken to extract RBCS
and Rres
∗
fitting the average Rs = G/Q0 to

∗
∗
Rs∗ (Bp ,T) = RBCS
(BP ,T) + Rres
(BP )


∆(Bp )
∗
+ Rres
(BP )
= A(BP )/T · exp −
k BT

(1)
(2)

∗
with A, ∆ and Rres
as fitting parameters. It should be
noted that due to the field dependence of Rs∗ and non-uniform
field distribution of H (Fig. 1) the formula

∫
Rs = G/Q0 = ωµ0 ∫V

|H| 2 dV

|H| 2 dS
S

/Q0

(3)

is not accurate. Steps to extract the true Rs (B) dependence
∗
are noted below. To extract the field dependence of RBCS
∗ , multiple Q vs T curves in 10 mT steps up to
and Rres
0
15-20 W power level are measured as is is shown in Fig. 2.
The extracted field dependencies are then corrected for
geometry effects to get the true RBCS and Rres using correction factors for the field dependence coefficients based on the
field distribution [11]. R∗ (Bp ) can be generally expressed
by a polynomial of form
R∗ =

Õ

αi · Bpxi

(4)

i

with coefficients αi and in general any exponent xi not
limited to whole numbers. Depending on the EM field distribution of the mode in the resonator, the coeeficients αi
need to multiplied by correction factors depending on xi to
get the true R. As can be seen in table 1, both modes of the
QWR have similar correction factors, leading to only small
relative changes between QWR modes when converting Rs∗
to Rs if the field dependence is similar. In comparison, an
elliptical cavity has correction factors all close to unity due
to its fairly uniform field distribution over the RF surface.
High temperature heat treatments are done in TRIUMF’s
induction furnace, which is able to work with low pressure
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Table 1: Field Dependence Correction Factors for the QWR
x

217 MHz

648 MHz

0
1
2

1
1.432
1.778

1
1.473
1.871

Figure 4: Q0 at 4.2 K of the QWR. After degassing and flash
BCP, the cavity performance is unchanged compared to the
baseline treatment in both modes. After an additional 120C
bake the Q improves significantly at 4.2 K.

Figure 3: After the inital 120C mild bake, the cavity showed
Q disease like behavior which is observed in Rr∗es with a
strong, linear field dependence.
gasses for N2 infusion and doping, and is dedicated to treating solely components made out of niobium. The initial
hydrogen degassing treatment of the QWR was at 800 C for
6 hours.

RESULTS
So far, several surface treatments and subsequent performance measurements have been performed on the QWR,
which can be operated in resonant modes at 217 and
648 MHz.
In this paper, results at the two frequencies after the baseline preparation, 800 C degass and flash BCP, and 120 C
bake are reported. The initial 120 C bake did not improve
the performance as Q disease caused by extended time in
the critical temperature regime during warm-up allowed
hydrides to form and persist during the mild bake. The
Q disease introduced a strong, linear field dependence of
∗ in both modes, with seemingly stronger slope at higher
Rres
frequency as can be seen in Fig. 3. More data at different
frequencies is needed to make conclusions about the nature
of this increased slope.
Following the degassing, the low field Q0 recovered, but
showed a Q drop behavior at low to moderate field levels.
This was caused by contamination of the RF surface during
the degassing process, presumably from indium seal residue
on the Nb flanges that migrated into the RF surface.
After a flash BCP treatment of 15 µm, the baseline performance is recovered as is shown in Fig. 4 for 4.2 K and Fig. 5
for 2.0 K. This is observed for both modes, with a slight
increase in performance at higher fields in the 648 MHz
mode. The degradation of Q0 at high fields in the 2.0 K mea-
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Figure 5: Q0 at 2.0 K of the QWR. The low to medium field
performance does not show any changes regardless of of
treatment in both modes. Improvements at high field are due
to decreased field emissions.
surements is caused by field emissions. After a dedicated
soak of the cavity at around 100 K for approximately 3 days,
the cavity performed at the same levels, showing that the
degassing worked as intended.
The following 120 C bake for 48 h increases Q0 in both
modes at 4.2 K significantly as can be seen in Fig. 4, while
at 2.0 K the Q0 is unchanged. This indicates that the bake
reduces RBCS while leaving Rres at the same levels. By
normalizing the average Rs∗ to a low field value, the field
dependency independent of frequency is shown in Fig. 6. Up
to medium field levels only minor changes in slope character
can be observed, independent of mode, temperature, and
surface treatment.
In all shown cases the field limiting quench at 4.2 K is
caused by the limited cooling capacity of the inner conductor,
while at 2.0 K the limitation is field emissions.
Separating the two components of the surface resistance
by using the Q0 data taken during the cooldown to 2.0 K,
∗
shows this as a clear reduction in RBCS
as can be seen in
Fig. 7 and Fig. 8 for 4.2 K and 2.0 K respectively, while the
∗
temperature independent Rres
(Fig. 9) slightly increases
with the bake.
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Figure 6: Normalized average Rs∗ of the QWR shows a general similar trend of Rs∗ as field increases, no matter the
treatment, frequency or temperature.

∗
Figure 7: RBCS
(T=4.2 K)[markers] as a function of field
before and after the 120 C bake with quadratic fits [dashed
line] and geometry corrected fit [dash-dotted line]. The bake
clearly reduces the BCS component both in magnitude and
in field dependence.

∗
In low to mid field amplitude, RBCS
follows a quadratic
increase with field that can be fitted to

∗
RBCS
= RBCS,0 + γ · B2p

(6)

∗
with the fit parameters Rres,0
as the zero field residual
resistance and Rr es,1 as slope. As can be seen in Fig. 9, in
both modes the bake increases Rr es,0 while the slope stays

TUP046
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∗
Figure 8: RBCS
(T=2.0 K)[markers] as a function of field
before and after the 120 C bake with quadratic fits [dashed
line] and geometry corrected fit [dash-dotted line]. Similar
to 4.2 K, RBCS is reduced by the bake in its magnitude and
field dependence.

∗
Figure 9: The temperature independent Rres
increases
slightly with the 120 C bake in both frequencies. The higher
∗
frequency mode increases in Rres
slightly more than the
lower frequency mode.

(5)

∗
with the fit parameters RBCS,0
as the zero field BCS resistance and γ as slope parameter. These fits are shown in
Fig. 7 and 8. At high fields, deviations from the fit are likely
caused by limited cooling capacity above 2.17 K and the
resulting additional losses due to surface heating.
∗ on
The temperature independent residual resistance Rres
the other hand follows a mostly linear trend in both resonant
modes that can be fitted to

Rr∗es = Rres,0 + Rres,1 · Bp

JACoW Publishing
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fairly similar to before the bake. In the 648 MHz, mode at
around 30 to 40 mT, a stronger slope appears, which could
indicate a small defect on the surface in an area of high
magnetic field for the 648 MHz mode and a low field area
for the 217 Mhz mode.
Figures 10 and 11 show the RBCS fitting parameters A
and ∆/k b as function of field with normalized versions in
Figures 12 and 13 respectively. The bake seems to decrease
A while increasing ∆ in magnitude. The normalized field
dependency plots show that the coefficient A seems to follow
an upward trend with increasing field amplitude, while ∆
trends towards lower values. The bake decreases the field
dependence of A while no clear effect can be seen on the
field dependence of the energy due to the bake.
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∗
Figure 10: Fitting parameter A of RBCS
as a function of
field before and after the 120 C bake.

Figure 11: Energy gap ∆/k B as a function of field before
and after the 120 C bake.

CONCLUSION
Studies to determine the frequency dependence of surface
resistance in coaxial SRF cavities are under way and several
performance measurements with different treatments of the
QWR have been shown. The 120 C bake for 48 h reduces
RBCS significantly for both investigated frequencies, while
slightly increasing Rres . This behavior is similar to studies
done on 1.3 GHz cavities and is due to a reduction of the
mean free path at the surface towards a more optimized
RBCS . This treatment shows its significant benefit if the
cavity is operating at 4.2 K. At this temperature, RBCS is the
dominant contribution to RS at frequencies typical for QWR
and HWR cavities. At 2.0 K the overall performance is fairly
unchanged by the bake. The effects of the 120 C bake on the
RBCS coefficients A and ∆ and their field dependency are
presented. The bake reduces both the magnitude and field
dependency of A, while ∆ is increased in magnitude while
its field dependency seems unchanged.
The next step in the treatment chain for the QWR will
be N2 infusion investigate the effects of this treatment on
coaxial cavities. Multiple resonant modes will be used to
determine the response of this treatment to different frequen-
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Figure 12: Normalized fitting parameter A of RBCS as a
function of field before and after the 120 C bake.

Figure 13: Normalized energy gap ∆/k B as a function of
field before and after the 120 C bake.

cies. Dedicated studies to optimize the infusion recipe are
planned to study the behavior of this treatment at low frequencies. Studies using the HWR are commencing in the
near future which will allow further insight in the frequency
dependency. N2 doping requires electro-polishing post doping and efforts to develop EP techniques for the test cavities
are starting.
Simultaneously, work is going on to include flux expulsion studies using a 3D Helmholtz coil assembly. These
will be used to either cancel the background magnetic field
completely or to enhance it to specific values to study the
flux expulsion behavior of coaxial cavities under different
cooldown scenarios and measure the sensitivity of coaxial
cavities to external magnetic fields.
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MAXIMUM PERFORMANCE OF CAVITIES AFFECTED BY THE
HIGH- FIELD Q-SLOPE*
G. Ciovati†, Jefferson Lab, Newport News, VA, USA
I. Parajuli, A. Gurevich, Old Dominion University, Norfolk, VA, USA
Abstract
The performance of high-purity, bulk niobium SRF cavities treated by chemical processes such as BCP or EP is
limited by the so-called high-field Q-slope (HFQS). Several models and experimental studies have been proposed
and performed over the years to understand the origin of
these anomalous losses but a consensus on what these origins are is yet to be established. In this contribution, we
present the results of the RF tests of several 1.3 GHz single-cell cavities limited by the HFQS and tested using a
variable input coupler. This allowed us to maintain close to
critical coupling even at high field. The data showed that
the HFQS did not saturate with the rf field and that in some
cases a RF power of up to 200 W at 2 K could be sustained
without quench.

INTRODUCTION
The performance of superconducting radio-frequency
(SRF) bulk Nb cavities treated by buffered chemical polishing (BCP) or electropolishing (EP) is limited at high accelerating gradients by the so-called “high-field Q-slope”
(HFSQ) or “Q-drop”. This phenomenon is characterized by
a nearly exponential decrease of the quality factor, Q0, with
increasing peak surface magnetic field, Bp, above ~90 mT
at or below a temperature of 2 K [1]. An empirical method
to recover the quality factor at high fields is to bake the
cavities at ~120 °C for 24-48 h [1].
Many models have been proposed in the literature to explain the origin of the HFQS, including roughness of the
surface, penetration of vortices along grain boundaries, RF
current pairbreaking, reduced critical field due to surface
contamination and tunnelling through a defective oxide.
However, results of experiments seem to contradict some
of the predictions of those models so that there is no consensus on the origin of the HFQS [1].
One of the model attributes the HFQS to the presence of
normal-conducting nano-hydrides that are superconducting by proximity at low field, but become normal-conducting above a threshold breakdown field [2]. The model assumes a normal distribution for the thickness of the hydrides, which results in a distribution of breakdown fields.
The model predicts that at sufficiently high fields the surface resistance should saturate with the RF field, once all
hydrides precipitates become normal-conducting.

We attempted to test some of the models of HFQS by
performing the cryogenic high-power RF tests of six
1.3 GHz single-cell cavities, all limited by the high-field
Q-slope, using a variable input coupler to allow coupling
of greater than 90% of the forward power into the cavity.

CAVITY TEST RESULTS
The single-cell 1.3 GHz cavities used for this study were
made from high-purity (residual resistivity ratio greater
than 300) ~3 mm thick Nb. Two of them, labelled N3 and
PJ1-1 were made from large-grain Nb disks from OTIC
Ningxia, China, the other ones, labelled RTD-TD01, EZSSC-01, TE1G001 and TE1NS001, were made of standard
fine-grain Nb from Tokyo-Denkai, Japan. The final treatment of N3 and PJ-1was BCP, whereas it was EP for the
other cavities.
N3 and PJ1-1 have the TESLA/XFEL center-cell shape
(G = 269.8 Ω, Bp/Eacc = 4.12 mT/(MV/m)), whereas the
other cavities have the TESLA/XFEL end-cell shape (G =
277.8 Ω, Bp/Eacc = 4.23 mT/(MV/m)) [3]. The final preparation prior to the RF test of each cavity consisted of highpressure rinse with ultra-pure water, assembly of the pickup antenna and of the variable input coupler [4], evacuation
and leak check. For each test, the cavity is inserted in a
vertical cryostat with a residual magnetic field of ~2 mG
and cooled with liquid helium to 2 K, with a typical temperature gradient of ~0.4 K/cm along the cell. Figure 1 shows
a picture of the cavity assembled on a vertical test stand,
prior to insertion in the cryostat.

___________________________________________
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Figure 1: Single-cell cavity N3 attached to a vertical test
stand with a variable input coupler.
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Table 1: Summary of the RF Performance at 2 K of the Six 1.3 GHz Single-Cell Cavities Used for This Study
Cavity Label

Nb Material

Treatment

Bp,max (mT)

Q0 at Bp,max

EZ-SSC-01
RDT-TD01
N3
PJ1-1
TE1G001
TE1NS001

Fine-grain
Fine-grain
Large-grain
Large-grain
Fine-grain
Fine-grain

EP
EP
BCP
BCP
EP
EP

153 ± 8
161 ± 8
142 ± 7
141 ± 7
117 ± 6
131 ± 6

(8.0 ± 1.0)×108
(1.2 ± 0.1)×109
(7.0 ± 0.5)×108
(7.5 ± 0.6)×108
(1.1 ± 0.1)×1010
(1.2 ± 0.1)×1010

The measured cavity performance parameters are listed
in Table 1 and a summary plot of Q0(Bp) at 2 K is shown in
Fig. 2. For cavities TE1G001, TE1NS001 and N3, the
breakdown fields were limited by a quench, whereas the
other cavities were limited by the output power of the RF
amplifier, ~350 W. No X-rays were detected in any of the
tests, except for cavity EZ-SSC-01, for which a maximum
dose rate of 4 mR/h with an onset of 152 mT, close to the
maximum field.
The power dissipated in the cavity, Ploss, at the highest
field was 150 W, 180 W and 200 W in cavities RTD-TD01,
PJ1-1 and EZ-SSC-01, respectively. The power Ploss exceeding ~170 W was greater than the capacity of the pump
used to maintain the temperature of the helium bath at
2.0 K (23.5 Torr), in which case the He bath temperature
increased to ~2.04 K at the highest field in cavities PJ1-1
and EZ-SSC-01. The ratio of reflected power divided by
the forward power at the maximum gradient was 25%, 1%
and 0.3% for cavities RDT-TD01, PJ1-1 and EZ-SSC-01,
respectively. The input antenna was too short and did not
allow for a better coupling factor for RDT-TD01 at the
highest field.

Ploss at
Bp,max (W)
200 ± 10
153 ± 16
181 ± 16
180 ± 14
8.7 ± 0.7
10.2 ± 0.8

Limit
RF power
RF power
Quench
RF power
Quench
Quench

The cavity RDT-TD01 was re-assembled on a different
test stand and a temperature mapping system [5] was attached, besides the variable input coupler. After the standard cool-down, the temperature rise ∆T at the outer cavity
surface immersed in liquid helium at 2.0 K, was measured
while increasing the rf field. The cavity was limited by
quench and the last stable point was at 165 mT with a Q0
of 2.8×109. The temperature map at the highest stable point
of operation is shown in Fig. 3. The cavity quenched at sensor No. 8 at 140°, where one of the major hotspots is located.

Figure 3: Unfolded temperature map at Bp = 165 mT, Ploss
= 68 W for cavity RDT-TD01 at 2.0 K. Sensor 1 is at the
top iris, sensor 16 is at the bottom beam tube, close to the
iris. Sensor 8 is on the equator weld. Malfunctioning channels/sensors are shown in white in the color map.

MODEL COMPARISON
The hydride model for the Q-drop predicts the field dependence of the surface resistance to be given by the following equation [2]:
Figure 2: Summary of Q0(Bp) measured at 2 K in six
1.3 GHz single-cell bulk Nb cavities. TE1G001,
TE1NS001and N3 were limited by quench, EZ-SSC-01,
RDT-TD01 and PJ1-1 were limited by the available RF
power.
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where Rn and αs are the surface resistance and the surface
density of the normal-conducting hydrides, B0 and σ are
the mean and the width of the distribution of the hydrides
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breakdown field, respectively. R0 is the surface resistance
at fields lower than the onset of Q-drop.
Figure 4 shows the average surface resistance <Rs> =
G/Q0, where G is the cavity geometry factor, as a function
of Bp above 90 mT for the four cavities which were not
affected by a premature quench. The solid lines in Fig. 4
were obtained from a non-linear fit of Eq. (1) using the Levenberg-Marquardt algorithm provided in Origin®. The
values of the four fit parameters are listed in Table 2. The
chi-square convergence tolerance had to be set to 10-3 for
the fit to converge. The parameters αsRn and H0 are
strongly correlated, resulting in a large uncertainty of the
fit parameter values, as shown in Table 2.

Figure 5: Temperature rise measured on the outer surface
of cavity RDT-TD01 at 2 K at selected hotspots, identified
by the angle/sensor No., as a function of Bp.

Figure 4: Average cavity surface resistance at 2.0 K as a
function of Bp above 90 mT. Solid lines are fits to Eq. (1).
Table 2: Values of the Fit Parameters From the Non-Linear
Fit of Eq. (1) to the Experimental Rs(Bp)-Data at High Field
Cavity Label
EZ-SSC-01
RDT-TD01
N3
PJ1-1

αsRn (nΩ)

B0
(mT)

σ
(1/mT)

15 ± 1

(17 ±
8)×103

239 ±
20

0.0011
± 1×10-4

21 ± 2

(4 ±
20)×104

296 ±
174

0.0012
± 1×10-4

23 ± 2

(5 ±
60)×106

488 ±
1560

0.0013
± 1×10-4

17 ± 1

(7 ±
14)×104

238 ±
80

0.0011
± 2×10-4

R0
(nΩ)

HOT-SPOT DISSIPATION
The field dependence of the temperature rise on the outer
surface at some hotspot locations in shown in Fig. 5. It
changes from a power law ∆T ∝ Bpn with n ~ 2 between
60 mT and 130 mT to an exponential increase above
~140 mT.

The temperature profile at 130° shows only one major
hotspot at sensor 7. The temperature rise on the inner and
outer surfaces due to an isolated source of additional losses
at the inner surface, of size much smaller than the wall
thickness, were calculated in [6]. Examples of such local
power sources can be either non-superconducting precipitates or a bundle of trapped vortices. Figure 6 shows the
temperature profile along the cavity meridian at 130°, s,
centred at the location of sensor 7, for different Bp-values.
The solid lines are least-squares non-linear fits with Eq.
(38) of Ref. [6]. Here ∆T(r) depends on the following parameters: β = κ/dαK, where d is the wall thickness, κ is the
thermal conductivity and αK is the Kapitza conductance,
the additional power of the localized heat source P0 and
�=

��2

�

���

�

. A value of β = 1.2, obtained for d =

2.8 mm, κ = 10 W/(m K) and αK = 3 kW/(m2 K), was used
in these fits, except for the three highest Bp-values, for
which ∆Tmax > 2.17 K. In the latter cases β was increased
to 1.4, 1.6 and 2.4, reflecting a lower average αK over the
hotspot area where the central part is overheated above the
superfluid transition temperature. There is an asymmetry
in some of the temperature profiles, moving from the top
side of the cavity (negative s-values) to the bottom side
with increasing field. The asymmetry may result from a
partial overlap of temperature profiles of neighbouring
hotspots. The slightly higher temperature on the bottom
side at the highest fields can be due to the strong hotspot at
140°, sensor 8.
Figure 7 shows the values of the fit parameters P0 and γ
as a function of b = (Bp/Bc)2, where Bc = 190 mT is the
critical field at 2 K. Considering P0 = 1/2Rs,dAdHp2, where
Rs,d and Ad are the surface resistance and the surface area
of the defect, respectively, Hp = Bp/µ0, we obtain Rs,dAd ≅
8 µΩ mm2 from the slope of P0(b). The onset field from the
x-axis intercept of P0(b) is 148 mT. If the surface resistance
2��

�� ��
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A factor 1/d2 was missing in Eqs. (38) and (47) of Ref. [6].
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of the defect is that of normal conducting niobium at 10 K,
~1.5 mΩ, the defect area would be ~5×103 µm2. The peak
temperature rise at the inner surface calculated from Eq.
(47) of Ref. [6], for a defect of this size would be ~2 K.

Figure 6: Temperature rise measured on the outer surface
of cavity RDT-TD01 at 130° along the meridian, from top
(negative s-values) to bottom, centered at the location of
sensor 7 at different Bp-values: 152 mT (a), 160 mT (b) and
165 mT (c). Solid lines are least-squares fit with Eq. (38)
of Ref. [6].

Figure 7: Fit parameters P0 and γ as a function of b =
(Bp/Bc)2. The solid line is a linear fit of P0(b).
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DISCUSSION
The results shown in Fig. 2 provide an insight into the
maximum dissipated power that a 1.3 GHz Nb cavity at
2.0 K can withstand before reaching thermal instability.
The temperature map in Fig. 5 shows that most of the heating is localized between sensors No. 5 and 11, where the
magnetic field is within 1% of the peak value. This region
corresponds to an area of ~390 cm2 and a maximum power
density of ~0.5 W/cm2 was achieved on average over this
area, with an average temperature rise, ∆T ~ 84 mK. However, the power dissipation is highly non-uniform and ∆T
~ 300 mK was measured at the hottest spot, corresponding
to a local power density of ~1.8 W/cm2. Such power density and the corresponding measured temperature rise indicate that the liquid He is most likely in the film-boiling regime around hot-spots overheated above the critical superfluid temperature.
The power density achieved in cavities EZ-SC-001,
RDT-TD01, PJ1-1 and N3 is strikingly different from that
of cavities TE1G001 and TE1NS001 since the latter
quenched at much lower power dissipation. Similar situation was obtained in cavity TD5, reported in Ref. [7],
where the temperature map showed ∆T < 10 mK at the last
point of stability which occurred at Bp = 116 mT, Ploss ~
6 W at 2 K. Quench occurring at very low power dissipation also characterizes the performance of Nb cavities
treated by nitrogen doping. As an example, N-doped cavity
TD#4 in Ref. [8] quenched at Bp = 88 mT, Ploss ~ 1 W at
2 K and the temperature map showed ∆T < 5 mK. Given
the thermal stability demonstrated in four of the cavities
reported in this study, it does not seem plausible that the
quenches occurring at low power dissipation and minimal
overheating can be caused by heating of normal-conducting defects. It is however plausible that those quenches
might be due to an avalanche of vortices entering the surface at a reduced local critical field. Such hypothesis is supported by a hysteretic ∆T(Bp) at the quench location, as reported for example in Refs. [6, 8].
Another mechanism of how the high RF power associated with HFSQ could be sustained at fields below the cavity breakdown field Hb, may be due to the size and spatial
distributions of the local power sources revealed by temperature maps. As was shown in Ref. [9] a large areal density of small power sources can result in strong HFQS
while only weakly reducing the global field of thermal
quench. On the other hand, a few strong local power
sources in the cavity equatorial region can ignite lateral
thermal quench propagation at H > Hb without causing
much of the HFQS at H < Hb.
Regarding the hydride model of the HFQS, the availability of four fit parameters in Eq. (1) assures a good fit to
the Rs(Bp) data. However, the values of H0 shown in Table
2 do not appear plausible, as they are greater than the superheating field of Nb. Given the fit parameters values in
Table 2, Rs(Bp) would saturate at fields above the critical
field of Nb, which cannot be reached experimentally. Besides the experimental evidence shown in Fig. 4, it does not
seem plausible to expect that Rs would saturate in the
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HFQS region, given that the BCS surface resistance of the
areas surrounding the normal-conducting hydrides provides a strong positive thermal feedback.

CONCLUSIONS
The experimental data of Q0(Bp) from four 1.3 GHz SRF
Nb cavities showed that some of the cavities exhibit a remarkable thermal stability, sustaining up to ~200 W of
power without quench at 2 K. The quality factors for these
cavities decrease monotonically with the increasing RF
field. Whereas hydrides nano-precipitates could be a
source of the hotspots measured in the HFQS, the model
proposed in Ref. [2] to describe their effect on Rs(Bp) cannot explain our data.
Spatial temperature profiles surrounding a hotspot were
measured on the outer surface at different fields and were
used to gain information on the source at the inner surface,
which has a product of surface resistance times the defect
area of ~8 µΩ mm2. The fact that some cavities can sustain
high RF power associated with HFQS may indicate the existence of many weak local power sources which can be
due to non-superconducting nano-precipitates or trapped
vortex bundles.
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A MULTI-LAYERED SRF CAVITY FOR CONDUCTION
COOLING APPLICATIONS*
G. Ciovati†, G. Cheng, E. Daly, G. Eremeev, J. Henry, R. Rimmer, Jefferson Lab,
Newport News , VA, USA
U. Pudasaini, The College of William and Mary, Williamsburg, VA, USA
I. Parajuli, Old Dominion University, Norfolk, VA, USA
Abstract
Industrial applications of SRF technology would favor
the use of cryocoolers to conductively cool SRF cavities
for particle accelerators, operating at or above 4.3 K. In order to achieve a lower surface resistance than Nb at 4.3 K,
a superconductor with higher critical temperature should
be used, whereas a metal with higher thermal conductivity
than Nb should be used to conduct the heat to the cryocoolers. A standard 1.5 GHz bulk Nb single-cell cavity has been
coated with a ~2 µm thick layer of Nb3Sn on the inner surface and with a 5 mm thick Cu layer on the outer surface
for conduction cooled applications. The cavity performance has been measured at 4.3 K and 2.0 K in liquid He.
The cavity reached a peak surface magnetic field of
~40 mT with a quality factor of 6×109 and 3.5×109 at
4.3 K, before and after applying the thick Cu layer, respectively.

INTRODUCTION
The progress made over the last few years on the development of Nb3Sn for superconducting radio-frequency
(SRF) accelerator cavities made it attractive for applications in which the cavities operate at a moderate accelerating gradient, Eacc ~ 10-15 MV/m, but at 4.3 K, instead of
the more typical temperature of 2 K [1].
One such application is for a possible industrial use of
SRF accelerators, in which the cavities are cooled by conduction using cryocoolers [2, 3]. Modern crycoolers have
a cooling power of up to ~2 W at 4.3 K and either one or
multiple of them can be used to cool an SRF cavity in a
cost effective manner, compared to using a liquid helium
refrigerator.
Since the area of the second stage of a typical cryocooler
is only a few square inches, and cooling of the inner cavity
surface where the RF power is dissipated can only occur
by conduction, it is important to have a layer with high
thermal conductivity at ~4 K between the cavity and the
cryocooler’s second stage.
Currently, the best performing Nb3Sn films have been
obtained by the vapour diffusion method developed at University of Wuppertal in the 1990s [1]. Such method requires heating of a Nb cavity substrate to ~1200 °C, which
____________________________________________
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is higher than the melting temperature of common highthermal conductivity metals such as copper and aluminium. Therefore, the coating of the outer cavity surface with
either copper or aluminium would need to be done after the
Nb3Sn film has been deposited on the inner surface. The
outer coating should also be deposited near room temperature conditions, as temperatures above ~100 °C in air might
have deleterious effect on the performance of the Nb3Sn
film.
The processes used to fabricate the multi-layered cavity
and the cryogenic RF test results are described in this contribution.

Nb3Sn COATING
A single-cell Nb cavity, labelled SC-IB, made of largegrain Nb from CBMM, Brazil, with residual resistivity ratio of ~280 was used for this study. The cell shape is that
of a High-Gradient cavity as was proposed for the CEBAF
12 GeV Upgrade (G = 266 Ω, Ep/Eacc = 1.77, Bp/Eacc =
4.47 mT/(MV/m)) and the resonant frequency of the accelerating mode is at 1.49 GHz [4]. The cavity wall thickness
is ~2.9 mm and the end flanges are made of pure Nb.
The coating of the inner surface with Nb3Sn was done as
follows: SC-IB was placed on top of another single-cell
cavity, RDT2, using niobium blanks and molybdenum fasteners. RDT2 was next to the Sn source. A crucible with
6 g of Sn (99.999% purity from Sigma Aldrich) and 3 g of
SnCl2 (99.99% purity from Sigma Aldrich), packaged inside two pieces of Nb foils were placed at the bottom
flange, covering the beam pipe of RDT2.The top beam pipe
of SC-IB was closed with a niobium cover. The coating
setup was assembled inside the clean room and then installed onto the furnace insert [5].
Once the insert pressure reached 2 × 10-5 Torr, the furnace was heated by ramping up the temperature at a rate of
6 °C/min until it reached ~ 500 °C. This temperature was
then kept constant for one hour and subsequently ramped
up at a rate of 12 °C/min up to the coating temperature of
~1200 °C. The temperature was monitored with sheathed
type C thermocouples attached to the cavities at different
locations. After maintaining the coating temperature for
three hours, heating ceased, and the furnace was allowed
to cool down gradually. When the furnace temperature
reached below 45 °C, the insert was backfilled to 1 atm
with nitrogen, and the coated cavities were taken out from
the deposition system. Visual inspection from both end of
SC-IB indicated a uniform coating as shown in Fig. 1.
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The cavity was then degreased, high-pressure rinsed
with ultrapure water, assembled with stainless steel flanges
with pump-out port and RF feedthroughs and sealed to the
cavity with In wire. The cavity was evacuated on a vertical
test stand, three flux-gate magnetometers were attached at
the equator with their axis parallel to the vertical cavity
axis. Temperature sensors were also attached at the top and
bottom iris and at the equator.
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The inner surface of the cavity was etched by buffered
chemical polishing (BCP) with HF:HNO3:H3PO4 = 1:1:2
by volume, removing ~15 µm. In order to evaluate the reproducibility of the process, the Nb3Sn coating process was
repeated in the same way as the first coating except the positions of SC-IB and RDT2 were interchanged. Visual inspection of SC-IB showed uniform coating, but a few shiny
spots were present on the surface, as shown for example in
Fig. 3.
The cavity was then prepared as mentioned above for the
cryogenic RF test and cooled-down to 4.3 K following the
same process mentioned above for the first test. The test
results are shown in Fig. 4. The cavity was limited by a
quench at Bp ~ 52 mT at 2 K. The quality factor decreased
by only ~5% after quenching.

Figure 1: A picture of SC-IB interior after Nb3Sn coating.
The cavity was inserted in a vertical cryostat at Jefferson
Lab’s Vertical Test Area and cooled to 4.3 K with liquid
helium. The resonant frequency was tracked with a vector
network analyzer during cool-down and the critical temperature was Tc ~ 17.8 K. The cavity was slow-cooled
through Tc, resulting in a temperature gradient of ~100 mK
between top and bottom iris.
The cavity was tested at 4.3 K and at 2 K and a plot of
the quality factor, Q0, as a function of the peak surface
magnetic field, Bp, is shown in Fig. 2. The cavity was limited at 4.3 K starting at Bp ~ 40 mT and by quench at Bp ~
66 mT at 2 K. No field emission was detected during the
test.

Figure 2: Q0(Bp) measured at 4.3 K and 2.0 K after the first
Nb3Sn coating1. The cavity was limited by anomalous heating at 4.3 K and by quench at 2.0 K.
___________________________________________

1

RF losses on the stainless steel flanges are estimated to be 14.3 mW/mT2
per flange and have been subtracted from the measured Q0.
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Figure 3: A picture of SC-IB interior after second Nb3Sn
coating. Note the shiny spot marked by red rectangle.

Figure 4: Q0(Bp) measured at 4.3 K and 2.0 K after the second Nb3Sn coating1. The cavity was limited by quench at
2.0 K.
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COPPER COATING
Samples Measurements
Electroplating is a possible low-cost method to deposit
copper on the outer cavity surface at room temperature.
However, it should be verified that both good adhesion and
high thermal conductivity of the electroplated copper onto
the Nb substrate can be achieved.
Six Nb samples, 3.175 × 3 mm2 cross-section, 75 mm
long and two Nb samples, 25 mm wide, 1 mm thick,
140 mm long were cut by wire electro-discharge machining (EDM) from a high-purity, fine-grain (ASTM > 5) Nb
sheet used for SRF cavity fabrication. The samples were
chemically etched by BCP to remove ~100 µm from the
surface, annealed in a vacuum furnace at 600 °C/10 h, followed by BCP removing ~25 µm. The samples were Cuplated at A. J. Tuck Co. to deposit 3 mm thick copper on
one side. The surface to be plated was sand-blasted with
coarse grit on three of the samples, labelled No. 1-3.
The thermal conductivity, κ, of one Nb sample and of
four Nb/Cu samples was measured as a function of temperature, between 1.5 K – 6.5 K, along the samples and the
data are shown in Fig. 5. Samples 4 and 5 had poor adhesion of the Cu on the Nb and this correlates with the lower
thermal conductivity. The thin, wide Nb strips were used to
try developing a process with improved, reliable adhesion
of the Cu on the Nb. Different processes were tried without
success.
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Cu powder is not as good as that of electroplated copper,
cold-spray was considered as a method to create a “seed”
layer onto the Nb surface, onto which one can build up the
thick Cu layer by electroplating.
Nb samples of the same size as those prepared for the
plating study were cold-sprayed with Cu at Concurrent
Technologies Corporation (CTC). The thin strips were then
plated with 1 mm thick Cu at A. J. Tuck Co. and good adhesion was verified by a bend test.
The single-cell SC-IB was cold-sprayed with Cu powder
of purity 99.9% and ~40 µm particle size at CTC. Helium
was used as the gas carrier and the distance between the
cavity surface and the spray gun was kept at ~1.3 cm using
a robotic controlled arm. The cavity rotated at 0.8 rev/sec
during the coating process and the coating thickness was
~76 µm, as determined by a micrometer measurement on
the flat samples, coated with the same parameters as the
cavity. A picture of the cavity after cold-spray is shown in
Fig. 6. The cavity was sealed with stainless flanges and
Gore-Tex gaskets during the cold-spray.

Figure 6: Single-cell cavity after deposition of a thin layer
of copper on the outer surface by cold-spray.

Figure 5: Thermal conductivity as a function of temperature measured on a Nb strip and on four Nb/Cu strips.

Cavity Coating and Test Results

The samples study showed that κ(4.3 K) ~ 1 kW/(m K)
could be achieved with electroplated copper onto Nb but
without reliable strong bonding at the Nb/Cu interface.
Cold-spray is a relatively new technique that allows spraying a metal powder on a substrate at very high speed. As
the metal particles hit the surface, they undergo a plastic
deformation and bond to the surface. Since the purity of the
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The next step was to deposit the thick copper layer by
electroplating. The thickness of the layer was determined
to be 5 mm from a finite element thermal analysis with ANSYS®, considering the RF losses at the maximum field at
4.3 K shown in Fig. 4 and cooling with a single cryocooler.
A ring ~25 cm in diameter and ~1.3 cm thick had to be
grown at the equator as well, in order to provide a large
contacting surface for the thermal link between the cavity
and the cryocooler.
The plating was done in multiple steps, with intermediate masking to allow growing the minimum thickness in
regions of low current density, such as the irises, and of the
thick center ring. Sanding of lumps was done as well between plating cycles. It took 90 days of plating to grow the
whole layer.
At the end of the plating process, it was found that some
of the CuSO4 solution had leaked into the cavity. Inspection of the inner surface with a boroscope showed one
~1 mm size Cu particle on the surface. Such particle was
removed by degreasing the cavity. As a precaution, the cavity was filled with HNO3(35%) at room temperature for 1
h to dissolve any possible CuSO4 residue.
Afterwards, the cavity was machined on a lathe to remove the excess copper. Flood cooling was used and the
Cavities - Fabrication
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peak temperature during machining did not exceed 35 °C.
Pictures of the cavity after plating and after machining are
shown in Fig. 7.

decreased by ~40% after ~10 quenches. No field emission
was detected. The power dissipated in the cavity at 4.3 K
is ~1.5 W at Bp = 34 mT, just before the occurrence of the
Q-switch. The resonant frequency was tracked during
warm-up and Tc was found to be ~17.8 K.
The data in Fig. 8 show that the performance degraded
after the addition of the copper layer, above ~15 mT. One
possible reasons is strain in the Nb3Sn film resulting from
the differential thermal contraction between Nb and Cu. It
is well known that the superconducting properties of
Nb3Sn are very sensitive to strain [7]. A finite element analysis with ANSYS® shows that stresses as high as
~275 MPa at the irises and ~185 MPa elsewhere on the cell
may be applied to the Nb3Sn-coated Nb, due to the larger
thermal contraction of Cu.

(a)

(b)
Figure 7: Single-cell cavity after Cu-plating (a) and machining (b).
The cavity was then degreased, high-pressure rinsed
with ultra-pure water, dried in an ISO 5 clean room, assembled with a variable input coupler [6], a pump-out port and
a pick-up probe. The cavity was evacuated on the vertical
test stand. Cernox temperature sensors were attached at the
iris and equator. The cavity was cooled from 295 K to
~20 K at a rate of ~10 K/min, whereas cooling was slowed
at ~18 K to achieve a temperature difference of ~100 mK
between the top and bottom irises. The cryostat was then
filled with liquid He at 4.3 K followed by pumping on the
He bath until achieving 2.0 K.
The frequency shift from 295 K, 1 atm, to 4.3 K, ultrahigh-vacuum, increased from ~2.4 MHz to ~6.3 MHz after
the Cu layer was added. This is due to the larger thermal
contraction of Cu compared to that of Nb. The pressure
sensitivity decreased from ~180 Hz/Torr to ~27 Hz/Torr
because of the thicker walls after the Cu layer was added.
The results from the cryogenic RF tests of the multi-layered cavity at 4.3 K and 2.0 K are shown in Fig. 8. The
cavity was limited at 4.3 K by “Q-switches” at ~36 mT,
whereas it quenched at ~54 mT at 2.0 K. The Q0 at 2 K
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Figure 8: Q0(Bp) measured at 4.3 K and 2.0 K after depositing a ~5 mm thick Cu layer on the cavity outer surface1.
The cavity was limited by quench at 2.0 K.

CONCLUSION
A multi-layered cavity with a thin Nb3Sn coating formed
on the inner surface of a Nb cavity and a thick Cu coating
on the outer surface was built and tested at 4.3 K and 2.0 K.
The cavity reached ~40 mT at 4.3 K and ~50 mT at 2.0 K.
The Q0 degraded at high-field after applying the thick Cu
layer, possibly due to strain of the film resulting from the
differential thermal contraction between Cu and Nb.
The cavity will be attached to a test setup with a cryocooler to measure its performance using conduction cooling instead of a liquid helium bath.
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PROGRESS TOWARDS COMMISSIONING THE CORNELL DC FIELD
DEPENDENCE CAVITY∗
J. T. Maniscalco† , T. Gruber, A. T. Holic, and M. Liepe
CLASSE, Cornell University, Ithaca, NY, 14853, USA
DESIGN UPDATES

Abstract
The Cornell DC Field Dependence Cavity is a new coaxial test resonator designed to study the impact of strong (up
to 200 mT or more) DC surface magnetic fields on the superconducting surface resistance, providing physical insight
into the root of the “anti-Q-slope” and probing critical fields.
In this report we report progress in the commissioning of
this new apparatus, including finalized design elements and
results of prototype tests.

INTRODUCTION
The microwave surface resistance of superconductors has
been shown experimentally to depend on the strength of the
RF magnetic fields parallel to the cavity surface [1]. While
historically the surface resistance has most commonly been
observed to increase with increasing field strength (e.g. in
cavities with medium-field Q-slope and high-field Q-slope),
recent results from nitrogen-doped and infused 1.3 GHz
niobium cavities [2–4] as well as doped and clean niobium
cavities at 2.6 and 3.9 GHz [5, 6] have demonstrated a surface resistance that decreases with increasing field strength,
leading to extremely high intrinsic quality factors in an effect
known as the “anti-Q-slope” or “positive Q-slope”. Further
development of high-Q0 cavities will greatly benefit from a
fundamental understanding of this field dependence.
While these recent experiments have demonstrated the
effects of time-varying magnetic fields, strong DC fields may
have a similar effect on the surface resistance. Indeed, such
a dependence has been observed experimentally in the past
(see for example [7]), though in general these experiments
did not probe bulk superconductors, or niobium specifically,
or at frequencies or RF field levels relevant to modern SRF
applications. The Cornell SRF group has developed the “DC
Field Dependence Cavity” in order to measure this possible effect for contemporary SRF materials and frequencies.
The cavity is now in the final phases of construction at Cornell, with commissioning forthcoming. Figure 1 shows an
overview of the main components of the cavity.
Previous reports have given overviews of the principle of
operation of the apparatus as well as initial and intermediate
design considerations [8, 9]. Here we present a progress
report for the cavity, detailing some final design changes as
well as prototype test results of the superconducting electromagnet and the niobium-sapphire braze.
∗
†

This work was supported by the U.S. National Science Foundation under
Award No. PHY-1549132, the Center for Bright Beams.
jtm288@cornell.edu
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Since our last report on this cavity, we have made several
finalizing changes to its design. The first of these was to
modify the multipacting mitigation corrugations to further
reduce multipacting effects. The corrugations and conical
bore of the outer conductor serve to disrupt the normally
severe multipacting bands in coaxial structures. While earlier designs featured ridges with semi-circular cross sections,
after further simulation with Multipac [10] we found that
rectangular corrugations were much more effective at reducing multipacting events. Figure 2 shows the cross-sectional
geometry of the cavity with improved multipacting mitigation structures; Figure 3 shows some representative results of
the multipacting simulations. For all three resonant modes,
the improved corrugations eliminate low-order multipacting
trajectories; all remaining multipacting trajectories are of
high order (N > 10), indicating significantly reduced risk.
The second design change in the finalization was a modification to the dimensions of the superconducting magnet.
This was necessary to correct for an error in the dimensions
of the stock of superconducting NbTi wire, which was oversized in diameter by ∼ 5% in comparison to the specification.
This discrepancy was first detected in the prototype magnet
test (see below for these results). The changes to the design
amounted to slight modifications to the width and depth
of the steps in the magnet’s mandrel, designed by genetic
algorithm for enhanced field uniformity along the axis of the
solenoid. We re-optimized the mandrel geometry using the
genetic algorithm routine given the corrected wire diameter,
yielding deeper steps with subtly different widths.

PROTOTYPE MAGNET TEST
A major component of the design of the apparatus is the
superconducting electromagnet situated coaxially with the
resonant cavity. As mentioned above, genetic algorithm optimization was used to design “steps” in the mandrel of the
magnet, sections with decreased radius allowing for extra
wire turns to correct for fringe field errors. Figure 4 shows
a cross-sectional view of the mandrel. We built a miniature
prototype magnet to test the efficacy of this design technique,
in particular looking to see that the steps improved uniformity and that the step edges did not introduce any shorts in
the superconducting wires by cutting through the insulation.
Figure 5 shows this prototype.
Figure 6 shows the results of the warm and cold tests of
the magnet prototype alongside the theoretical prediction.
While the measurements indicate high uniformity near the
center of the solenoid, the fringe fields taper earlier than
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Figure 1: Overview CAD image of the DC Field Dependence Cavity.

Figure 4: Cross section of the mandrel of the superconducting solenoid, featuring GA-optimized steps for improving
field uniformity.

Figure 2: Cross-sectional geometry of the DC Field Dependence Cavity featuring improved multipacting mitigation
corrugations.

Figure 5: Prototype magnet.

Figure 3: Simulations yield extremely limited multipacting;
remaining multipacting trajectories (such as the one pictured
here) are in general high-order.

Figure 6: Comparison of results of warm and cold test of
the prototype solenoid to the theoretical model. Discrepancies are likely due to incorrect wire diameter, and will be
corrected for in the final design.
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expected compared to the model. In addition, the overall
field level is ∼ 5% lower than expected from simulation. We
measured the diameter of the wire used to wind the solenoid
and found that it was ∼ 5% larger than the specification,
causing a decreased winding density and therefore decreased
field strength. We believe that this off-spec diameter is also
responsible for the early tapering of the fringe fields: fewer
wire layers fit into the steps than originally planned for, so
the corrective effect of the step sections is reduced.
As mentioned above, this discrepancy has been accounted
for in the final solenoid design. Tests of the final electromagnet will be presented in a future publication.
Comparing the results of the warm (normal-conducting)
and cold (superconducting) tests of the prototype electromagnet, we find good agreement and left-right symmetry,
indicating that there are no shorts between the wires and
mandrel. This is a promising result for the principle of design of the mandrel steps.

PROTOTYPE SAPPHIRE BRAZE
RESULTS
Essential to the cavity structure is the sapphire rod located centrally between the exchangeable inner conductor
sample and the “thermal rod” used for the calorimetric measurements of dissipated power. The sapphire rod serves to
electrically isolate the superconducting inner conductor sample from the rest of the cavity in order to prevent propagation
of RF power down the thermal rod, as well as to thermally
connect the inner conductor and thermal rod to allow for
the calorimetric measurements. Sapphire in particular is
desirable due to its good thermal conductivity [11] as well
as its extremely low loss tangent at cryogenic temperatures,
essential for minimizing unwanted RF losses [12]. In order
to ensure good thermal connection and mechanical stability,
the sapphire piece will be brazed to the niobium thermal rod
and to a niobium-titanium screw for attaching the superconducting inner conductor.
Since the double braze of the sapphire piece to niobium
and niobium-titanium is not a typical procedure in the Cornell SRF group’s brazing facilities, we sought to make a
prototype braze joint using a full-size sapphire piece and
dummy Nb and NbTi pieces. For the braze filler we used
.003”-thick Nicoro (BAu-3), an off-the-shelf gold braze material with liquidus and solidus temperatures of 1000 and
1030 ◦ C. In addition, we chemically prepared the sapphire
with the procedures outlined in [13] in order to make the prototype braze as similar to the final braze as possible. These
chemical procedures are necessary for minimizing the loss
tangent of the sapphire piece.
We based the temperature profile of the braze on the “standard” recipe outlined in the literature [14]. Due to constraints
in our vacuum braze furnace, we were unable to follow the
recipe directly but instead followed a slightly modified temperature profile. The braze was performed in vacuum at the
1 × 10−9 Torr level, with the following temperature profile:
1. Ramp to 500◦ C (15 mins)
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Figure 7: Prototype sapphire braze structure, with central
sapphire crystal, upper NbTi piece, and lower Nb piece. For
scale, the NbTi piece is 3.5 cm in diameter and 2.5 cm tall.

2.
3.
4.
5.
6.
7.
8.
9.

Equilibrate at 500◦ C (1 hr)
Ramp to 850◦ C (5 mins)
Equilibrate at 850◦ C (1 hr)
Ramp to 980◦ C (5 mins)
Equilibrate at 980◦ C (30 mins)
Ramp above liquidus to 1060◦ C (5 mins)
Soak above liquidus at 1060◦ C (35 mins)
Ramp back to room temperature

An initial test braze with a shorter final soak step
(∼ 5 mins) was only partially successful: the upper joint
(NbTi-sapphire) was formed successfully, but the lower joint
(Nb-sapphire) did not fully melt and as a result showed very
poor tensile strength. With the longer soak step outlined
above, the full structure shows good tensile strength and
rigidity. Figure 7 shows a photograph of the finished braze
prototype structure. The success of this braze gives great
promise for the final cavity.

CONCLUSIONS
We have presented progress towards commissioning of the
Cornell DC Field Dependence Cavity, highlighting some final design changes to reduce multipacting and to improve the
uniformity of the DC magnetic field. We have shown results
from a prototype of the superconducting solenoid, showing decent field uniformity and offering information useful
for improving uniformity in the final electromagnet. We
have also shown positive results of a prototype Nb-sapphireNbTi double braze, exhibiting promise for the braze in the
production cavity.
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DESIGN AND COMMISSIONING OF MAGNETIC FIELD SCANNING
SYSTEM FOR SRF CAVITIES*
I. Parajuli†, J. Nice, G. Ciovati1, J. Delayen and A. Gurevich,
Center for Accelerator Science, Physics Department, Old Dominion University, Norfolk, USA
W.Clemens, 1Thomas Jefferson National Accelerator Facility, Newport News, USA
Abstract

Trapped magnetic vortices are one of the leading sources
of residual losses in SRF cavities. Mechanisms of flux
pinning depend on the materials treatment and cool-down
conditions. A magnetic field scanning system using fluxgate magnetometers and Hall probes has been designed and
built to allow measuring the local magnetic field of trapped
vortices normal to the outer surface of 1.3 GHz single-cell
SRF cavities at cryogenic temperatures. Such system will
allow inferring the key information about the distribution
and magnitude of trapped flux in the SRF cavities for
different materials, surface preparations and cool-down
conditions.

INTRODUCTION
Modern particle accelerators rely on Superconducting
Radio Frequency (SRF) cavities. Various elements and
alloys have been investigated
which shows
superconducting behaviour, i.e., having zero dc resistivity
and very small ac resistivity and expulsion of magnetic
fields upon the NC/SC phase transition (MeissnerOchsenfeld effect). Due to a moderately high transition
temperature bulk Niobium (Nb) is a material of choice for
cavity fabrication. With the advancement in research and
development of SRF cavities, the quality factor (Q) of SRF
cavities is now routinely in range of 1010 to 1011 with peak
magnetic field up to ≈ 200 mT, which corresponds to
accelerating gradients Eacc ≈ (35 to 50) MV/m depending
on the cavity shape. Desired parameters for high energy
particle accelerator are accelerating gradient > 50 MV/m
and a quality factor of >1010. Due to RF losses in SRF
cavities, it is challenging to reach both high quality factor
and accelerating gradient. Ideally, all magnetic flux should
be expelled when the cavity temperature is lowered below
the transition temperature. However, disturbances such as
lattice defects or impurities have the ability to inhibit the
expulsion of an external field during the transition from
normal conducting to the superconducting state and
resulting in trapped vortices within the superconducting
material. Vortices are known to be one cause of residual
losses in superconducting Nb cavities [1,2]. The amount of
trapped flux depends on cooldown condition and the
ambient magnetic field [3,4]. Different techniques have
been developed to investigate the losses mechanisms in
SRF cavities. One of them is a thermometry system,
developed and used in many laboratories around the world

[5]. Such a system provides the spatial distribution of
losses at hot-spots, however it could not explain the
physics behind those lossy spots and several questions
arise, such as: What is the distribution of the pinned
vortices? How many vortices are pinned on the surface of
cavity? How the trapped vortex bundles affect the surface
resistance at strong RF field? What cool-down condition
can minimized trapping of vortices in the cavities? Due to
lack of experimental technique, these questions have been
largely unanswered. Thus, additional diagnostic tools are
required. A magnetic field mapping system is a new tool
which will be used to tackle the physics of residual RF
losses in SRF cavities.

EXPERIMENTAL DESIGN
Probes
Two types of probes are going to be used. One is a
cryogenic Flux Gate Magnetometer (FGM) and the other
is a cryogenic Hall Probe (HP). FGM is a single axis
magnetometer probe (Mag-F from Bartington) which can
measure magnetic flux as low as 0.1 nT and up to 0.2 mT.
It has cylindrical shaped with a 6 mm diameter and 28 mm
length. The cryogenic HP is a single-axis probe (HHP-VFS
from Arepoc) with a 20 µm× 20 µm active area. Hall
probes work on the Hall effect principle. A set of 16 Hall
Probes have been calibrated by placing them in a uniform
magnetic field produced by Helmholtz coils. A single FGM
next to the HPs was used as a reference. The calibration
was done at 10 K, 4.3 K and 2 K. The sensitivity is
~94 nV/µT and does not change with temperature between
10 K and 2 K. The experimental setup for the HPs
calibration is shown in Fig. 1

___________________________________________
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Figure 1: Hall probes calibration setup.
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Brackets and Motors
Two brackets are used to attach the two types of sensors.
Three stepper motors are used to move the system. The first
stepper motor is mounted on the test stand top plate and
performs motion along α angle, shown in Fig. 2. The other
two are cryogenic stepper motors (VSS25.200.1,2 from
Phytron) used to move the sensors along β and γ angles,
also shown in Fig. 2. The range of angular movement in α
direction is 360o and 60° in β and γ directions. In order to
shield the cavity from the residual field of the stepper
motors, they are enclosed in custom made magnetic shields
(A4K, Amuneal) reducing the magnetic field to less than
1 mG at the cavity surface.
The brackets are designed to fit the contour of 1.3 GHz
TESLA/XFEL single-cell cavities.
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motion control. NI-9265 current source will be used for
Helmholtz coils. A cryogenic temperature monitor (Model
18i, Cryocon) will be used for temperature measurement
(see Fig. 3).

Figure 3: Schematic of probe holder along with probe.

PROGRESS
A picture of the setup assembled on a single-cell cavity
is shown in Fig. 4.

Figure 2: Bracket and associated motors system.
Because of the curved surface of cavity we are using
brackets. Four sensors in each brackets are attached and
two sensors on each bracket are stationary while two other
are moved by a rack-and-pinion gear system. This
dynamic nature of the system helps reduce the cost of
experiment since each sensor cost > $600. It also allows for
much better coverage of the surface.
The orientation of the sensors will be normal to the
surface of the cavity wall, since the magnetic field of
vortices exits the superconductor normal to the surface.
The probes are held in contact with the cavity surface
through spring-loaded holders. The HPs are set in a holder
which keeps them at 120 µm from the surface, since these
sensors are very delicate and should not make direct
contact with the cavity

DATA ACQUISITION
For instrument control and data acquisition we will use
a LabVIEW program. Arepoc’s data acquisition module
ETH2AD will be used to acquire data from Hall probes.
Mag01H will be used to take data from fluxgate
magnetometers. We will use a single Mag01H module and
take data from all FGMs using the Keithley’s multiplexing
module (2701/7701). A four axis ethernet stepper motor
controller (PMX-4ET-SA, from Arcus Technology) along
with three single axis microstep drivers will be used for
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Figure 4: Scanning system with cavity.
For instrument control and data acquisition, a LabVIEW
code has been written, and bench tested. The front panel of
the program is shown in Fig. 5. This LabVIEW program
can be run in two modes: Scan mode and monitor mode.
Scan mode is automated mode. In scan mode, initially, all
motors are in specified position. Once program run, the
coordinate in 𝛽𝛽 and 𝛾𝛾 directions increases by Δ𝛽𝛽 and Δ𝛾𝛾,
respectively, in the clockwise direction. Data are taken
from all sensors after each angular increment. This
increment continues until motors trigger their
corresponding positive limit switches, +𝐿𝐿𝛽𝛽 and +𝐿𝐿𝛾𝛾 . Once
the positive limit switch is triggered, the coordinate in 𝛽𝛽
and 𝛾𝛾 direction decreases by Δ𝛽𝛽 and Δ𝛾𝛾 and then moves in
the counter-clockwise direction. Data are taken by sensors
at each decrement. This decrement continues until motors
trigger their negative limit switches −𝐿𝐿𝛽𝛽 and −𝐿𝐿𝛾𝛾 . When
both positive limit switches or both negative limit switches
are triggered, the coordinate in 𝛼𝛼 direction is increased by
Δ𝛼𝛼. This process continues until the positive limit switch
+𝐿𝐿𝛼𝛼 , for 𝛼𝛼 is triggered. Once +𝐿𝐿𝛼𝛼 is triggered the program
Fundamental R&D - Nb

flux trapping

SRF2019, Dresden, Germany

is stopped. Three-dimensional map of the magnetic field
distribution will be plotted in intensity graphs for HP and
FGM separately. Temperature data from temperature
sensors will be recorded as well and plotted in the graph.
Data will be stored in the .txt format. In monitor mode: we
can move motors up to fixed positions and take data
continuously at chosen positions.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP052

SUMMARY
A system for measuring the magnetic flux trapped in the
walls of 1.3 GHz SRF cavities has been designed and built.
The system allows for measuring magnetic fields using
both FGMs and HPs and allows for scanning of the equator
region. The system has been tested at room temperature
and will be commissioned soon in a vertical cryostat filled
with liquid Helium.
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Figure 5: LabVIEW front panel for data acquisition.

FUTURE PLAN
After commissioning of the system at 4.3 K, we will do
magnetic field measurement at the outer surface of the
cavity. Before a measurement, the following process will
be carried out.
- Surface preparation: We will prepare the surface of
a cavity by first removing to the damaged surface
layer using either BCP or EP. After that we will do
low temperature baking and heat treatment. We will
also do doping on the cavity.
- Cleaning by pure water i.e. high pressure rinsing
and let it dry and then assemble RF probes and
ultimately attach to a test stand for evacuation.
- Find quench locations and hot spots using
temperature mapping while doing high power RF
tests at 2 K.
- Warm up the cavity up to room temperature and
remove temperature mapping system and assemble
the magnetic mapping system and then return the
cavity under vacuum to the testing dewar.
- Cool-down the cavity again to 2 K. Record the
magnetic field data before and after the transition
temperature. Do high power RF test again and map
the magnetic field during the test.
Along with these steps, we will perform different cooldown procedures in varying magnetic fields using
Helmholtz coils so as to get information about the amount
of vortices being pinned in different conditions. Magnetic
scanning of 1.3 GHz cavities made of both fine grain and
large grain Nb will be performed following the process
mentioned above. We will also do magnetic scanning of a
Nb/Cu bimetallic 1.3 GHz cavity.
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OPTIMAL THERMAL GRADIENT FOR MAXIMUM FLUX EXPULSION
IN 600 ºC HEAT-TREATED CEBAF 12 GEV UPGRADE CAVITIES*
R. L. Geng†, F. Marhauser, P. Owen, Jefferson Lab, Newport News, VA, USA

INTRODUCTION
Trapped magnetic flux in superconducting niobium cavities is a well-known cause for the residual surface resistance, leading to unwanted heat dissipation at cryogenic
temperatures. A large effort has been recently made in pursuit of small flux trapping in SRF cavities for the 4 GeV
CW SRF linac in LCLS-II. One outcome of that effort is to
push cavity heat treatment temperatures beyond the standard 800 ºC for EXFEL and ILC R&D cavities.
Our CW SRF twin linacs in CEBAF provide acceleration for a beam energy up to 12 GeV by circulating electron bunches. Each 1.1 GeV linac consists of 160 original
5-cell cavities (C20) and 40 new 7-cell cavities (C100).
Large cryogenic cooling is needed. CEBAF cavities are
made from high purity niobium similar to that for E-XFEL,
ILC R&D and LCLS-II. However, there are differences in
the post-fabrication hydrogen outgassing heat treatment in
a vacuum furnace (see Table 1). Current effort driven by
LCLS-II has resulted in an increase in the post-fabrication
heat treatment temperature, now typically at 900 ºC, i.e.
well beyond the standard 800 ºC. The benefit seems to be
associated with metallurgical effects (such as grain growth)
brought about at higher temperatures. From that point of
view, one may expect our CEBAF cavities to trap ambient
flux in entirety, as a result of their 600 ºC heat treatment
being ineffective for the said benefit.
The work presented here was initially carried out to verify that expectation. A surprising anomaly was observed after a few tests. It then triggered our effort into systematic
studies. Deviations from complete flux trapping are ob____________________________________________
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Machine
CEBAF C20
CEBAF C100
EXFEL
LCLS-II

Temperature [ºC]
No heat treatment
600
800
800-995

Duration [h]
N/A
10
3
3

EXPERIMENTAL
The measurement setup is illustrated in Fig. 1. Cryogenic single-axis fluxgate magnetometers are attached to
equators with the sensor axis in parallel with the cavity axis
as was done in Ref. [1,2]. Temperature sensors are attached
next to magnetometers and cavity ends. The cavity is supported in a cage with beam tube ports covered with aluminium foils. Styrofoam inserted between the cavity beam tube
and the holding bracket breaks the electrical loop circuit.
This completely eliminates magnetic fields generated by
the thermal currents during the cool down process.
T

TOP

SS bracket
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T3

C3

B4

T4
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vertical dewar

We present results on measurements of flux expulsion in
CEBAF 12 GeV upgrade cavities that were made from
high purity fine-grain niobium. These cavities were heat
treated in vacuum at 600 ºC, a departure from today’s more
common treatment temperature of 800 ºC. An optimal thermal gradient ~ 10 K/m is observed at which the ordinary
flux expulsion indicator Bsc/Bnc is maximal. Surprisingly,
that maximal value reaches or exceeds the theoretically
calculated limit of 1.23, suggesting perfect flux expulsion
is possible. We also observed Bsc/Bnc values clearly smaller
than unity (down to 0.66), suggesting “flux admission” under certain conditions. These results indicate that a suitably
controlled cool down might be possible for maximizing
flux expulsion or minimizing flux admission, thus opening
a cost-effective path for improving the quality factor of
cavities installed in CEBAF and ultimately saving accelerator operation cost.

served, including large flux expulsion under certain conditions and “opposite” flux expulsion under other conditions.
131 cool down cycles were completed, corresponding to
nearly 1000 cell-cycles. Detailed analysis of the results are
still ongoing, in this contribution we will provide a preliminary report.
Table 1: Cavity Heat Treatment Parameters

titanium cage
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cold helium gas

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

s

s=0
T

BOT

styrofoam

flux gate magnetometer
cernox temperature sensor
resistive heater

Figure 1: Sketch (L) & photo (R) of measurement setup.
The instrumented cavity is inserted in a vertical dewar
(D4) in JLAB’s Vertical Test Area. The ambient magnetic
field is controlled by adjusting the excitation current of a
pair of coils wrapped around the dewar’s OD. The ambient
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The flux expulsion efficacy is indicated by the quotient
of two experimentally observed quantities Bsc & Bnc, referred to as the Posen Quotient (PQ) hereafter, following
Posen [2]. The theoretical limiting PQ values are 1 for
complete trapping and 1.23 and 1.35 for perfect expulsion
in mid- and end-cells, respectively. The latter are calculated
numerically (Fig. 2). More details on our calculations can
be found in Ref. [3], i.e. a somewhat higher maximum PQ
of 1.23 is found than plotted in Fig. 2 when accounting for
the weld preparation machining steps on cell equators and
averaging values over the sensitive core of the magnetometer some distance away from the cavity surface. The upper
bound of the theoretical value for perfect expulsion is 1.25
for the case where no weld prep is present.

at the bottom of the dewar. Cooling down with the heater
off produces a condition in which the bottom end of the
cavity is always colder than its top end. As a result, there is
a single superconducting phase front and it moves upward.
The PQ is the average of two measured values both during
cool down and warm up across Tc.
The controlling parameter for our measurements is the
spatial temperature gradient along the curved cavity wall
(see Fig. 1) at the location of the magnetometer for the instant of the phase front arrival, dT/ds. The procedure for
finding this value is given in Ref. [4]. It is based on the
local cool down rate dT/dt and the phase front movement
speed υc. The range of dT/dt and υc covered in our measurements is 6×10-4 – 1×10-1 K/s and 0.2 – 4 mm/s, respectively, resulting in a dT/ds in the range of 10-1 – 102 K/m.

RESULTS
Measurement results of two C100 cavities RI009 &
RI024 are shown in Fig. 3 (a) & (b), respectively. Typical
error bars are shown for one data series in each plot for
clarity. The theoretical limiting values for perfect flux expulsion in a mid-cell and end-cell and complete trapping
are indicated as well. As can be seen, for some cavity cells
(such as RI009 Cell#1,3,7 and RI024 Cell#7), PQ is rather
insensitive to dT/ds and its value is close to unity, or almost
complete flux trapping regardless of cool down conditions.
This case confirms the initial expectation for 600 ºC heat
treated high purity fine-grain niobium cavities.
RI009 Run 4-41
1.5
Bsc/Bnc Cell#1
Bsc/Bnc Cell#2
Bsc/Bnc Cell#3
Bsc/Bnc Cell#4
Bsc/Bnc Cell#5
Bsc/Bnc Cell#6
Bsc/Bnc Cell#7

1.4

1.3

(a)

End-cell perfect expulsion

Mid-cell perfect expulsion

1.2

1.1

1.0

Perfect Trapping

RLGENG27FEB18

field as generated in this way is predominantly orientated
in the vertical direction (or axial direction of the cavity). Its
amplitude is dependent on the penetration depth from the
top of the dewar (the deeper the smaller). The typical value
for the bottom cell (Cell#7) and top cell (Cell#1) is 7 and
20 mG, respectively. Activities generating rapid disturbances on measured magnetic flux densities, such as overhead crane movements, nearby dewar radiation shield
movements, and nearby LCLS-II cryomodule degaussing
in the cryomodule testing cave, must be controlled. Slow
disturbances due to the chilling of the passive mu-metal
shield is mitigated by blowing air around the dewar deck
with air circulation fans. Three C100 7-cell cavities and
two CEBAF 5-cell cavities have been measured (Table 2).
Table 2: Cavities and Number of Test Cycles
Cavity
Type Material Supplier
# Cycles
RI009
C100
Tokyo Denkai
44
RI024
C100
Tokyo Denkai
50
PJN7-1
C100
Ningxia OTIC
19
C5-1 & -2 C20
*
18
* Niobium materials for original CEBAF cavities were supplied by
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RI024 Run 1-23
1.5
PR_avg_C1
PR_avg_C2
PR_avg_C4
PR_avg_C5
PR_avg_C6
PR_avg_C7

1.4
1.3

(b)
End-cell perfect expulsion

Figure 2: Calculated result for ideal flux expulsion in a
C100 cavity. The model is shown in the inset.

1.1
Perfect Trapping

1.0
0.9

RLGENG12JUN19

Posen Quotient

Mid-cell perfect expulsion

1.2

0.8
0.7
0.6

The cavity cool down is regulated by adjusting the JT
valve opening on the D4 LHe supply line and warm up is
regulated by adjusting the drive current of a resistive heater
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Figure 3: Posen Quotient as a function of spatial temperature gradient at location of measurement.
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13
12
11

PQ=0.74
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DISCUSSION
A complete understanding of flux trapping in SRF niobium cavities cooled in a weak ambient magnetic field is
still lacking. Our experimental observation of Posen Quotients outside of the lower and upper bounding values corresponding to the case of complete trapping or perfect expulsion seems to offer a new opportunity for probing the
dynamic process.

Flux Admission (PQ < 1)
Figure 4 shows the dependence of the local magnetic flux
density on the corresponding local temperature for monitored cells (6 out of 7) of RI024 during its 5 th cool down
and following warm up.
While the behaviour of cell#1 in Fig. 4(a) is consistent
with partial flux expulsion, cell#2, 4, 5, and 6 in Fig. 4(b),
(c), (d), and (e) show just the “opposite” of flux expulsion.
Cell#6 registered a record low PQ value of 0.66. Probing
at Cell#4 with clustered magnetometers (wall to wall space
about ¼ inch between the nearest sensors) attached around
the original magnetometer at that cell (see Fig. 5) revealed
flux density decreasing at all four probes upon cooling
down across Tc (all being reversed upon subsequent warm
up across Tc). This proves that the ambient flux is moving
toward, as opposed to away from, the cavity wall. Therefore, we are observing for the first time “flux admission”.
It should be mentioned that Run 5 of cavity RI024 was
cooled down with very small JT opening, resulting in slow
cool down and small (~ 4 K) temperature difference from
the top to bottom end of the cavity.

20
19
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Contrary to our initial expectation, large departure in PQ
from unity is observed. One the one hand, PQ exhibits
strong dependence on dT/ds for some cells (RI009 Cell#4,
6 and RI024 Cell#1,2,4,5,6), with its peak values in this
case approaching to and even exceeding the theoretical
limit of 1.23; On the other hand, PQ values clearly below
unity are observed quite often, an extreme case being 0.66
for Cell#6 of cavity RI024. For both cavities, there is an
optimal dT/ds at 10±3 K/s for maximal PQ.

9
Cell#4 Equator Plain Cross-Section View

8
13

(d)
B @ C5 [mG]

12

B4+

11
10

B4-

PQ=0.77

B @ C6 [mG]

B4-

B4

B4+

(e)

11
10
9
8

PQ=0.66

7
6
12

(f)
11
10

PQ=1.02

9
8
9.0

B4δR

Figure 5: Clustered magnetometers at Cell#4 of RI024.
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Figure 4: Dependence of local flux density on temperature
during cool down & following warm up of RI024 (Run 5).
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PQ > 1.23 and Possible Explanation
The observation of a PQ > 1.23 for mid-cells, the theoretical value for homogeneous perfect flux expulsion, is not
fully understood. Our calculations have taken care of detailed geometries of the equator region and averaging over
the sensitive volume of the magnetometer. We also benchmarked our calculation procedure with a LCLS-II 9-cell
cavity model and obtained a theoretical value of 1.39 for
perfect expulsion, literally identical to that obtained by Posen, which is 1.4 [5].
We should mention a notable difference in the ambient
magnetic field between our calculations and measurements. It is homogeneous for the former and non-uniform
for the latter. However, as we know from numerous measurements that the flux expulsion is a “local” event near the
phase front. It is not expected that a non-uniformity in Bnc

Fundamental R&D - Nb
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over the cavity length (or its major radius) has any role in
the observed anomaly.
It should be also mentioned that the theoretical calculation is done with the assumption of homogeneous expulsion, which might be not true in reality. This effect is numerically modelled for our C100 cavity to reveal the picture of uneven flux expulsion from cell to cell by assigning
cell-dependent relative permeability µr. An example is
given in Fig. 6. In this case, the µr value assigned for the
cells are different as shown in Fig. 6(a). Perfect trapping
and expulsion is modelled by a µr value of 1 and 10-6, respectively. The Cell #4&6 represent perfect expulsion,
while Cell #1,3,5,7 nearly perfect trapping, and Cell#2 in
between. This model is subjected to a uniform externally
applied magnetic field. The resulting field map is shown in
Fig. 6(b).

(a)

Cell#1 Cell#2 Cell#3 Cell#4 Cell#5 Cell#6 Cell#7
-6
-6
µr=0.95 µr=0.1 µr=0.95 µr=10 µr=0.95 µr=10 µr=0.95

(b)

Figure 6: Model and result of cell-to-cell inhomogeneous
flux expulsion.
Figure 7 gives the results for four cases: “Case 1” for homogeneous perfect flux trapping; “Case 2” for homogeneous perfect flux expulsion; “Case 8” for inhomogeneous
expulsion corresponding to the model in Fig. 6; “Case 13”
for another inhomogeneous expulsion model.
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For Case 8, the PQ for Cell#4&6 is ~ 1.46, exceeding
1.23 which is the value for homogeneous perfect expulsion
in every cell. This is quite close the measurement results
for cavity RI009 shown in Fig. 3(a). Inhomogeneous expulsion is therefore a possible reason for PQ > 1.23 in the
mid-cells. PQ values less than unity is also borne out for
Case 8 as well as Case 13.
Theoretical PQ values in our current analysis are calculated with a static field and fixed material property. In our
experimental measurements, the cool down is a dynamic
process with a moving phase front separating the cavity
wall below it that is in superconducting state from that
above it in normal conducting state. Therefore, these models with assigned cell-to-cell inhomogeneous µr are not realistically matched to the experimental situations. A timedomain calculation would be preferable for future simulation studies.
An alternative explanation to the observed anomaly is
that a more fundamental mechanism may be at play near
the phase front. For example, a flow of fluxes driven by the
pinning force in the azimuthal direction just before the local fluxes are expelled, hence raising the observed Bsc beyond that corresponding to the theoretical value for a given
Bnc, or a PQ value exceeding the theoretical value that is
calculated assuming homogeneous expulsion. A complete
understanding has to wait until further studies.
It is noted that the theoretical value for perfect expulsion
from a single-cell is much larger than for a multi-cell of the
identical shape. In case of our C100 cavity, it is 1.54
and1.48 for a mid-cell with and without beam tubes, respectively. The fact that the theoretical PQ is dependent on
the geometry and cell numbers makes it obscure for material studies with different cell shapes or numbers. This situation leads to a natural need for a measure to indicate the
absolute flux expulsion efficacy. In fact, a normalization
technique is available for this [6] and it is to be adopted for
our future analysis.

Angular Spread in PQ
Briefly, we want to mention the observation of angular
spread in PQ. The measurements are carried out with three
magnetometers attached to the equator of the same cell, 90
degree apart. Each magnetometer is accompanied with a
temperature sensor. Two cells are instrumented in this fashion for each cool down run. Tests confirm that there is always a fairly uniform temperature angular distribution near
9.25 K. The measured PQ, however, typically has an angular spread well above the measurement uncertainty. For example, over 6 cool down cycles, Cell#1 of cavity RI024
exhibits an average spread of 13%, with a minimum and
maximum value of 7% and 19%, respectively; Cell#4 an
average spread of 26%, with a minimum and maximum
value of 10% and 61%, respectively.

Cool Down Speed dT/dt
Figure 7: Calculated PQ in each cell of a 7-cell C100 cavity
for perfect homogeneous trapping (Case 1), perfect homogeneous expulsion (Case 2), and different models of cellto-cell homogeneity in flux expulsion (Case 8 & 13).
Fundamental R&D - Nb
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The spatial temperature gradient dT/ds is correlated with
the local cool down speed dT/dt. Figure 8 shows an example
for the cavity RI024. Trifurcation for dT/dt < 3×10 -3 K/s is
resulted from cooling with heater being on or off. Similar
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correlation is observed for cavity RI009. In view of the
characteristics of PQ(dT/ds) in Fig. 3(b), it becomes apparent that in practical terms neither “fast” nor “slow” cool
down is desired for maximal flux expulsion in C100 cavities. A “goldilocks” cool down is to be applied.

dT/ds [K/m]
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[3] F. Marhauser, R. Geng, “Numerical Magnetic Flux Exclusion
Studies for a Single-Cell (EIC) Cavity and a CEBAF Upgrade
Cavity”, JLAB Internal Tech Note, JLAB-TN-18-052 (2018).
[4] S. Huang, T. Kubo, R. L. Geng, “Dependence of trapped-fluxinduced surface resistance of a large-grain Nb superconducting radio-frequency cavity on spatial temperature gradient
during cooldown through Tc”, Phy. Rev. Accel. and Beams
19, 082001 (2016).
[5] S. Posen, private communication (2018).
[6] S. Huang, R. L. Geng, “Can Present Techniques for Cavity
Flux Expulsion Efficacy Measurements be Unified?”, Talk
presented at the TTC/ARIES topical workshop on flux trapping and magnetic shielding, CERN, Switzerland, Nov. 8-9,
2018. https://indico.cern.ch/event/741615/contributions/3179925/
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Figure 8: Correlation between local spatial temperature
gradient and local cool down speed.

CONCLUSION
We presented results on measurements of flux expulsion
in CEBAF 12 GeV upgrade cavities that were made from
high purity fine-grain niobium and were heat treated in
vacuum at 600 ºC. An optimal thermal gradient ~10 K/m is
observed at which flux expulsion is maximal in some cells.
The maximal value of Posen Quotient reaches or exceeds
the theoretically calculated limit, suggesting perfect flux
expulsion is possible. Posen Quotient values clearly
smaller than unity, as low as 0.66, are observed. Probing
with clustered magnetometers suggests that we are observing “flux admission”. These results indicate that a suitably
controlled cool down might be possible for maximizing
flux expulsion or minimizing flux admission, thus opening
a cost-effective path for improving the quality factor of
cavities installed in CEBAF and ultimately saving accelerator operation cost.
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HOW IS FLUX EXPULSION AFFECTED BY GEOMETRY: EXPERIMENTAL EVIDENCE AND MODEL
David Longuevergne
IPNO, CNRS-IN2P3, Université Paris Sud, Université Paris-Saclay, Orsay, France
Abstract
Measurements of magnetic sensitivity to trapped flux on
several type of cavity geometries have been performed at
IPNO showing a clear geometrical effect. Magnetic sensitivity depends not only on material quality but also on the
cavity geometry and on the residual magnetic field orientation. A presentation of experimental data will be done.
These will be as well compared to the theoretical magnetic
sensitivities calculated thanks to a simple Labview routinepaper.

INTRODUCTION
Performances of a superconducting accelerating cavity
made of bulk Niobium are strongly affected by the presence of a residual magnetic field while transiting into its
superconducting state. Trapped vortices interact strongly
with the radiofrequency (RF) electromagnetic fields inducing additional dissipations in the helium bath [1]. These additional losses can be modelled by a resistance Rmag dependent on temperature and, as it will be shown, on the RF
field amplitude and orientation.
The total surface resistance of a superconductor is the
sum of a temperature dependent contribution called the
BCS resistance (derived from BCS theory of superconductivity, See Eq (1)) and a contribution defined as the residual
resistance (remaining resistance at 0K, See Eq. (2)). This
contribution is mainly due to material imperfections (pollution, defects, grain boundaries…) and obviously magnetic flux trapping.
(1)
RS  R BCS ( f , T )  Rres ( f , T )

Rres  R0  Rmag ( f , T )

(2)

To prevent Niobium from trapping magnetic flux coming from earth or magnetic parts at the vicinity of the cavity, magnetic shields are installed around the superconducting cavity. High permeability material as permalloy (µmetal), Cryophi® or A4K are used to funnel the magnetic
field and thus attenuating strongly the residual magnetic
field inside it. Specifications on the attenuation factor required to ensure good performances of the cavity are given
by the total resistance tolerable and thus by the budget allocated to the magnetic contribution.
Once the project has specified the maximum Rmag allowable, the total attenuation Hres/Hearth required for the magnetic shield is given by Eq. (3):
(3)
Rmag  mag  Smag ( f , T )  H res
Where mag is the flux trapping efficiency coefficient,
Smag the magnetic sensitivity of the cavity expressed in
nΩ/mG and Hres the mean residual magnetic field present
Fundamental R&D - Nb
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at transition. A simple empirical model [1] gives a good approximation of Smag as formulated in Eq. (4):
R ( f ,T )
(4)
S mag  n
2  H c 2 (T )
With Rn the normal resistance and Hc2 the second critical
field of the material.
As it will be discussed in this paper, the real magnetic
sensitivity is extremely difficult to predict as this one can
depend on many parameters:
 Frequency of the cavity. Sensitivity scales with the
square root of frequency given by the frequency dependence of a resistive material subject to a RF field.
 Geometry of the cavity. The residual trapped flux is
not the same depending on the orientation of the magnetic field versus the cavity walls [2].
 Quality of surface and material. The more pinning
centers are present in the material, the more vortices
can be trapped while transiting and reduce flux expulsion efficiency [3].
 Cooling-down conditions (thermal gradient, cooling
speed, …). Thermal gradients promote field expulsion
when material quality is good enough [4].
This paper will give details on magnetic sensitivity
measurements of three types of cavities.
The first is a Quarter-Wave Resonator (QWR) made of
bulk Niobium operating at a frequency of 88 MHz built for
Spiral2 project [5]. The second is a Double-Spoke Resonator (DSR) made of bulk Niobium operating at 352 MHz for
ESS project [6]. And the third is Simple-Spoke Resonator
(SSR) made of the same material and operating at the same
frequency for MYRRHA project [7].

EXPERIMENTAL SET-UP
The Vertical Cryostat
In an effort to fully qualify any new cavity design or a
new surface treatment process or procedure, cavities are
first tested in what is commonly called a “vertical cryostat”. Contrary to accelerating module used on an accelerator and optimized in that sense, vertical cryostats are optimized to provide optimal testing conditions to address
cavity performances. The intrinsic quality factor (noted Q0)
is evaluated at different accelerating gradient (noted Eacc)
by measuring the power dissipated in the cavity walls Pc.
The cryostat available at IPNO (Institut de Physique Nucléaire d’Orsay) in operation since 1998 and upgraded in
2018 is capable of hosting two jacketed cavities (equipped
with their helium jacket) in a volume constrained in a cylinder of 2 m high and 1.15 m in diameter.
The cryostat is externally shielded on the side by 1mmthick permalloy sheets rolled around the vacuum vessel.
TUP054
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The horizontal component of the magnetic field is significantly attenuated. Because of design constraints, the vertical component is not shielded by permalloy sheets installed
on the top and bottom of the cryostat but by three compensating coils inserted in between the magnetic shield and the
vacuum vessel as depicted in Figure 1. This configuration
allows either to reduce the magnetic field to a minimum
value to optimize the cavity performances or to apply a uniform vertical field to evaluate the magnetic sensitivity to
vertical field of any cavity. Figure 2 shows two examples
of magnetic configurations of residual field.

Figure 2: Example of residual magnetic field configuration
applied in IPNO vertical cryostat. The vertical and horizontal components are measured along the central axis of the
cryostat

Measurement Capabilities

Figure 1: Vertical cryostat in operation at IPNO with its
passive and active magnetic shields. The insert is loaded
with two ESS Double Spoke Resonators.

Magnetic Sensors
Regarding magnetic measurement, the very low magnetic field to be measured makes the fluxgate magnetometer the best technology in our test conditions (vacuum, low
temperatures). As fluxgate sensors adapted to cryogenic
environment are only available as single axis sensors, three
of them are assembled on a support to measure the three
axis. A home-made multiplexer has been built to read up to
twelve type G sensors with only one controller
(MAG01-H) from Bartington [8]. The magnetic field resolution is of 0.02 mG over a range of 20 G. Integration time
imposes a minimum multiplexing rate rather slow of about
six seconds. To avoid any crosstalk between sensors, both
current and voltage leads are multiplexed. Only one sensor
is energized at a time.

TUP054
556

Several types of measurements are possible with the current set-up:
 Evaluation of the magnetic sensitivity to residual vertical magnetic field of different type of superconducting cavities (Smag).
 Evaluation of the flux trapping efficiency (mag). Usually complicated to achieve on cavities as they are
equipped with a helium tank limiting significantly the
cavity accessibility for instrumentation.
 Monitor magnetic field behaviour during cooling
down generated by thermos-currents because of the
existence of bi-metallic junctions.
 Evaluate magnetic shield efficiency.
This paper will only focus on sensitivity measurements
of three different cavities as depicted in Figure 3. Vertical
sensitivity has been measured on Spiral2 QWR and
MYRRHA SSR whereas the longitudinal sensitivity of
ESS DSR has been measured as this cavity has been installed vertically in the cryostat.
Cooling speed through transition has also been investigated on Spiral2 QWR and MYRRHA SSR without any
measurable effect on the residual resistance even-though
some differences have been observed on the flux expulsion
[7,9].
The surface exposed to the intense radiofrequency electromagnetic field of these three cavities have been prepared
following the standard procedure with SUPRATECH facilities at IPNO:
 Degreasing in an ultrasonic bath with detergent.
 Surface abrasion by Buffered Chemical Polishing of
at least 200 µm (BCP)
Fundamental R&D - Nb
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 Optional hydrogen degassing at 650°C during 10 h.
 High Pressure Rinsing with ultra-pure water
 Drying and assembly in ISO4 clean room
Based on experiments done on polycrystalline Niobium
and at the sight of the surface preparation performed, we
can consider mag as a constant and equal to 1. Indeed,
without any recrystallization process, close to 100% of the
residual magnetic field is trapped [10].

Figure 3: From left to right, RF magnetic field distribution
of: Spiral2 QWR, MYRRHA Single Spoke Resonator
(SSR) and ESS Double Spoke Resonator (DSR).

EXPERIMENTAL RESULTS
The magnetic sensitivity is estimated thanks to the following procedure:
 The cavity is cooled down in an ambient residual magnetic field as low as possible as depicted previously in
Figure 2. The vertical component stays below 10 mG
as well as the horizontal component
 The surface resistance at low field is estimated from
the Q0 measurement and with Eq. (5)
G
(5)
R 
S

Q0

 The cavity is warmed up slowly above transition during the night (>50 K) and then cooled down in a homogeneous vertical magnetic field up to 110 mG (See
Figure 2). The horizontal component stays below
15 mG.
 The magnetic sensitivity is then derived from Eq. (3)
by considering that the flux is fully trapped. We obtain
the following formula Eq. (6):
Rs
(6)
S 
mag
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Geometrical Dependence
One can appreciate from experimental data in Table 1
that the measured sensitivities are systematically and significantly lower than the theoretical sensitivities. Moreover, the difference of sensitivity of the QWR to a vertical
or horizontal field (See Figure 4) is suggesting very
strongly a geometrical dependence.
The fact that RF magnetic field are mainly distributed
around the inner conductor, meaning around an almost vertical surface could explain these observations. Indeed, as
the surface resistance is estimated from Q0, or in other
word from power dissipations, a change in surface resistance could be measured only if this occurs in RF magnetic field regions. Trapping flux on the bottom of the
QWR, for example, wouldn’t make the Q0 drop as only RF
magnetic fields (and not electric fields) are dissipating.
However, this fact only is not sufficient to cause this geometrical dependence. The flux trapping mechanism has to
be as well dependent on the angle between the cavity surface and the residual magnetic field. In the literature, magnetization studies (reversible and irreversible) on type-II
thin films have been performed and would confirm the angular dependence. For low magnetic fields (<< Hc2), the
irreversible magnetization Mirr, meaning the remaining
trapped vortices, tends to be equal to the normal component
to the surface of the applied field H and not to the norm
of Hres [2]. These results would be in good agreement with
our observations and hypothesis.

Field Dependence
During all flux trapping experiments and systematically
for all three types of cavities, the same behaviour of the
surface resistance versus the amplitude of the RF field has
been observed. The field dependence of the surface resistance, and more specifically the linear dependence is
strengthened with the amount of trapped flux as shown in
Figure 4 and Figure 5.

H res

The sensitivities measured on the three types of cavities
are summarized in Table 1.
Table 1: Measured Sensitivities (n/mG)
Type of
cavity

Measured
component

QWR

Vertical

Theoretical
sensitivity*
0.08

Measured sensitivity (error)
0.006 (-93%)

QWR

Horizontal

0.08

0.050 (-38%)

SSR

Vertical

0.12

0.043 (-64%)

DSR

Beam axis

0.12

0.060 (-50%)

Figure 4: Surface resistance plotted versus accelerating
gradient of a Spiral2 QWR for different ambient magnetic
field applied: optimal (diamonds), vertical (square) and
horizontal (triangle).

*Estimated from Eq. (4).
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The surface resistance Rs can be interpolated linearly at
fields below 4 MV/m with the following Eq.(7):
(7)
Rs  R0  R1  Eacc
With R0 the zero-field surface resistance and R1 the linear coefficient and Eacc the accelerating gradient.
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done. Indeed, the hydrogen degassing treatment shifts the
curves down without changing significantly the slope. Hydrogen degassing is known to prevent any precipitation of
Niobium hydrides behaving like weak links. These weak
links, as explained in [11], induce a linear increase of the
surface resistance versus RF field. It makes then sense that
hydrogen degassing shifts down R1 as the contribution
coming from Niobium hydride becomes zero. On the other
hand, the 120°C baking seems to mitigate the dependence
of R1 versus R0. Additional investigations are being performed to understand these strong correlations.

MODEL TO EXPLAIN GEOMETRICAL
EFFECT

Figure 5: Surface resistance plotted versus accelerating
gradient of a ESS DSR for two different ambient magnetic
field applied: low (circle) and high (triangle) and at three
different temperatures: 3.5K, 3K and 2K.
The last plot is highlighting a very interesting behaviour
of the surface resistance versus accelerating field. The linear coefficient R1 is increased not only by residual magnetic field but also by temperature. This tends to show that
the linear dependence is not only caused by trapped flux
but more generally by any contributions to the surface resistance (BCS, material defects, …). Figure 6 is summarizing the correlation between R0 and R1 for all three cavities
at different trapped magnetic field level (encircled), temperatures and heat treatments.

Figure 6: Linear coefficient (R1) correlation with zero-field
coefficient (R0) for Spiral2 QWR (triangle), ESS DSR (circle) and MYRRHA SSR (square) between 4.2K and 2K
and for different heat treatments (10h - 650°C hydrogen
degassing and 48h - 120°C baking).
The strong impact of heat treatments on both coefficients
suggests that the linear dependence
Any material property modification makes the correlation change significantly depending on the heat treatment
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As stressed previously, the measured magnetic sensitivities are systematically lower than the theoretical model.
Moreover, the relative error between the measured and theoretical sensitivities is changing with the type of cavity and
the magnetic residual field orientation. This suggests that
material properties of Niobium are not the only driving parameters but geometry as well.

Model Description
The model proposed here is based on one strong assumption as described earlier: only the normal component to the
cavity surface of the ambient magnetic field can be trapped
in the material. This hypothesis, observed experimentally
in 1999 [2], as it will be shown, will lead to a very good
agreement between measured and predicted sensitivities.
Moreover, as surface resistance is measured in SRF cavities indirectly and globally through power dissipations, the
model has to:
 Evaluate the real trapped flux and calculate the additional resistance Rmag thanks to Eq. (8):
H
(8)
R mag  R n ( f , T ) 
2  H c2
With f the frequency of the cavity, n, RRR and Hc2
respectively the normal conductance, Resistance Residual Ratio and the second critical field of Niobium
and H the normal to surface component of the residual ambient magnetic field.
 Evaluate the additional local power dissipation.
Trapped flux induces additional losses only in RF
magnetic regions.
 Integrate the overall sensitivity Smag all over the geometry with Eq. (9):
2
S Rmag  H RF  dS
(9)
S mag 
2
H ext   H RF  dS
S

With HRF the local RF magnetic field and Hext the residual ambient magnetic field.
This model has been computed thanks to NI Labview
software and requires exported files generated by CST Microwave Studio like surface magnetic field distribution and
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surface mesh [12]. Figure 7 depicts the three kind of graphical output generated by the code.

Figure 7: Outputs from Labview routine showing from left
to right: the trapped magnetic field (H), the RF magnetic
field distribution (HRF), the normalized power dissipations
caused by trapped flux from vertical (Pmag_v) and beam axis
(Pmag_b) magnetic field for the Spiral2 QWR.
Table 2 summarizes and compares, for the three types of
cavities, the measured sensitivities to the calculated sensitivities taking into account the geometrical effect. One can
appreciate how the relative error between calculated and
measured sensitivities is greatly reduced.
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Table 2: Corrected Sensitivities (n/mG)
Calculatedsensitivity

Measured sensitivity (error)

ucts/cstmws

CONCLUSION
Flux trapping measurements done at IPNO on several
type of resonators (QWR, Spoke) are revealing very clearly
a strong geometrical dependence of the sensitivity to magnetic flux trapping. The real sensitivity, evaluated indirectly and globally by RF power measurements, is consistently lower than the theoretical sensitivity regardless the
quality and history of the Niobium material. Assuming that
only the normal component of the residual magnetic field
is trapped during the superconducting transition appears to
be a reasonable hypothesis. A very good agreement between calculated and measured sensitivities is obtained
when geometrical corrections are applied thanks to the
model presented here. Moreover, a clear linear correlation
is measured between the “zero field” surface resistance
(R0) and the field dependent resistance (R1) and is significantly affected by surface and heat treatments. Even
though R1 is increasing with the amount of trapped flux,
this linear dependence doesn’t seem to be caused directly
by trapped flux as even temperature make it rise.
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NONLINEAR DYNAMICS AND DISSIPATION OF VORTEX LINES
DRIVEN BY STRONG RF FIELDS∗
W.P.M.R Pathirana† , Alex Gurevich
Center for Accelerator Science, Old Dominion University, Norfolk, USA
Abstract
Trapped vortices can contribute significantly to a residual
surface resistance of superconducting radio frequency (SRF)
cavities but the nonlinear dynamics of flexible vortex lines
driven by strong rf currents has not been yet investigated.
Here we report extensive numerical simulations of largeamplitude oscillations of a trapped vortex line under the
strong rf magnetic field. The rf power dissipated by an oscillating vortex segment driven by the rf Meissner currents was
calculated by taking into account the nonlinear vortex line
tension, vortex mass and a nonlinear Larkin-Ovchinnikov
viscous drag force. We calculated the field dependence of
the residual surface resistance Ri and showed that at low
frequencies Ri (H) increases with H but as the frequency
increases, Ri (H) becomes a nonmonotonic function of H
which decreases with H at higher fields. These results suggest that trapped vortices can contribute to the extended
Q(H) rise observed on the SRF cavities.

vortices parallel to the surface [16] and perpendicular vortices in the collective pinning theory [4] has been recently
calculated. However, the nonlinear dynamics of trapped vortex lines perpendicular to the surface under strong rf currents
has not been addressed. In this work we calculate the field
and frequency dependence of Rs due to a trapped vortex
line under the strong rf magnetic field, taking into account
the nonlinear vortex line tension, vortex mass and nonlinear
viscous drag force. Our results show that Ri (H) can decrease
with the RF field at higher frequencies.

DYNAMICS OF A TRAPPED VORTEX
UNDER STRONG RF FIELD
Consider a single vortex pinned by a materials defect as
shown in the Figure 1. The motion of a vortex is completely

INTRODUCTION
The field performance and losses of the SRF accelerator
cavities are quantified by the quality factor Q(H) which is
inversely proportional to the surface resistance Rs (R). At
low RF fields Rs = RBCS +Ri = (A f 2 /T) exp(−∆/k B T)+Ri
contains the BCS contribution due to thermally activated
quasiparticles and the residual resistance Ri which remains
finite as T → 0. The best Nb resonator cavities can have
Q ≈ 1010 − 1011 with Rs ≈ 10 − 30 nΩ and Ri ≈ 2 − 10 nΩ
at 2 K [1–3]. The residual resistance gives a significant
contribution to the RF losses (about ≳ 20% for Nb and
≳ 50% for Nb3 Sn at 2K [4]), so the dependence of Ri on
the magnetic field H and frequency f is of much interest.
One of the essential contributions to Ri comes from
trapped vortices generated during the cavity cool down
through the critical temperature Tc at which the lower critical field Hc1 (T) vanishes [5–13]. In this case even small
stray fields H > Hc1 (T) such as unscreened earth magnetic
field can produce vortices in the cavity. During the subsequent cooldown to T ≃ 2 K some of these vortices exit the
cavity but some get trapped by the material defects such as
non-superconducting precipitates, network of dislocations
or grain boundaries.
RF power generated by oscillating flexible vortices under
weak RF field has been addressed theoretically [6, 14] and
in a simplified model [15] which neglects the essential line
tension of the vortex. Quasi-static power generated by single
This work was supported by NSF under Grant 100614-010 and Grant
1734075.
† mwali003@odu.edu
∗
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Figure 1: A flexible vortex shown by the read line driven
by the rf surface current. The black dots represent pinning
centers such as nonsuperconducting precipitates.
determined by its horizontal displacement u(z, t) as a function of z and t. Here the tip of the vortex is perpendicular
to the surface [14] so that u ′(0) = 0. We did simulations
for defects with different pinning forces, but here we only
present results for the case when the other end of the vortex
segment is fixed by a strong pin at l = 0 resulting in the
second boundary condition u(l) = 0 [6].
The dynamic equation for the local velocity v(x, t) normal
to the curved vortex line can be written in the form:
mvÛ + η(v)v =

ϵ
ϕ0 H −z/λ
−
e
sin(ωt),
R
λ

(1)

where λ is the London penetration depth, m is the vortex mass, η(v) is the nonlinear viscosity, ϵ = ϕ20 ln(κ +
0.5)/4π µ0 λ2 is the vortex line energy, κ = λ/ξ is the
Ginzburg-Landau parameter, ξ is the coherence length, and
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R−1 is the local curvature of the vortex line. The perpendicular velocity of the vortex v(z, t) is related by the parallel
ve√
Û t) along x by uÛ by v(z, t) = uÛ 1 + u ′2 .
locity component u(z,
Equation (1) represents the balance of four major forces
acting perpendicular to the vortex line: the inertial and the
viscous drag forces in the left hand side are balanced by the
elastic force ϵ/R and the Lorentz force of the RF current
in the right hand side. The line tension force ϵ/R in which
the local curvature R−1 = u ′′(1 + u ′2 )−3/2 depends on the
shape of the vortex line accounts for a nonlinear elasticity
of vortices in the London model [14]. Detailed calculations
of nonlinear deformation of vortices described by the timedependent GL equations were performed in Ref. [17].
Viscous drag force Fη = ηv results from eddy currents
of quasiparticles in the vortex core [18]. At small velocities the viscous drag coefficient can be estimated from the
Bardeen-Stephen model which gives η0 = Bc2 ϕ0 /ρn for superconductors with a short mean free path ℓ < ξ0 , where ρn
is normal-state resistivity Bc2 = ϕ0 /2πξ 2 is the upper critical field and ϕ0 is the magnetic flux quantum. However, as
the vortex velocity increases η(v) becomes dependent on v.
For instance, Larkin and Ovchinnikov (LO) [19] have shown
that the damping coefficient η(v) decreases with v because
the number of normal quasiparticles in the core decreases as
they diffuse away from the core at high velocities [17,19,20].
In this case the nonlinear drag force can be written in the
form [19]:
η0 v
Fη =
(2)
1 + v 2 /v02
The critical LO velocity v0 ∝ (D/τϵ )1/2 in Eq. (2) depends
on the energy relaxation time τϵ and diffusivity D of normal
quasiparticles [19]. Here v0 (T) vanishes at Tc but decreases
at low temperatures T ≪ Tc , where τϵ (T) increases rapidly
at T decreases [20]. A similar velocity dependence of Fη (V)
occurs due to electron overheating in the moving vortex [16].
The force Fη (v) is a nonmonotonic function of v which
reaches maximum Fmax = η0 v0 /2 at the vortex velocity
vmax = v0 . As a result, the drag force can balance the
Lorentz forces FL of the driving current only if FL < Fmax
and v < v0 . At v > v0 the velocity of a straight vortex
driven by a uniform current density jumps to greater values
corresponding to highly dissipative states [19]. Such LO
instability has been observed on many superconducting materials [21–26] with typical values of v0 ∼ 10−2 − 1 km/s.
At the LO instability, a differential flux-flow resistivity becomes negative, resulting in jumps and negative slopes on
I-V curves.
An estimate of the maximum vortex velocity vm ∼
ϕ0 B/η0 µ0 λ in a Nb cavity at B ≃ 0.1Bc ≈ 20 mT gives
vm ≃ 0.1Bc ρn /µ0 λBc2 ≃ 1 km/s which is larger than typical LO critical velocities v0 ≈ 0.01 − 1 km/s observed on Nb
films [21]. Thus, for strong RF fields of interest to the Nb
cavities, the Bardeen-Stephen model becomes inadequate
and the velocity dependence of η(v) should be taken into
account.
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The effective inertial mass m per unit length of the vortex
in Eq. (1) mostly results from the kinetic energy of quasiparticles in the vortex core [20]. The first estimates of the vortex
mass by Suhl [27] gave ms ≃ 2k F /π 3 , where me is the electron mass, k F = (3π 2 n0 )1/3 is the Fermi wave vector and
n0 is the electron density. Since then many different mechanisms have been proposed [28–30] which can increase the
vortex mass well above the Suhl estimate. Measurements of
the vortex mass in Nb by Golubchik et al., [31] have shown
that m can be some 2 orders of magnitude higher than ms
near Tc .

DYNAMIC EQUATIONS
Combining all force contributions discussed above, we reduce Eq. (1) to a single nonlinear partial differential equation
for the local displacement u(z, t) of the vortex line written
in the following dimensionless form:
√
p
Û
u ′′
γ
u
1 + u ′2
− β1 e−z ,
=
µuÜ 1 + u ′2 +
1 + αuÛ2 (1 + u ′2 ) (1 + u ′2 )3/2
(3)
where u(z, t) = x(z, t)/λ is the dimensionless displacement
of the vortex line along x, and the coordinate z and time t are
in units of λ and the rf period, respectively. The parameters
in Eq. (3) are given by
γ = f / f0,

2

f0 = Bc1 ρn /Bc2 λ2 µ0

α = α0 γ ,

α0 = (λ f0 /v0 )

β1 = β sin(2πt),

µ = µ1 γ 2 ,

(4)

2

(5)

β = B/Bc1

(6)

µ1 = λ2 f02 mµ0 /ϕ0 Bc1,

(7)

where B is the applied field, and Bc1 = (ϕ0 /4πλ2 ) ln(κ+0.5)
is the lower critical field. ∫ ∫
−1 tm l ηv 2 dzdt produced by the
The RF power P0 = tm
0
0
drag force along the oscillating vortex and averaged over the
time period tm can be expressed in terms of the dimensionless power P as follows
P=

P0
= γ2
P1

∫
0

1

∫
dt

0

l

uÛ2 (1 + u ′2 )3/2 dz
,
1 + α(1 + u ′2 )uÛ2

(8)

where P1 = λ3 f02 η0 . We then define the dimensionless
surface resistance Rs (β) which gives the field dependence
of the residual resistance of trapped vortices:
Rs (β) = P(β)/β2 .

(9)

NUMERICAL RESULTS
Equation (3) was simulated numerically with the boundary
conditions u ′(0) = 0 and u(l) = 0 using COMSOL [32].
Taking λ/ξ = 1, λ = 40 nm, ρn = 10−9 Ωm, n0 = 6 ×
1028 m−3 [33], f = 1 GHz, 10 GHz, and v0 = 1 − 100 m/s
[23] for clean Nb at T <<< Tc , we obtain γ ≈ 0.01 and
0.1 for 1 GHz and 10 GHz, respectively. Given the lack of
experimental data for v0 for Nb at T ≪ Tc , we simulated
Eq. (3) for different γ at α = 0, 1, 10 and 100 which cover

TUP055
561

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP055

Figure 2: Rs vs β at γ = 0.01 for l/λ = 3.

Figure 3: Rs vs β at γ = 0.1 for l/λ = 3.

the observed values of v0 near Tc and the likely decrease of
v0 at low temperatures. We also set µ/γ = 10−4 by taking
the vortex mass m = 50 ms ≈ 2.5 · 10−20 kg/m for Nb.
Shown in Figure 2 are the field dependencies of Rs calculated for different values of α at γ = 0.01. At low frequencies
α ∝ f 2 ≪ 1, the vortex velocities are small so the LO mechanism is ineffective, and the surface resistance increases with
B as it is expected from the conventional Bardeen-Stephen
viscous drag force and the effect of nonlinear vortex elasticity. However, as the frequency increases and α exceeds
αc ∼ 1, the surface resistance starts decreasing with B even
at small fields due to the decrease of the LO vortex viscosity
with v, as it is evident from Eq. (8).
If µ << γ << 1, the first two terms in the left hand side of
Eq. (3) are neglegible and u(z, t) can be obtained analytically.
For instance, if αuÛ2 ≫ 1, the velocity uÛ cancels out in Eq. (8)
and P ≈ γ 2 l/α becomes independent of β at 0.1 < β <
0.5. In this case Rs ≈ γ 2 l/α2 β2 decreases with β in good
agreement with the numerical result presented in Fig. 2. As
the frequency increases the parameter α ∝ f 2 increases
and the drop of Rs (B) with B becomes more pronounced.
Moreover, this dependence of Rs ∝ B−2 is in agreement with
the experimental data on the low-field decrease √
of Rs (B)
observed on Nb cavities [34]. At low fields, β ≲ α/2πl 2
the surface resistance tends to a constant value, as shown in
Fig. 2.
The dimensionless Rs can be converted back to Ωm2 units
2 ≈ 5·10−16 Ωm2 for a single
by multiplying Rs by 2µ20 P1 /Bc1
trapped vortex in Nb. For γ = 0.01 and α = 100, this gives
Rs ≈ 120 nΩµm2 at β = 0.1 and Rs ≈ 5200 nΩµm2 at
β = 0.002. The net residual resistance is then obtained by
multiplying Rs by the mean areal density of trapped vortices.
Figure 2 shows the field dependence of Rs calculated
at γ = 0.1 for different values of α. Unlike the case of
γ = 0.01 considered above, the Rs (β) curves at γ = 0.1
have nonmonotonic field dependencies, the peaks in Rs (β)
shifting to lower fields as the frequency and the parameter
α increase.
The character of vortex oscillations changes significantly
as β exceeds the peak position in Rs (β). For instance, Fig. 4

shows the vortex tip oscillations near the peak of Rs (β) in
Fig. 3 for the case of γ = 0.1 and α = 10. Clearly the
time dependence of u(0, t) changes from a nearly harmonic
at β before the peak to a highly unharmonic u(0, t) after
the peak. This behavior can be qualitatively attributed to
the fact that the velocity of the vortex tip reaches the LO
instability threshold, which is however countered by the
restoring elastic force due to the line tension of the rest of
the vortex segment.
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Figure 4: Vortex tip oscillation near the peak in Figure 3
for the case of γ = 0.1 and α = 10. Here the blue and the
red lines correspond to u(0, t) just before and after the peak,
respectively.
Another issue is that the vortex oscillations
p are mostly
confined within the elastic skin depth Lω ≃ ϵ/η(v)ω from
the surface [6]. If γ = 0.01, the length Lω ≈ 10λ is larger
than the simulated vortex length l = 3λ, so the vortex segment swings as a whole at all β. However, at γ = 0.1, the
length Lω ≈ 3λ is about equal to l at β ≪ 1. In this case Rs
first increases as β increases, but after the peak in Rs (β) at
which Fη reaches the LO maximum, the viscous drag drops
rapidly with v. As a result, Lω becomes much larger that l,
and Rs (β) starts decreasing with β similar to the case shown
in Fig. 2.
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The parameters γ, α and µ depend on the concentration
of nonmagnetic impurities which can be taken
√ into account
√
in the√ dependencies of ρn ∝ 1/li , λ ∝ 1/ li , v0 ∝ li and
ξ ∝ li on the mean-free path li in the dirty limit. In this
case all γ, α and µ would increase like li−2 as li decreases.
Therefore, γ = 0.1 can represent the case of a dirty surface
layer of Nb at 1 GHz or at a pure Nb at 10 GHz.
The effect of frequency on the field dependence of Rs can
be inferred from Figs. 2 and 3, since γ ∝ f and α ∝ f 2 . For
instance, Fig. 5 shows the change in the field dependence of
Rs (β, f ) with frequency calculated for γ = 0.01 and α = 1
at 1 GHz. In this case Rs (β) is nearly field-independent at
low f but as the frequency increases, a strong decrease of
Rs with the RF field develops.
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results suggest that trapped vortices could provide a fieldinduced reduction of the residual surface resistance which
contributes to the extended Q(H) rise observed on Nb cavities.
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Abstract
Superconducting radio frequency cavities are primarily
fabricated from niobium. The superconducting material
expels the external magnetic field, while operating in
Meissner state. However, due to defects such as grain
boundaries, the field can be pinned in the material even
after the external field is removed, thereby reducing the
effectiveness of niobium. The mechanism for such
behavior is unknown; therefore, first-principles methods
were used to gain a theoretical perspective on the role of
grain boundaries on magnetic flux trapping. The external
magnetic field was simulated within the first-principles
framework along the grain boundaries to determine their
flux trapping tendencies. The results clearly demonstrate
a significant amount of trapped flux and the electronic
structure of defects was observed to be significantly
different from bulk niobium. Overall, defects and their
interaction with the external magnetic field leads
enhanced non-paramagnetic behavior in niobium.

INTRODUCTION
Superconducting radio-frequency (SRF) cavities, one of
the critical components to develop high-performance
particle accelerators, are primarily fabricated from
niobium [1,2]. SRF cavities are operated in the Meissner
state such that an external magnetic field is expelled from
the superconducting material [3]. However, the presence
of material imperfections like defects, impurities etc. can
suppress the expulsion of magnetic field and pin the field
inside the material even after the externally applied field
is removed [4,5]. The performance of SRF cavities is
measured in terms of the quality factor 𝑄 = 𝐺 ⁄𝑅 ,
where the geometric factor G depends on the cavity
geometry and 𝑅 is the surface resistance of the inner
cavity wall [6,7]. The surface resistance (𝑅 ) comprises
of the Bardeen-Cooper-Schrieffer (BCS) resistance 𝑅
and the residual surface resistance 𝑅 [8,9]. The 𝑅
arises from magnetic flux trapping, normal conducting
precipitates, impurities, defects etc., which depend on the
material properties [10,11]. The major contribution to
𝑅 stems from magnetic flux trapping at defects during
cavity cooling [12,13] and therefore it is critical to reduce
the trapped magnetic flux in order to improve 𝑄 of
niobium SRF cavities.
The flux trapping at the crystal lattice imperfections
like dislocations and grain boundaries contribute to 𝑅
and degrade the performance of niobium for SRF
____________________________________________
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applications [14–16]. Aull et al. [17] reported nearly
100% flux trapping in polycrystalline niobium, which
decreased to ~41% in heat treated, and polished single
crystal niobium samples. Flux pinning at the grain
boundaries in niobium bi-crystals was found to be
dependent upon the grain boundary tilt axis and attributed
to
the
electron-scattering
mechanism
[18,19].
Additionally, flux trapping due to hydride segregation
along the low angle grain boundaries has also been
reported during magneto-optical imaging analysis [20].
Several theories such as crystal-anisotropy of the upper
critical field [21,22], electron-scattering at the grain
boundary [19], elastic interactions between the
dislocations present at the grain boundaries and the flux
line lattice [23] etc. had been proposed to explain the flux
trapping at defects. However, mechanism(s) underlying
the flux pinning at defects has not been unequivocally
established since the applicability of various flux pinning
theories at defect has not been determined for a wide
variety of samples.
This work marks the first attempt to understand the
influence of grain boundaries on magnetic flux trapping
in niobium within the first-principles framework.
Equilibrium structures for 5(210) and 5(310) grain
boundaries were obtained using molecular dynamics and
density functional theory calculations. The external
magnetic field was simulated using the all-electron fullpotential linearized augmented plane wave code to
analyze the flux trapping tendencies of planar defects in
niobium. Grain boundary character was found to play a
crucial role on the flux trapping behavior since the
trapped flux was observed to vary with the grain
boundary mis-orientation angle. To determine the
mechanisms underlying the interactions between external
magnetic field and grain boundaries, the electronic
structure of defects was analyzed using electronic density
of states and Bader charge analysis within first-principles
framework. Differences in the electronic structure of
defects as compared to bcc niobium indicate to a potential
magnetic state in the presence of an external magnetic
field thereby promoting flux trapping at grain boundaries
in niobium. Such information will provide guidance for
developing processing techniques to minimize
undesirable boundaries and improve the quality factor of
niobium SRF cavities.

COMPUTATIONAL METHODOLOGY
The first-principles calculations were performed within
density functional theory (DFT) framework using Vienna
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Ab-initio Simulation Package (VASP) [24]. The projector
augmented wave (PAW) pseudopotentials with PerdewBurke-Ernzerhof (PBE) [25,26] exchange-correlation
formulation were used to represent niobium with the
valence 5s, 4d, and six of the 4p electrons. A plane wave
basis set with an energy cutoff of 550 eV was used to
represent the wave function with a Monkhorst Pack k
point mesh, selected after extensive convergence studies
for different defect structures to carry out the Brillouinzone integrations [27]. The computed niobium lattice
parameter of 3.31 Å and other equilibrium structure
parameters like elastic constants were found to match
very well with the previously reported experimental and
theoretical values [14].
The state-of the-art all-electron full-potential linearized
augmented plane wave (FP-LAPW) code was used to
analyze the flux trapping behavior of defects in niobium
[28]. The FP-LAPW code formulation is based on the
Kohn-Sham equations for external field in a two-step
process [28-30]. In the first-variational step a Hamiltonian
(𝐻 ) containing only the scalar potential and E field is
constructed
𝐻= 𝑇

𝑉

𝑬. 𝒓

𝑉

(1)

and diagonalised with 𝐻 | =  | . 𝑇 represents the
kinetic energy, 𝑉 is the external potential, 𝑉 is the
exchange-correlation (XC) potential and i is the orbital
energy of the corresponding Kohn–Sham orbital, i [28].
In the second-variational step, the magnetic fields, spinorbit coupling and A field are added using the firstvariational step as a basis
𝐻 =

 | ∙ 𝑩𝒆𝒙𝒕

𝑩𝒙𝒄
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The equilibrium grain boundary structures were
determined using a bi-crystal simulation cell with 3D
periodic boundary conditions and sufficiently large grains
in the perpendicular direction to obtain minimum energy
GB structures (see Figure 1a) [32-35]. For instance, the
5(210) niobium grain boundary was modeled by two
(210) oriented slabs of Nb each, reflected with respect to
the xz-plane followed by an atom deletion technique and
energy minimization using a nonlinear conjugate gradient
method (see Figure 1b) [36-38]. All atoms of the GB
supercells were allowed to relax to an energy convergence
of <10-6 eV [39]. The grain boundary energy (E ) was
calculated as the difference between the energy of the GB
simulation cell with n atoms (E ) and the cohesive energy
of niobium atoms (𝐸 ) per unit area of the grain
boundary plane (A).
∗
E =
(3)
The expression is divided by 2 due to the two interfaces
in the grain boundary simulation cell. The GB energy as a
function of the mis-orientation angle for 〈100〉 tilt axes of
niobium is shown in Fig. 1a. Furthermore, Fig. 1b shows
the variation of grain boundary energy with misorientation angle mapped onto a stereographic triangle
with the convention for representing cubic metals. The
vertices of the triangle represent the three principal
orientation of the cubic system. The color bar corresponds
to the GB energies between 600 mJ⁄m and 1400 mJ⁄m
which represents the GB database for the three symmetric
tilt axes of niobium. The observed trends of the grain
boundary energy with mis-orientation angle are
comparable to the previously reported values [40].

(2)
where Bxc is the XC magnetic field. Instead of the usual
approach of separating the Kohn-Sham equations into
spin-up and spin-down orbitals, densities and potentials,
the FP-LAPW code formulation treats magnetism as noncollinear for which the basic variables are the scalar
density (r) and the magnetization vector field m(r). An
external magnetic field (B = 171.5 mT) was applied
along different defects, below superconducting transition
temperature of niobium (T = 9.25 K), during the flux
trapping calculations. Periodic boundary conditions were
maintained along all directions. The applied field was
decreased by a factor of 0.85 after each self-consistent
loop such that the applied field is infinitesimal at the end
of all loops. The self-consistent loop converged when the
total energy is <10-3 eV and the root mean square change
in Kohn-Sham potential and magnetic field is <10-3 Tesla.
Molecular dynamics (MD) simulations were used to
model the equilibrium grain boundary (GB) structures
using empirical interatomic potentials. <100> symmetric
tilt grain boundary (STGB) systems were created in
Large-scale Atomic/Molecular Massively Parallel
Simulator
(LAMMPS) [31]
with
semi-empirical
embedded atom method (EAM) potential for niobium.
TUP056
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Figure 1: Grain boundary energy (E ) represented as a
function of (a) mis-orientation angle and (b) polar and
azimuthal angles for <100> STGBs in Nb. Schematic of
externally applied magnetic field (Bext) along the grain
boundary plane of (c) 5(210) and (d) 5(310) GBs in
Nb. Atoms are colored according to the common neighbor
analysis, where blue and red circles represent bcc and GB
atoms, respectively.
Due to the size constraints of first-principles methods,
smaller supercells with one periodic length along the GB
and few atomic planes (25-35 atomic planes)
Fundamental R&D - Nb
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perpendicular to the GB plane were obtained from the bicrystal simulation cell of MD calculations. The smaller
supercell of the grain boundary was relaxed within DFT
framework. The k point mesh 6x1x14 was used for 5
(210) GB supercells, selected after extensive k point
sampling, based on the convergence studies. The atoms
were relaxed with 10-6 eV energy tolerance while
maintaining a constant volume and shape of the supercells
and with negligible interactions across the periodic
images.

RESULTS AND DISCUSSION
The first step towards understanding the flux trapping
behavior at different GBs in niobium is to determine the
effect of external magnetic field on pure single crystal
niobium. It is very well known that niobium is
paramagnetic above its superconducting transition
temperature and superconducting in nature below T .
Hence, there is no flux trapping in niobium and the
externally applied magnetic field is completely expelled
from the material as also observed in our flux trapping
simulations. Next, we examine the effect of grain
boundaries on flux trapping in niobium using the firstprinciples and FP-LAPW methods.
To examine the role of grain boundaries on magnetic
flux trapping in niobium, the external magnetic field was
applied along the GB plane parallel to x-axis of the
simulation cell, as illustrated in Figs. 1(c) and 1(d). The
trapped or residual magnetic flux density (B ) due to the
presence of defects in niobium was calculated from the
remnant magnetic moment (M) as:
B =



Table 1: The Magnitude of Trapped Magnetic Flux at
Different Grain Boundaries in Niobium
Flux trapping at Nb grain boundary
Volume
(Å )

Magnetic
moment ( )

Trapped
Flux (mT)

5 (210)

1098.5

0.54

5.74

5 (310)

1535.9

2.00

15.17

3
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An external magnetic field generally engages with both
the electron spin and the electronic orbital current in a
metallic system. Further, the interaction of magnetic field
with different defects can lead to crystalline magnetic
anisotropy, magneto-volume effects and difference in
electromagnetic state between the grain boundary and the
grain interior [42]. Therefore, examination of the
electronic structure can play a crucial role in elucidating
the underlying mechanisms associated with flux trapping
behavior of defects in niobium. The partial and orbital
decomposed DOS for different Bader atoms of the grain
boundaries were obtained from VASP to determine their
localized effect on flux trapping behavior and elucidate
the underlying mechanisms associated with flux trapping
behavior of defects in niobium. The response of a
material to an external source depends on the nature of
atomic bonding between the atoms which is associated
with the atomic charge distribution [43,44]. Bader’s
quantum theory of atoms in molecules defines atoms,
bonds and chemical structure of the material as a function
of the electron density in the system [45]. The charge
obtained from the first-principles calculations was
separated and determined for each atom using the Bader
charge analysis. The DOS curve below the Fermi level
(0 eV) represents the occupied states (bonding states);
whereas, the curve above the Fermi level represents the
unoccupied states (antibonding states) [46,47]. All the
electronic density of states calculations were performed
using the tetrahedron smearing method with Blöchl
corrections within DFT framework.

(4)

where V is volume of the supercell and  is the
permeability of vacuum (4𝜋 10-7 H/m). The applied
field decreased gradually to zero at the end of all selfconsistent loops and a residual magnetic moment was
observed in the GB simulation cells. For instance, a
residual magnetic moment of 0.54 was observed in the
5 (210) grain boundary. The magnitude of trapped flux
was calculated from the residual moment and volume of
the simulation cell using Eq. 4, given in Table I. These
results are in good agreement with the cold rolled
niobium bi-crystal samples where premature flux
penetration was observed to occur at 8-20 mT [41].

Grain
Boundary

JACoW Publishing
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Figure 2: (a) Bader charge analysis for 5 (210) STGB in
Nb. Atoms are colored according to the atomic Bader
charge. (b) Partial DOS curves for different atoms
selected based on Bader charge analysis of 5 (210)
STGB. Orbital decomposed DOS curves for (c) bulk
atom, grain boundary atom with charge (d) accumulation
and (e) depletion respectively below the Fermi level in 5
(210) STGB.
As an illustration, the orbital and partial DOS are
shown for the Bader atoms of 5 (210) GB (Fig. 2). The
partial DOS for the niobium atoms away from 5 (210)
grain boundary, and at the grain boundary with
accumulated and depleted charge respectively were found
to be different from each other (Fig. 2b). Additional states
were observed below the Fermi level corresponding to
TUP056
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electron accumulation in the DOS curve of grain
boundary atom with higher Bader charge as compared to
the atoms away from grain boundary (Fig. 2d). The
orbitals in addition
accumulated electrons occupy d
to d and d orbitals already occupied by the original
4d electrons (Fig. 2d). On the other hand, the peaks below
the Fermi level diminished in the DOS curve of grain
boundary atom with lower Bader charge as compared to
the bulk atoms indicating towards electron reduction at
the grain boundary atom (Fig. 2e). The spin-up and spindown DOS curves are symmetric for the grain boundary
atoms as well as for the atoms away from grain boundary
and there is no net magnetic moment in the bi-crystal
simulation cell. However, the degeneracy of t2g and eg
states, in un-defected niobium, is lifted due to the
presence of grain boundaries. Furthermore, the valence
charge transfer around the defects can lead to localization
of electrons, resulting in significantly different magnetic
properties of defects as compared to the bulk and
enhancing tendency of niobium towards magnetism in the
presence of external magnetic field.

CONCLUSIONS
In summary, the present work provides a theoretical
point of view to understand the interaction of external
magnetic field with grain boundaries and its effect on the
magnetic properties of niobium via first-principles
methods. Equilibrium grain boundary structures were
obtained using DFT methods and the external magnetic
field was applied within the FP-LAPW code formulation.
Further, the electronic structure of defects was determined
using density of states and Bader charge analysis within
first-principles framework to illustrate the underlying
mechanism of interactions between external magnetic
field and defects in niobium. Charge redistribution and
splitting of d states in the defect region suggest towards
their significantly different magnetic properties and nonparamagnetic behavior as compared to bcc niobium.
Different electronic structure of defects as compared to
bulk niobium indicates to a magnetized state in the
presence of an external magnetic field thereby promoting
flux trapping at defects in niobium.
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TOKYO DENKAI NIOBIUM USED FOR THE LCLS-II PROJECT AND
SUBSEQUENT 9-CELL RF LOSS DISTRIBUTION BETWEEN THE
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Abstract
During the LCLS-II project, a new batch of niobium was
procured from Tokyo Denkai Co Ltd to make additional
cavities. The original production material came from two
vendors, Tokyo Denkai Co., Ltd. (TD) and Ningxia Orient
Tantalum Industry Co., Ltd. (OTIC/NX)). It was found TD
niobium required a lower annealing temperature (900 °C)
to obtain satisfactory flux expulsion characteristics
compared to NX, which required a slightly higher
annealing temperature (950–975 °C). To ensure the new
TD material performed equivalent to the niobium produced
three years ago after 900 °C annealing; each heat lot of
niobium had its flux expulsion characteristics parametrized
using single cell cavities and custom thermal treatments
developed for each lot. Subsequent pure heat lot 9-cell
cavities were made and tested. We will look at the flux
expulsion characteristics of each lot through single cell
cryogenic cycling, and RF loss of the 9-cell cavities
produced using the individual heat lots.

INTRODUCTION
The SLAC National Accelerator Laboratory is currently
constructing a major upgrade to its accelerator, the Linac
Coherent Light Source II (LCLS-II). Several Department
of Energy national laboratories, including the Thomas
Jefferson National Accelerator Facility (JLab) and Fermi
National Accelerator Laboratory (FNAL), are participating
in this project. The 1.3-GHz cryomodules for this project
consist of eight cavities produced by two vendors;
Research Instruments GmbH in Germany (RI) and Ettore
Zanon S.p.a. in Italy (EZ) using niobium cell material from
Tokyo Denkai Co., Ltd. (TD) and Ningxia Orient Tantalum
Industry Co., Ltd. (OTIC/NX)).
The initial production cavities showed multiple
deficiencies, including manufacturing flaws from one
vendor, high rates of field emission from both vendors, and
Qo reduction from a previously unknown flux
trapping/pinning material dependence [1]. Additional new
cavities material from Tokoyo Denkai (TD) was
purchased; TD showed the best flux expulsion and RF
___________________________________________
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performance at the lowest heat treatment temperature from
the original two niobium vendors. This material was used
to make new cavities for five spare modules as well as for
replacement cavities that had unrepairable manufacturing
defect early in production [2]. Because there is still not a
full understanding of the reason why the TD material
performed better than the OTIC material at lower
annealing temperatures; single cell cavities from each new
niobium heat treatment lot are made ahead of the 9-cell
cavities. To ensure the new TD material performed
equivalent to the niobium produced 3 years before after
900°C annealing; each heat lot of niobium had its flux
expulsion characteristics parametrized and custom thermal
treatments developed for each lot using the single cell
cavities. Subsequent pure heat lot 9 cell cavities were made
and tested. We will look at the flux expulsion
characteristics of each lot, and RF loss of the 9-cell cavities
produced using the individual heat lots.

NIOBIUM UNDER ANALYSIS
The additional material procured during the LCLS-II
production run used the DESY/XFEL specification [3].
The intent was to order identical TD niobium used for the
initial production run.

Lot Information
Niobium delivered from Tokyo Denkai and procured
under the LCLS-II contract came in multiple sets of heat
lots because of the large quantity needed for the project.
Heat lots contain ~ 140-150 sheet or enough material to
make up to 8 cavities depending on RF sorting and loses
during manufacturing. Within a single heat lot, two mother
ingots are used and processed together. TD supplies two
sets of information important to this paper. One is the RRR
of each mother ingot, and two is the characterization of 2
sheets from each heat lot. The hardest and the softest sheet
from the heat lot (containing two ingots) is selected from
all sheet in the lot. Hardness testing is done one every
sheet. These two sheets may come from the same ingot or
one from each ingot depending on the final hardness
measurements. The assumption is these sheets are the
outliers of the lots, and all other sheets will lye somewhere
in-between the two sheets. We do not fully agree with the
last statement as the surface hardness is more a function of
the final leveling pass than the post-annealing state, but in
general, has been enough to certify the lots for RF
Fundamental R&D - Nb
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performance [4]. The final crystallography of the heat lot
determined by the manufacturer is supplied with the order.
LCLS-II (using the XFEL spec) requires the final crystal
structure to be between ASTM 5 and 7, with the majority
being ASTM 6. The full summary table of the niobium,
manufacturer
supplied
information,
and
flux
expulsion/heat treatment temperature presented in the next
sections is present in Table 1.

Single Cell Sheet Selection Requirements
Two sheets from the highest ASTM (smallest crystal)
ingots in the lot were pulled at random to make single cell
cavities. These sheets could come from anywhere in the
ingot lot. The single cell cavities received the same
processing step as the production 9-cells cavities including
full chemistry and doping at 800°C during the 900°C
thermal cycles [5]. The single cell cavity must then be
characterized before the heat treatment of the 9-cell
cavities from the lot. The single cell required 80% flux
expulsion (~1.55 flux expulsion ratio) at a 5K delta to clear
the 9-cells for thermal treatment at 900°C. Any single cell
below this would require additional evaluation before the
lot could be cleared.

9-cell Sorting
For the first time, the niobium for a mass-produced SRF
cavities order was sorted into pure heat lot cavities. During
the initial LCLS-II production the NX was sorted into
ASTM lots, but not individual heat lots [1, 5]. The 9-cell
made in this production run could only be made from a
single heat lot, mixing of the two ingots within the lot was

allowed. The sorting was done to only heat treat each lot at
the highest temperature necessary to meet the LCLS-II flux
expulsion specification without overheating a lot –
reducing the yield strength unnecessarily. In the past
sorting of niobium between lots was not see as a
requirement, XFEL data, as well as LCLS-II quench field
data, support the case when a single recipe is used for all
cavities [1, 6].
There were two variances added to the cavity contract to
allow a small amount of mixing between lots. One, the
end-group material could be from the previous LCLS-II
production run or the previous cavity lots already qualified.
End-group manufacturing takes up a large portion of the
total production time. The initial niobium deliveries did
not line up with the need to start all end-group
manufacturing of all lots. Two, the mixing of an ASTM 5/6
lot cavity with a couple of sheet from another lot 6 was
allowed in one special case – one ASTM 5.75 average
cavity.

SINGLE CELL FLUX EXPULSION
RESULTS
The flux expulsion ratio curves for the 11 single cell
cavities heat to 900°C are presented in Figure 1. Each
ASTM is separated by color: ASTM 5 sheet red, ASTM 6
sheet black and ASTM 7 sheet blue. Details on the
production of these curves and instrumentation techniques
are published in previous works [5, 7]. The solid blue
symbolled lots all required a higher heat treatment
temperature to meet specification.

Table 1: Summary of All Niobium Analysed in This Paper and Flux Expulsion/Final 9-cell Thermal Treatment Needed
for the Next Sections
Heat lot

Heat run

92
93
94
95
96
97
98
99
100
101
102
103
104

HT9-773
HT9-982
HT9-1002
HT9-1012
HT9-1013
HT9-1025
HT9-1046
HT9-1052
HT9-1065
HT9-1074
HT9-1081
HT9-1093
HT9-1101
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ASTM
sheet
7
7
7
5
NA
6
NA
7
7
7
6
6
7

ASTM
lot
average
6
6.5
6
5
5.5
6
7
6.5
6.5
6.5
6
6
6.5

Howest
ingot RRR
379
433
356
349
322
344
402
409
395
373
339
336
410

Highest
ingot
RRR
398
515
395
347
368
367
415
415
399
446
340
364
433

Flux expulsion
ratio
after
900°C @ 5K
delta
1.5
1.57
1.6
1.67
NA
1.57
NA
1.57
1.55
1.5
1.595
1.61
1.62

Flux
expulsion %
after 900°C
@ 5K delta
75
85
90
100
NA
85
NA
85
82
75
89
91
93

9 cell heat
treatment
950/900°C
900°C
900°C
900°C
900°C
900°C
900°C
900°C
925°C
975°C
900°C
900°C
900°C
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therefore flux expulsion would then be extrapolated RF
change using a 1 nΩ/mG trapped flux loss [5, 8]. A
summary of lot 96 and 98 results are shown in Table 2.
Table 2: RF Loss Analysis from Trapped Flux for Lots 96
and 98 Test - 9 Cell Cavities *
Q0
@
16MV/m
5mG field
Lot 96
Lot 98

Figure 1: Flux expulsion vs. thermal difference
(temperature across the cell) between iris’s when the cells
equator reached 9.25K. Each color represent each ASTM
grain size defended by the manufactured lot, and the
symbols are for each lot. Each curve is fit with a Hillequation as a guide to the eye.
During the manufacturing of the single cell, an error
occurred which at the time we though ruined three
cavities. The error required 2 of the lots to be evaluated
with 9-cell cavities (see next section) as no other spare
material was available, and one of the single cell from Lot 94 - was remade. In the case of lot 94, ASTM 5
sheets were used for the single cells, this material was
kept as a backup and not used except for 2 sheets.
There are multiple insights we can extract from the
single cell data set.
 There is a strong scaling in the flux expulsion
ratios vs grain size, where the largest grain
(smallest ASTM number) niobium produces the
best flux expulsion results
 The plateau in the ASTM 5 and ASTM 6
material, although clustered at 5K delta, does
not appear to have any other scaling.
 The ASTM 5 and ASTM 6 niobium flux
expulsion is the same for a 2K delta or 5K delta
(plateaued ay 2K).
 The ASTM 7 material has a very broad
distribution in flux expulsion ratios.
 The worst material, lot 101, was reheat treated
at 925°C with no change (not shown).

9 CELL VERTICAL TEST RF FLUX
EXPULSION RESULTS

3.70E+10
2.9E+10*

Q0
@
16MV/m
20mG
field
2.75E+10
2.45E+10

Change
in RS

% field
trapped

2.53E-09
NA

17%
NA

Lot 96 (ASTM 5.5) showed an expected flux expulsion
(% trapped) close to expectations for ASTM 5.5 material
with a surface resistance change of ~ 2.5 nΩ,
corresponding to ~17% trapping or a flux expulsion ratio
of ~1.6. Lot 98 (ASTM 7) had mixed results with the 5mG
cooldown stalling close to Tc where the bottom of the
cavity would trap all fields, giving an unrealistic low Q0
expectation, for production.
Because of schedule
constraints, the test was not redone. The 20 mG field cool
proceeded and the test barely missed the cavity spec of
2.5×1010. Since the cryomodule spec is 5 mG, the material
was deemed “good enough” and the heat treatment was left
at 900 °C. In hindsight and with the full data set now
complete we would have re-done the 5 mG field cool and
the batch should have been heated at a slightly higher
temperature to give more flux expulsion headroom – see
next section and lots 100.

9 CELL PRODUCTION RF RESULTS
A total of 50 of the 86 9-cell cavities were tested as of
June 1 2019. Of the 36 not tested 16 were transferred to
the LCLS-II HE project (Lot 100 and 101, two of the most
interesting ASTM 6.5 lots) and there results will be
published under that project [9]. The remaining 20 should
have their testing completed by the end of July 2019 and
published in a future article. For the cavities already tested
only 2 had their heat treatment temperature changed.
These were 2 cavities from Lot 92. At the time we could
sort lot 92 into individual ingots as well as heat lot, 2
cavities from the ASTM 7 ingot heated to 950 °C and 2
from an ASTM 6 ingot left at 900°C.

Two of the lots, 96 and 98, required 9-cell analyses as
the single cell for these two lots (and lot 94) sustained
damage during manufacturing and no spare material
remained to make new single cells. For these lots, the first
9-cell cavity in each lot was heat treated to 900°C and then
sent without a helium tank installed to JLab for testing.
Instead of the normal flux expulsion measurements, RF
tests in a 5 mG and then a 20 mG field cool were used. The
trapped flux losses (change in surface resistance) and
*

The cooldown of Lot 98 test cavity in a 5mG field stalled close to Tc,
flux expulsion ratio close to zero.
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5.00E+10
4.50E+10

Q0 @ 16MV/m

o

Q0 vs
ASTM - All
Lot 92
ASTM 7
ingot
Lot 92
ASTM 6
ingot
Lot 98 - RF
Analysis

4.00E+10
3.50E+10
3.00E+10
2.50E+10

Lot 96 - RF
Analysis

2.00E+10
4.5

5

5.5

6

6.5

7

7.5

Average heat lot ASTM grain Size
Figure 2: Q0 @ 16MV/m vs Average heat lot ASTM grain
size. The light blue "x" is all data available, with other
subsets of data overlapped in closed circles.

Q0 vs ASTM Grain Size
Figure 2 shows the complete Q0 measurements @
16 MV/m for all cavities. The data is sorted by the average
ASTM grain size for the heat lot (2 manufacturer test sheets
average grain size, not single cell sheet ASTM). The
specification for the project is 2.5×1010 @ 16MV/m horizontal (black line). All but one cavity meets the vertical
test specification, and that cavity had a Q0=2.45×1010. The
cavity was tested in D5 at JLab which technically has
higher magnetic fields than the specified for the project –
next section.
There are multiple insights we can extract from the 9cell data set.
 There is a clear scaling of ASTM grain size and
Q0 results after a 900 °C heat treatment on TD
niobium, starting with ASTM 6 there is a
dropoff in performance, but within
specification.
 If optimal performance is required ASTM 6 and
above niobium requires a heat treatment
temperature greater than 900 °C.
 Lot 98, no single cell flux expulsion test only 9
cell RF data, in hindsight should have been
heat-treated at 925 °C to 950 °C to guarantee
100% pass rate but was still within spec for
LCLS-II.
 Lot 92’s ASTM 6 ingot cavities should have
been heat-treated at 950 °C like the ASTM 7
cavities to maximize performance.
o There appears to be a stronger
correlation between heat lots than
ingot lot for flux expulsion
characteristics. This suggests the
processing, and not the mother
material is a larger driver of flux
expulsion performance.
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All future heat lots should receive the
same annealing temperature to
maximize performance independent
of the lower ASTM ingot in the lot.

Results vs. Background Magnetic Field
To first order, the use of single-cell cavities flux
expulsion results to predict the trapped RF losses seems
reasonable with the higher ASTM material showing
slightly higher loses. The ASTM 6 niobium especially
produces a broad distribution in Q0, even if we remove the
one outlier above 4.5×1010. To understand if these results
are within expectations the test setups background
magnetic field and associated trapped flux losses must also
be taken into account.
Within the total of 50 RF tests, 43 had active magnetic
field sensors monitoring the axial field direction during the
cooldowns. - 13 at FNAL and 30 at JLab. These tests were
performed in 5 different Dewar; 3 at JLab and 2 at FNAL.
A summary table of the 43 RF tests is in Table 3.
Table 3: Test Setup, Estimated Constant Perpendicular
Field Used for Trapped Flux Loss Estimations and Total
Cavity Count in Each Setup for Figure 3.
Dewar number
location
Number
of
cavities during
the test
Estimated
perpendicular
background
fields
Test count

D7
JLab
1

D8
JLab
1

D5
JLab
3

D2
FNAL
3

D3
FNAL
3

1 mG

2 mG

5 mG

2 mG

5 mG

2

5

22

4

9

For each RF test we extrapolated the total trapped field
using the average of the three magnetometers monitoring
the axial field in the Dewar right before Tc, and the
measured average perpendicular fields from a survey from
previous tests - which are not normally monitored during
LCLS-II testing as they do not change between tests
compared to the axial field. We then scaled the total trapped
fielded using the flux expulsion results in Figure 1, and the
9-cell data from lots 96 and 98 (estimated) in Table 2. This
trapped field data is plotted vs. Q0 to see if the losses are
within expectations – Fig. 3. Three lines on the plot are for
0.8 nΩ/mG, 1 nΩ/mG and 1.2 nΩ/mG, flux trapping RF
losses. The three losses is the range expected for the 2N6
doping recipes; the zero points were moved to the nominal
5nΩ surface resistance doping level [5, 10].
The scaling of the total trapped flux vs. Q0 for all but a
couple of cavities are within our expectations. The surface
resistance appears to only scale with the amount of trapped
flux and not with the ASTM grain size. The spread in
Figure 3 could have some other embedded uncertainties as
well. For instance, we know the doping level RF losses can
vary by about 1nΩ independent of the remnant field during
testing; which would shift the zero point of the trapped
magnetic field losses up and down. The worst material –
higher flux trapping % - could have an even higher spread
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1.3E-08
1.1E-08
1.0E-08
9.0E-09
8.0E-09
7.0E-09
6.0E-09
5.0E-09
4.0E-09
0

1

2

3

4

Estimated trapped field (mG)
ASTM 5
ASTM 6
ASTM 7
Linear (1.2 nOhm/mG)

ASTM 5.5
ASTM 6.5
Linear (1 nOhm/mG)
Linear (0.8nOhm/mG)

Figure 3: Estimated trapped magnetic field vs Q0 @
16MV/m for the 43 9-cell cavities with magnetic field
monitoring during cooldown. Each symbol represents a
different average ASTM grain size. The three linear curves
are the trapped magnetic field losses for 2N6 doping
(centroid and error).

ADDITIONAL CONSIDERATION FOR
FUTURE PROJECTS
For the first time niobium for a mass-produced SRF
cavity order required sorting of pure heat lot cavities. In
the past sorting of niobium between lots was not see as a
requirement and only sorting between niobium vendors.
The sorting created a unique logistical requirement for the
cavity vendors. For instance, enough spare material from
each lot must be made available to the cavity vendors to
compensate for variance in the RF stack-up and general
production losses during manufacturing; both add
additional cost to production [2, 7]. The need for extra
spare material was learned after one batch of single cell
from lots 94, 96 and 98 needed remanufactured and there
was no spare material for lots 96 and 98. In addition, in
our opinion, the next High Q0 project, most likely LCLSII HE, should change the flux expulsion specification from
80% expulsion at 5K delta, to 80% flux expulsion at 2K
delta, as this would allow a loosening of the cryomodule
cooldown rate [7, 11].
Keep in mind that increasing the cavity annealing
temperature will inherently lower the yield strength of
niobium; current research point to grain growth to increase
flux expulsion [8, 12, 13]. Care must always be taken as
the cavity temperature is increased to compensate for poor
flux expulsion that the cavities may become too soft for
handling. LCLS-II performed shipping tests on higher
temperature heat treated cavities to ensure they were not
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too soft to ship but not to the extent performed for the
XFEL production [14].
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coming from other remnant fields which were trapped; for
instance, the sometimes magnetic return te [5].
Surface resistance @ 16MV/m (nΩ)
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The use of single-cell cavities to analysis the flux
trapping properties of a heat lot of high RRR niobium
appears to be an excellent way to extrapolate the added RF
losses on High Q0 9-cell cavities. Careful analysis of the
test setup for the 9 -cell RF results yield the expected
trapped flux losses for most of the cavities.
The larger variability in the flux expulsion of ASTM 6.5
and ASTM 7 heat lots needs more careful analysis to
understand if this variability could be removed in the
manufacturing stage. If one wanted to maximize the
performance in these materials from TD, all batch would
need a higher heat treatment than 900°C, at the cost of
reducing the yield strength of the cavity. Later lots 100 and
101 annealing temperature increased to 925°C and 975°C
after more information was known, and the softening of TD
cavities was better understood.
Poorer, yet within LCLS-II specification ASTM 6.5 and
7 niobium heat-treated at 900°C, may show slightly lower
results in the cryomodules where the 5K delta equivalent
cooling is hard to archive in all portion of the LINAC.
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CHARACTERIZATION OF SMALL AMR SENSORS IN LIQUID HELIUM TO
MEASURE RESIDUAL MAGNETIC FIELD ON SUPERCONDUCTING
SAMPLES
G. Martinet, Institut de Physique Nucléaire d’Orsay, CNRS/IN2P3, Université Paris-Sud,
Université Paris-Saclay, 91406 Orsay, France
Abstract
Trapped residual magnetic flux is responsible of residual surface resistance degradation on superconducting
materials used in SRF technologies. To characterize this
effect on superconducting samples, compact sensors are
required to mount on sample characterization devices. In
this paper, we present results on AMR sensors supplied
from different manufacturers in the temperature range
from 4.2 K up to 300 K.

The apparatus is mounted into a cryostat as shown in
Figure 2. The cryostat is shielded from magnetic fields
with 2 mm thick mu-metal cylinder closed on the bottom.
It allows finely controlling magnetic field in each direction. The size of the coils and the number of turns has
been calculated to reach the earth magnetic field with a
current in the range of 100 mA – 200 mA.

INTRODUCTION
The trapped magnetic flux during normal conducting to
superconducting transition is a part of the increase of
residual resistance. Several sensors could be used at helium liquid temperature. The requirement of these sensors
is to be compact to work in confined environment, reliable at liquid helium temperature and to have high sensitivity to measure magnetic field in the range 0.1 – 100 mG.
Last work of HZB laboratory [1] has shown that AMR
sensors could be adapted to measure the magnetic field
map in the vicinity of SRF cavities. Although tested AMR
sensors present good overall performances, compact triaxis devices are required to monitor directly the magnetic
field on superconducting samples which are tested in RF
regime [2-6]. We present here preliminary results with
AMR sensors coming from Honeywell to compare with
results on Sensitec components [1].

DESCRIPTION OF THE APPARATUS
The main objective of the characterization setup is to
identify AMR sensors which can operate at super fluid
helium temperature down to 1.6 K and measure residual
magnetic field as low as 0.5 mG. To provide this environment, Helmholtz cell has been built with ABS support
from 3D printer to control the 3 components X, Y and Z
of the magnetic field. The coils are made of 10 turns copper wires and mounted as it is shown in Figure 1.

Figure 1: Helmholtz cell formed by 3 paired coils (⊘
110 mm / 96 mm / 76 mm). Left: sketch of the ABS supports. Right: Picture of the assembled coils.
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Figure 2: Drawing of the cryostat equipped with Helmholtz cell.

Five magnetic sensors are mounted in the Helmholtz
cell. Figure 3 shows the AMR sensors which are mounted
on their PCB. The first one is a fluxgate sensor provided
by Stefan Mayer®. This sensor will be the reference
measurement of the magnetic field. It has been successfully tested in superfluid helium at 1.65 K with homemade conditioning and has the required specifications for
this test. The four others are AMR sensors. The first one
is a Sensitec AFF755B which has been successfully tested
and integrated by HZB laboratory to monitor magnetic
map in the environment of superconducting cavity [1].
The three others have been supplied from Honeywell. The
HMC1001 is one axis high sensitivity sensor. The
HMC1021S is one axis sensor and the HMC1053 is a
three axis sensor. Table 1 gives datasheet overview of
tested magnetic sensors. These specifications are extracted from manufacturers and are established for operations
at room temperature.
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Figure 3: AMR sensors mounted on their PCB.
Table 1: Specifications of Stefan Mayer Fluxgate and
Tested AMR
Parameters FLC100 AFF- HMC- HMC- HMC(unit) -ext
755B
1001
1021
1053
Range
±1000 ±500 ±2000 ±6000 ±6000
(mG)
Accuracy
±2%±3 2.0±0.02 2±0.03 0.5±0.1 1.0±0.1
(mG)
Bandwidth
0-1000 1 106
5 106
5 106
5 106
(Hz)
Supply
5
1.2-9.0
<12
2-25
1.8-20
Voltage (V)
Sensitivity
2500 1.4-10.8 5-36
1.6-25 1.8-20
(mV/G)
# axis
1
1
1
1
3
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mosfet transistors of each circuit to discharge the capacitance C1 in the set/reset coils of the AMR which is simulated by R2 in the Figure 4. By this way, a few microsecond width current pulse signal is generated. The amplitude of the signal is tuned with VCC and the capacitance
C3 to satisfy requirements of each AMR sensor.
Because of the AMR effect, sensors are mounted in
Wheatstone bridge to maximize AMR effect and stay in
linear sensitivity. The structure is similar to strain gages
which are mounted in bridge. A well suited device to
perform acquisition of these sensors is the NI-9237 module from National Instrument. Indeed, it has been developed for measurement of bridge-based sensors (strain
gage) with input range ±25 mV/V on 24-bits full scale
(noise 1 µV/V). Then, the external trigger of pulse generator is connected to the NI-9237 module for synchronization. The supplying voltage of the AMR is set at 5 V. To
simplify acquisition, we have not performed the offset
subtraction as it has been done at HZB [1].

EXPERIMENTAL RESULTS
The five sensors have been placed in the center of the
Helmholtz coils. The cryostat is then filled with liquid
helium at atmospheric pressure. The sensors are oriented
on Z-axis and the magnetic field is controlled by applying
current step into the Z-coils. Figure 5 shows results with
the fluxgate at 300 K and at 4.2 K. A part of the variation
of the slope is attributed to the positioning of the fluxgate
because of the bad stability of the sensors handler. It is
possible that the fluxgate has moved because of thermal
strain on materials.

To operate with best accuracy, the application note
AN213 from Honeywell gives useful tips to manage correctly the set/reset signals. The main reason to use this
function in our case is to avoid variation of the offset
under changing temperature conditions. Another reason is
to decrease self-noise coming from thermal energy over
time especially for low field measurements in submilligauss range. As recommended, electronic circuits has
been adapted to perform the set/reset function for each
AMR sensor as shown on Figure 4.

Figure 5: Output signal for fluxgate at T = 295 K and
T = 4.2 K.

Figure 4: Simulation of the Set/Reset device. The capacitances must be adapted to S/R coil impedance R2.
To drive the set/reset function, a DC generator is connected to provide Vcc and charge the capacitor C1. A
pulse generator Tektronix AFG3000 commands the
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Figures 6 and 7 show measurements of AMR for various steps of magnetic fields at respectively 4.2 K and
295 K. We can see on both figures the good linearity of
the sensors. The slope of these lines gives directly the
sensitivity of the sensors. We have performed these measurements during the warm up of the apparatus. Then, we
obtain the dependence of the sensitivity in the temperature range from 4.2 K up to 295 K which is presented on
Figure 8.
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This confirms that a good set/reset function must be performed. For these sensors, there are no results and the
experiment must be done again.
For Sensitec AFF755B and Honeywell HMC1001, the
set/reset signal worked as expected. Sensitivity at 300 K
is in agreement with datasheets in Table 1. For AFF755
sensor, the sensitivity over the temperature range in monotone whereas it is not for the HMC1001. Indeed, we can
observe that the sensitivity is decreasing in the temperature range from 50 K down to 4.2 K. As a main result, the
sensitivity of tested AMR sensors is increasing at low
temperature which is more convenient for low field
measurements.

CONCLUSION
Figure 6: Results in the magnetic field range of 0-650 mG
at 4.2 K. Black circle: HMC1001. Red triangle:
AFF755B.

First test of AMR sensors shows the efficiency of these
components. HMC1001 and AFF755B have presented no
issues during the test form 295 K down to 4.2 K. The
sensitivity makes them suitable for low magnetic field
measurement. This experiment was the opportunity to test
the behavior of electronic devices and different components in cryogenic conditions. Despite the lake of result
with HMC1021 and HMC1053, overall results are very
promising to find a compact 3-axis sensor to measure
residual magnetic field on small superconducting samples. Next step will be to do the experiment again for all
sensors. The offset of sensors will be measured by changing set/reset sequence in acquisition and sensitivity will
be measured in superfluid helium.
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INVESTIGATION OF TRAPPED FLUX DYNAMICS VIA DC-MAGNETIC
QUENCHING
P. Nuñez von Voigt∗ , O. Kugeler, J. Knobloch
Helmholtz-Zentrum-Berlin, Germany
Abstract
Trapped magnetic flux increases the surface resistance in
superconducting radio-frequency cavities. A better understanding of its behaviour could help to develop a method of
expelling trapped flux from the superconducting surface.
Using a superconducting coil with ferrite core attached to
a 3 GHz TESLA-type 3-cell Niobium cavity fully immersed
in liquid Helium, we were able to subject the cavity walls to
unusually large magnetic fields (estimated >150 mT /µ0 ) and
create magnetic quenches. With Fluxgate sensors attached
in three spatial directions inside the cavity, we were able to
monitor the quench dynamics and extract parameters of the
flux dynamics from the hysteretic behaviour of the measured
fields resulting from the applied coil current. First results of
manipulation of the trapped flux with high magnetic fields
are presented.

INTRODUCTION
Superconducting cavitys are limited in their performance
by various factors. One of them is trapped magnetic flux, the
contribution of which depends on the cooldown dynamics
and the ambient field during superconducting transition [1].
In this work not the mechanisms of trapping [2,3], but rather
the dynamics of already trapped magnetic flux are investigated under the influence of a locally strong external magnetic field. A better understanding could lead to a method
of expelling trapped flux from the superconducting surface
even after the superconducting transition, and therefore a
better performance of the cavity. The first experiment should
show that trapped magnetic flux can be manipulated by a
superconducting coil with ferrite core in higher regimes than
usual [4]. Additional analysis provides insights into the dynamics and helps to define further investigations and the
configuration of ongoing measurements.
After describing the experimental setup, results and interpretations are presented. To the end, a short summary with
an outlook for further investigations is given.

EXPERIMENTAL SETUP
To investigate the behaviour of trapped magnetic flux in a
superconducting cavity under an external magnetic field, a
superconducting coil with a horseshoe-shaped ferrite yoke
is used to generate the external field, as seen in Fig. 1. The
two ends of the yoke are placed underneath the superconducting cavity, such that two regions of increased induction are
created in the cavity wall, which can be made large enough
to exceed the critical field. To measure the magnetic field
∗

pablo.nunez_von_voigt@helmholtz-berlin.de
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Figure 1: Experimental setup. In grey the cavity, which is
a 3 GHz 3-cell Cavity. Inside of it three fluxgate sensors in
black labelled with the initials S,Q and L. Below a coil with
an U-shaped ferrite yoke. Left a cross view along the beam
axis, right a cross view from the side.
inside the cavity, three fluxgate magnetometers are installed.
A customized 3d-printed holding frame matched to the cavity shape provides fixtures for one sensor in each Cartesian
direction. The Cavity also works as a magnetic shield for
the sensors from the direct field of the Coil. Since the cavity is operated fully immersed in lHe with open beampipe,
magnetic stray fields could in principle leak to the sensors.
However, simulations and measurements showed that the
magnetic field from the coil is small and not registered by the
sensors when the cavity is superconducting without trapped
flux. Therefore all measured field-changes had to result from
a magnetic quench or trapped flux.
The Cavity was placed in a bath cryostat with liquid helium. At 2 K in the superconducting phase the coil was
turned on to generate different patterns of magnetic field.
The measurements have the following format: A number
of (different) current pulses are applied to the coil, which
result in a magnetic field. The field then interferes with the
trapped flux or, when strong enough, produces a magnetic
quench, which should result in more trapped flux after the
cavity is superconducting again. The signals of the magnetometers are then analysed. The magnetometers measure the
magnetic field inside the cavity and are expected to represent
the trapped flux in the cavity surface.

RESULTS & ANALYSIS
The effect of the applied field on the trapped flux was
visible. The sensors reacted to the coil, depending on the
strength of the current. As in the case of the cavity with
the least possible trapped flux (directly after a cooldown)
a certain threshold field was necessary to change the field
inside the cavity. It has to be noted, that the two sensors
nearest to the coil (S+Q) were not used as frequently as
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Figure 2: Measured magnetic field before(▽), during (⃝)
and after(△) a pulse of current I. The magnetic field is
given as difference to the initial magnetic field. pos(blue and
light blue) means pulses of current I, neg(red and yellow)
of the current −I. In red o and blue o are the data from the
measurements at 16 mbar, in light blue o and yellow o the
measurements at 30 mbar. Interesting is the indication, that
the yellow curve has a different slope than the red, where
the same effect can only be guessed for the blue curves.

the third sensor (L) for analysis, due to the fact that they
were in “overrange” after high fields penetrated the cavity.
The Fluxgate magnetometers only can measure fields up to
600 µT, which were exceeded most of the time. Nonetheless,
the third sensors revealed encouraging data.
At smaller currents I ≤ 1 A only a small reaction is observed when the current rises. For currents 1.1 A ≤ I ≤
1.2 A a slower reaction can be seen: the measured field
changes during the whole time the current is applied. For
I ≥ 1.3 A faster and stronger changes in the measured field
are observed.
To study the current dependency, pulses with increasing
current from 0.8 A to 1.3 A in 0.04 A steps were applied.
The sensors S and L were over their range most of the time.
Hence, the sensor L was analysed. The pulses were each
100 s long, with 50 s pause in between. The biggest change
in the magnetic field observed by the sensor was during the
current pulses, not at the rise. To visualize the change in the
magnetic field, the magnetic field measured by the sensor L
is displayed in Fig. 2 by comparing the magnetic field before
(▽), during (⃝) and after (△) the pulse. To eliminate the
offset at the beginning, the values of the first circle were set
to zero. A difference between during and after the pulse not
always means a change when turning off the coil, because
the average value is taken. As seen below, the magnetic
field changes during the constant current, so the average is
lower than the endvalue. The same value for after a pulse
and before the next pulse should be the same, because no
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Figure 3: The progress of the magnetic field in dependence
of time was fitted with an exponential function e−λt . The
parameter λ is then displayed for the different currents of amperage I (pos) and −I (neg), at a Helium-pressure of 16 mbar
(red o and blue o) and 30 mbar (light blue o and yellow o).
Higher currents have a faster time constant, meaning the
magnetic field changes quicker and reaches the end value
earlier. Also a difference in the pressure is probably leading
to a different time constant, as the gap in the curves suggests.
external force is applied during that timespan. For Currents
smaller than 1 A there only is a small increase when flux is
trapped before. The Cavity then is in a mixed state, but still
superconducting. Nonetheless, the change in the external
field is measured, meaning macroscopic field can overcome
the expulsion. A definite increase in the measured magnetic
field is seen from 1 A. After that, a non-linear behaviour is
observed. The meaning of the latter effect is not clear yet.
For increasing currents, the change over time in the
measured magnetic field differs non-trivial. Every curve
(progress of magnetic field during current pulse) is fitted
with an exponential function e−λt . The exponential function
is not the best function to describe the progress, but a first
approach for investigating the time constant of the progress.
The time constants of the fits are displayed in Fig. 3. Additionally, the halftime changes with increasing currents and
during each progress. This is shown in Fig. 4. There the
times after which the difference to the endvalue decreases
to 1/2n of the initial difference. An exponential function
would generate a linear curve in this graph, because the
halftime would stay constant. Starting from low amperages,
the curves are convex, going to nearly linear (1.12 A) and
concave functions for high currents. Convex means, that the
change starts slow and is getting faster, concave functions
indicate a fast start and a slow down over time.
We assume two physical effects with different time constants, where one dominates in the beginning or at high
external fields and one at the end where already a lot of flux
is induced in the cavity. One effect has to be the pushing
in of trapped flux. This should have a saturation whith a
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corresponding time constant. The other effect could be the
expanse of the normal conducting region, which depends on
the interaction of flux movement and the superconducting
region.

90

SUMMARY & OUTLOOK
Low I (1 A)

With a superconducting coil with ferrite core we were
able to manipulate trapped magnetic flux inside the cavity
walls. First measurements showed results with a clear current
dependency of the mobility of trapped flux. The process of
the movement during pulses reveals the existence of at least
one time constant with which the progress can be described.
The data also indicate the existence of two processes in the
mechanism of moving trapped flux. The movement could
not yet be described by [5]. But still further measurements
are necessary to test the hypothesis. For better analysis in
the next experiment hall sensors with a greater range will be
installed.
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DEVELOPMENT OF TEMPERATURE AND MAGNETIC FIELD
MAPPING SYSTEM FOR SUPERCONDUCTING CAVITIES AT KEK
T. Okada∗ , E. Kako, T. Konomi, M. Masuzawa, H. Sakai,
K. Tsuchiya, R. Ueki, K. Umemori, KEK, Tsukuba, Japan
T. Tajima, A. Poudel, Los Alamos, NM 87545, U.S.A.
Abstract
A temperature and magnetic field mapping system have
developed at KEK. The temperature measurement system
consists of 540 carbon resistors. The magnetic field is measured by the anisotropic magnetoresistive effect (AMR) sensors. Three sensors are mutually orthogonal to each other
measure 3-axis magnetic field on the equator of a cavity.
The sensors are mounted boards that are arranged every 10
degrees on the cavity outer surface. We evaluate the relation
of the temperature and resistance of carbon sensors at low
temperature. AMR sensors also tested the sensitivity of the
magnetic field at 293 K and liquid nitrogen temperature, and
2 K. The measurement system uses the digital multimeter
and multiplexer switch module by National Instrument. We
show the structure of the mapping system.

INTRODUCTION
Performance of a superconducting radiofrequency cavity
cannot reach the ideal maximum accelerating gradients by
the local quench or the field emission, multipacting. The
quench is caused by local heating. In KEK, the present temperature mapping system for a single cell cavity is rough in
spacing [1]. We have developed a higher spacing resolution
temperature mapping system for a superconducting single
cell cavity. Furthermore, an unloaded Qvalue is essential
for the performance of cavities. The Q-value is associated
with rf losses in the wall. The temperature independent surface resistance from among those resistances increase by
trapped magnetic flux. A superconductor expels all most
ambient magnetic field in the vicinity of the cavity. However, some magnetic flux is trapped with the cavity for a few
reasons. The trapping flux cause low Q-value for the cavity.
Elucidation of the flux trapping is necessary to increase the
performance of the cavity. That mapping system includes
the 3-axis magnetic sensors and can estimate the location of
trapped magnetic flux.

Figure 1: (a) shows Allen-Bradley carbon resistor with G10
housing. A pogostick support to contacts on the outer surface
of a cavity by the elasticity. (b) shows AMR magnetic field
sensor by Sensitec. The sensitivity is maximum in parallel
to the long side of the sensor.

Carbon Resistors
The mapping system consists of a total of 540 AllenBradley carbon resistors. Also, those resistors have 100 Ohm
resistance. A pogo stick presses the resistor against the
surface of the cavity. Temperature variation detected by the
relationship of temperature and resistance of carbon resistors.
These resistors reused from the other temperature mapping
system [2, 3].

MAPPING SYSTEM
The mapping system consists of two type sensors that one
is carbon resistor temperature sensor and AMR magnetic
sensor. Figure 1 shows the sensor and board design. 15
carbon resistors and 3 AMR sensor that are orthogonal to
each other are mounted on a board. A total of the board is
36; it can cover around the outer surface of a single superconducting cavity every 10 degrees. The spatial thickness
of a board with sensors is less than 3 cm.
∗

okadat@post.kek.jp
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Figure 2: Calibration curve for one carbon resistor. It needs
to calibrate for each all sensors.
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We tested the sensors independently of the board at low
temperature. We attached Some carbon resistors choice
from total sensors near the equator of the single-cell cavity.
The resistance of those resistors is around over 100 Ohm at
293 K. Some resistors have over 200 or 300 Ohm. A current
of carbon resistors is 10 μA. The measuring voltage applied
to carbon resistors decides the temperature of sensors. We
cooled sensors and cavity from 293 K to 1.5 K. The silicon
di thermometer on the equator of the cavity detected the
temperature. Figure 2 shows the one calibration result of
one carbon resistor.
We fit the relation of resistance of carbon and temperature
used by this equation:
log10 (𝑅) +

𝐾
𝐵
=𝐴+ .
𝑇
log10 (𝑅)

AMR Sensors
Anisotropic magnetoresistance (AMR) sensors measure a
magnetic field. AMR sensor is used AFF755 by Sensitec [4].
This sensor is low-cost and small for mapping system. The
sensor can measure only one axis of magneic field component.

Figure 3: Sensitivity at 293 K and liquid nitrogen temperature. Magnetic field was controlled by helmholtz coils.
We used another measurement system for investigating
AMR sensors. This system has 3-axis square Helmholtz
coils to control the magnetic field. Calibrated Hall sensor
detected the magnetic field and currents of coils controll to
magnetic field. We compare the voltage of the output of
the AMR sensor and magnetic field to decide the sensitivity
of the AMR sensor.The sensitivity of AMR sensor is linear
response with the voltage and the temperature. Liquid nitrogen cools the sensor to 77 K from 293 K. Figure 3 shows the
584

magnetic sensitivity of the AMR sensor at 293 K and 77 K.
The sensitivity is around 6 mV/G at 293 K and 16.4 mV/G
at 77 K.Therefore, the sensitivity increase with decrease
temperature.

(1)

where, fitting parameters are K, A, and B and we used the
least squares method with 10% errors for estimating parameters. All carbon resistors work well at superfluid helium
temperature.
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Figure 4: Sensitivity at liquid helium temperature.
We also tested the sensitivity at 2 K. We attached the
AMR sensor and fluxgate on a cavity. The magnetic field
was controlled by solenoid coil at vertical test stand. Figure 4 shows the result of the sensitivity at 2 K However, the
sensitivity is around 16.8 mV/G same as a result at 77 K.

Board Design

Figure 5: (c) shows design of a board. The board consists
15 carbon resistors and 3 AMR sensors. AMR sensors can
detect magnetic field on the equator of a cavity. (d) shows
alignment of AMR sensors. These sensors are orthogonal
to each other to measure 3 axis magnetic field. (e) shows a
single cell cavity with mapping boards.
A sensor board consists of 15 carbon resistors and 3 AMR
sensors on the equator of the cavity. Figure 5 shows the
design of a board. A total of the boards is 36, and it can
cover around the cavity every 10 degrees. Thereby identify
Fundamental R&D - Nb
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the location of the heating spot of the cavity. The board
equips MIL connectors on top and bottom that does not
disturb for installing solenoid coil. This mapping system
measures the 3-axis magnetic field by AMR sensors that are
orthogonal to each other. AFF755B has 8 wires for supply
and output and flip coil to remagnetize, test coil. The boards
have designed supply voltages to parallel for 3 sensors. The
other wires of flip coils and test coils combined to serial in
a cryostat.

SUMMARY AND FUTURE PLAN
We have developed the temperature and magnetic field
mapping system. 540 carbon resistors measure temperature
on the outer surface of the cavity and identify a location
of the heating spot. 3 AMR sensors have mounted on the
board that equips around cavity per 10 degrees measure 3axis magnetic field. We plan to measure temperature and
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magnetic field during the cooling to expel the magnetic field
and the vertical RF measurement.
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GRADIENTS OF 50 MV/m IN TESLA SHAPED CAVITIES VIA MODIFIED
LOW TEMPERATURE BAKE*
D. Bafia1†, A. Grassellino, Z. Sung, A. Romanenko, O. S. Melnychuk,
Fermi National AcceleratorLaboratory, Batavia, USA
J. F. Zasadzinski, 1Illinois Institute of Technology, Chicago, USA
Abstract
This paper will discuss the 75/120 C modified low temperature bake capable of giving unprecedented accelerating gradients of above 50 MV/m for 1.3 GHz TESLAshaped niobium SRF cavities in CW operation. A bifurcation in the Q0 vs Eacc curve is observed after retesting cavities without disassembly in between, yielding performance that ranges from exceptional to above state-of-theart. Atomic Force Microscopy studies on cavity cutouts
gives a possible mechanism responsible for this branching
in performance, namely, the dissociation and growth of
room temperature niobium nano-hydrides that exist near
the RF surface, which are made superconducting only
through the proximity effect. In-situ low temperature baking of cavity cutouts reveals a dissociation of these room
temperature nano-hydrides, which could explain the higher
performance of cavities subject to similar in-situ heating in
the dewar.

at 120 C in UHV. This differs from the standard 120 C bake
in that there is an additional mild bake applied before the
final treatment. Figure 1 displays a plot of the furnace residual gas analyser (RGA) while the cavities underwent
this surface treatment. To obtain measures of the resulting
performance, cavities were RF tested at FNAL’s vertical
test stand (VTS).
Table 1: Comparison of High Gradient Treatments
120 C Bake
800 C x 3 hr in UHV
N/A
120 C x 48 hr in UHV

75/120 C Bake
800 C x 3 hr in UHV
75 C x 4 hrs in UHV
120 C x 48 hr in UHV

INTRODUCTION
SRF cavities are a key technology for efficient particle
accelerating. To help realize future accelerators such as the
International Linear Collider (ILC), higher accelerating
gradients must be consistently achieved. The current ILC
surface treatment, the 120 C bake, regularly produces single cell cavities that give quench fields of ~45 MV/m [1,2].
However, to lower the cost of future accelerators, this
quench field must be further improved. This paper discusses a new high gradient surface treatment for SRF cavities, the 75/120 C modified low temperature, developed at
Fermi National Accelerator Laboratory (FNAL) [3,4]. This
surface treatment can produce single cell cavities with
quench fields of above 50 MV/m. The performance of cavities subject to this surface treatment is presented along
with possible microscopic origins for this dramatic increase in the quench field.

HIGH GRADIENT SURFACE TREATMENTS
All niobium SRF cavities used in this study are TESLAshaped with a resonant frequency of 1.3 GHz. The cavities
are subject to the 75/120 C bake outlined in Table 1. As
described in [3,4], the cavities are first heated to 800 C for
3 hours in ultra-high vacuum to degas the cavity surface of
any impurities, leaving the RF surface clean. Second, a
mild bake is applied, in which the cavities are baked at 75
C for 4 hours. Finally, the cavities are baked for 48 hours

Figure1: Furnace RGA plot of a 75/120 C bake cycle.

HIGH GRADIENT SURFACE TREATMENTS
Unprecedented Performance
Figure 2 shows a comparison of Q0 vs Eacc curves for a
typical 120 C baked cavity and a 75/120 C baked cavity.
The former has a quench field of ~41 MV/m while the latter quenches at ~50 MV/m, one of the highest obtained for
this cavity shape. Many high gradient single cell cavities
have been created using this 75/120 C bake; a histogram
depicting the quench fields of these cavities is shown in
Figure 3. Note that the 3 cavities that quench below 28
MV/m were found to have physical defects that likely limited the performance. Figure 4 shows Q0 vs Eacc curves for
7 cavities subject to this 75/120 C bake that achieve quench
fields at or above 48 MV/m, showing that these high gradients are indeed reproducible. In addition to very high
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quench fields, the 75/120 C bake also gives a lower sensitivity to trapped magnetic flux when compared to a
standard 120 C bake cavity, as shown in Figure 5.

Figure 2: Quality factor vs accelerating gradient curves
taken at a temperature of 2K of a standard 120 C bake
cavity and a cavity post 75/120 C bake.

Number of Cavities

15

Quench Field of Cavities Post 75C/120 C
Bake

10
5
0
22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Figure 5: Sensitivity to trapped magnetic flux plotted
against the accelerating gradient for cavities subject to surface treatments outlined in Table 1.
high gradient. However, the cavity was retested on 05/31
without disassembly (or loss of vacuum) and quenched
at 41 MV/m; the Q0 was also significantly lower. Cavity
AES009 post 75/120 C bake also quenched at ~49 MV/m
the first time it was tested. Again, a retest of the cavity
without disassembly after the first test gave a quench field
of ~43 MV/m with a Q0 lower than what was previously
measured. Cavity AES022, on the other hand, first
quenched at ~43 MV/m and later experienced an increase
in quench by +3 MV/m, up to ~46 MV/m, again without
disassembly in between tests.

Quench Field (MV/m)
Figure 3: Histogram depicting quench fields of cavities
subject to the 75/120 C bake.

Figure 6: Bifurcation in performance of cavities post
75/120 C bake retested without disassembly in between.
Figure 4: Q0 vs Eacc curves of cavities post 75/120 C bake
with quench fields of ~49 MV/m.
Cavity AES022 post 120 C bake has a sensitivity to
trapped magnetic flux of 1.0 nΩ/mG at 30 MV/m. However, after resetting the cavity with a 40 µm removal of the
surface via electropolishing (EP) and treating with the
75/120 C bake, this sensitivity decreases to ~0.8 nΩ/mG.
This difference in sensitivity could hint at a difference in
the pinning strength of vortices within the cavity, giving
insight on possible mechanisms responsible for the larger
increase in performance.

Bifurcation in Performance
A puzzling effect is observed for cavities subject to this
75/120 C bake; a bifurcation in the Q0 vs Eacc curves. This
bifurcation is outlined in Figure 6. Cavity 1DE3 was
treated with the 75/120 C bake and tested on 05/08, where
it achieved a quench field of ~49 MV/m, an exceptionally
Fundamental R&D - Nb
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This branching in performance is independent of experimental setup. This bifurcation in performance has been
observed in two separate dewars and for various top plates
and cables. Calibration of the cables have been investigated
and measured Qext2 values show no correlation with the
branching in performance. In addition, the possibility of
trapped magnetic flux causing this bifurcation in performance is not possible because the cavities are generally
cooled in zero field using Helmholtz coils. Nonetheless, it
is useful to get an estimate of the trapped field necessary to
cause this bifurcation. Taking the bifurcation of 1DE3
shown in Figure 6, an estimate of the surface resistance at
40 MV/m for the upper and lower branches are 16 nΩ and
36 nΩ, respectively. This means that trapped flux must introduce an additional 20 nΩ of surface resistance to account for the difference in Q0. An estimate of the sensitivity
to trapped magnetic flux may be obtained from Figure 5.
Assuming the case of higher sensitivity, the curve for
AES022 post 75/120 C bake in Figure 5 gives a value of
TUP061
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~1.6 nΩ/mG. Dividing 20 nΩ by this value gives 12.5 mG;
that is, the cavity must trap 12.5 mG of field to cause this
bifurcation, which is not possible in the test dewars as they
only allow 5 mG of longitudinal field and less than 0.5 mG
of transverse field. To ensure that this is true, Figure 7
shows the field at the equator of 1DE3 for both tests shown
in Figure 6 as measured by a single axis flux gate. In addition to the fact that the cavity never saw 12 mG of field
through transition between these two tests, Figure 7 also
shows that when the cavity was not equipped with field
compensation coils (and hence, sat in a field of 5 mG
through transition), the cavity achieved the upper branch
performance. From this, it is concluded that the bifurcation
in cavity performance is not due to trapped magnetic flux.
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Figure 8: Nb-H phase diagram.
The formation of these niobium hydrides for various
cavity surface treatments has been investigated using cryogenic atomic force microscopy (AFM). Scans of the surface were taken at various temperatures and the average
number of hydrides that formed at that temperature was
recorded. The results are summarized in Figure 9.

Figure 7: Longitudinal magnetic field measured at the
equator of 1DE3. Tc denotes the transition into the superconducting state.
One possible cause for this bifurcation in performance
is now discussed: the suppression of niobium nano-hydride formation.

Hydride Formation
It is well known that niobium has a high affinity for hydrogen [5]. At room temperature, hydrogen exists as a gas
within the niobium lattice. However, upon cooling, the hydrogen diffuses toward nucleation sites where poorly superconducting niobium hydrides form. The formation of
the niobium hydrides is described by the NbH phase diagram shown in Figure 8 [6]. These niobium hydrides are
made superconducting only through the proximity effect,
lowering the superconducting gap of the surrounding material. This diminishing in superconducting properties has
been shown to affect SRF cavity performance and cause
high field Q-slope [5].
Treatments have been developed to combat the formation of these hydrides [2]. It is understood that different
surface impurity structures that result from these treatments produce different amounts of hydrogen capture sites
such as vacancies, nitrogen interstitial, dislocations, etc.
This varying amount of hydrogen capture sites will vary
the concentration of free hydrogen present near the RF surface of the cavity. Figure 8 shows that for very low concentrations of hydrogen (< 8 %), small changes in H concentration with strongly affect the temperature at which niobium hydrides form. As such, it is expected that different
surface preparations of cavities will produce a varying
amount of niobium hydrides as they are cooled to cryogenic temperatures.
TUP061
588

Figure 9: Histogram describing the average number of niobium hydrides formed as a function of cooling to 2 K
within a 10 x 10-micron area for cavity cutouts of various
surface treatments. Measurements were taken with a cryogenic AFM.
Upon cooling, it is found that the sample cut from the
hot spot of a cavity forms many niobium hydrides from 200
K to 150 K. A total average of 8 niobium hydrides formed
within a 10 x 10-micron unit. The 800 C high temperature
bake cutout instead shows that most of the hydride formation occurs at temperatures from 50 K to 10 K; the total
average number of resulting hydrides is the same as for the
hot spot case. Nitrogen doped cutouts show the formation
of only a few hydrides in the range of 200 K to 150 K. Nitrogen infused cutouts show even fewer hydrides formed at
even lower temperatures. It is interesting to see, however,
that although the total average number of hydrides formed
for the 120 C baked cavity cutout is low, they form very
close to room temperature. A 75/120 C bake cavity cutout
has not yet been analysed but plans to do so in the immediate future exist
The size of these hydrides was also studied as a function
of warming. The 120 C baked cavity cutout was warmed
up to a temperature of 320 K. Two AFM scans performed
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on the same region of the sample taken at 300 K and 320
K are shown in Figure 10.
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and gave upper branch performance. The quench of RI001
increased from 43.6 MV/m to 46.8 MV/m and the crossing
of Q0 =2E10 moved from 15 MV/m to 23 MV/m. The
quench of RI002 improved from 42.8 MV/m up to 45.6
MV/m, with the 2E10 crossing moving from 15 MV/m to
27 MV/m. Cavity AES011 experienced a similar increase
in performance, with the quench moving from 42.5 MV/m
up to 45 MV/m with a the 2E10 crossing increasing from
12 MV/m to 15 MV/m.

Figure 10: (Left) AFM scan of a 120 C baked cavity cutout
taken at 300 K. The yellow dotted square shows the area of
the blown up inset located on the upper right-hand corner.
Nano-hydrides are observed. (Right) AFM scan of the
same area of the 120 C baked cavity cutout taken at 320 K.
The red arrow on in the inset tracks the location of a single
hydride.
Niobium nano-hydrides were observed at 300 K, with
sizes on the order of 300 nm. However, after warming the
sample to 320 K, the size of these hydrides decreased considerably. Line profiles of a single hydride taken at 300 K
and 320 K are shown in Figure 11.

Figure 11: AFM line profiles of a single hydride taken at
300 K and at 320 K on a 120 C baked cavity cutout.
This shows a clear decrease in the size of the nano-hydrides after warming to 320 K. This idea of warming the
cavity to 320 K to dissolve any possible room temperature
hydrides was applied in cavity RF tests, which will now be
discussed.

In-situ Cavity Heating
Four 1.3 GHz TESLA-shaped Nb cavities, RI001,
RI002, AES011, and AES022 were treated with the 75/120
C bake and tested in the Fermilab VTS dewar using standard cavity testing protocol. This involved starting a “fast”
cool down (~10 K/min) from a dewar temperature of ~295
K. The resulting Q0 vs Eacc curves of the four cavities are
summarized in Figure 12 in green. All four cavities
quenched around 43 MV/m, giving the characteristic lower
branch of performance discussed in Figure 6. Three of the
cavities, RI001, RI002, and AES011 were taken out of the
dewar and reinserted without disassembly or loss of vacuum. These cavities were subject to an in-situ heating up
to 320 K in the dewar, which was then followed by a fast
cool down. The Q0 and Eacc of all three cavities improved
Fundamental R&D - Nb
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Figure 12: Results of RF tests of four cavities post 75/120
C bake after fast cooling from an initial dewar temperature
of 295 K and from 320 K. Note that a full cable calibration
was conducted before every test.
Cavity AES022 was also retested after an in-situ dewar
heating to 320 K; however, this cavity was never taken out
of the dewar after the first test from 295 K. The quench
field of this cavity improved from 43.8 MV/m to 46.5
MV/m, with the 2E10 crossing moving from 16 MV/m to
30 MV/m. In short, the performance of these four cavities
was improved from the lower branch of the bifurcation to
the upper branch after in-situ 320 K heating in the dewar.
Lastly, note the shapes of the Q0 vs Eacc curves of the cavities post 320 K in-situ heating is slightly elongated in the
horizontal direction, giving a slightly different curve shape.
This gives further implication that there could be a fundamental difference in the surfaces of the cavities between
these two tests, reinforcing again that this bifurcation is not
due to trapped magnetic flux.
A decomposition of the surface resistance into its BCS
and residual components is shown in Figure 13. There is a
clear branching in both the residual as well as the BCS resistance of the cavities, which once again reinforces the
fact that this bifurcation is a result of a physical difference
and not due to trapped magnetic flux. The BCS resistance
after the initial test from 295 K is larger than the test from
320 K by about 2 nΩ at 20 MV/m. The residual resistance
between the two initial dewar temperatures agrees well at
low fields but tends to diverge above 20 MV/m
The cause of this bifurcation in both BCS and residual
resistances is attributed to the suppression of niobium
nano-hydride formation. The above AFM studies show that
the heating of 120 C baked cavity cutouts to 320 K causes
room temperature niobium nano-hydrides to dissolve. This
observation agrees well with the results of the cavity RF
tests before and after the in-situ heating to 320 K. This elevated initial dewar temperature could be
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High Gradient Reproducibility by other Laboratories

Figure 13: Decomposition of the surface resistance into
(Left) BCS at T = 2 K and (Right) residual at T < 1.5 K
components for the cavities discussed in Figure 12. Low
temperature data of RI002 and AES022 was not taken after
the initial test from 295 K.
causing the room temperature nano-hydrides to dissociate,
preventing the further formation of nano-hydrides. The additional 75 C mild bake that precedes the standard 120 C
bake could be introducing more vacancies that would in
turn capture more hydrogen, preventing the formation of
these poorly superconducting niobium nano-hydrides,
thereby correcting for the proximity effect. This could be
responsible for the upper branch in performance of cavities
subject to the 75/120 C bake, giving quench fields that can
reach and exceed 50 MV/m. However, different cavities
come from various vendors and materials. As such, the
starting substrate could have differing amounts of hydrogen capture sites and free hydrogen. For these cavities, it is
believable that an additional 320 K bake is necessary to
dissolve any pre-existing room temperature niobium nanohydrides. This would explain why the cavities discussed in
Figure 12 and Figure 13 achieved upper branch performance only after in-situ heating. The suppression of niobium nano-hydride formation is also consistent with the
fact that cavities subject to the 75/120 C bake show a lower
sensitivity to trapped magnetic flux when compared to the
standard 120 C bake, hinting at differences in pinning
strengths of vortices caused by difference in dislocations
[7].
In addition to the effect of elevated initial dewar temperature, the effect of the cool down rate has also been
studied to some extent. The initial motivation of this stems
from the idea that cavities that dwell in the “dangerous regions” of hydride formation described in Figure 9 could
form larger hydrides, thereby lowering the performance of
the cavity, giving the characteristic lower branch of the bifurcation. However, after extensive study, no obvious relationship between cool down rate and cavity performance
was established. This investigation is still ongoing.
The upper branch performance of SRF cavities subject
to this 75/120 C bake is some of the best ever obtained for
this shape and frequency. A short comparison of measurements performed by other laboratories on cavities subject
to this surface treatment is now presented.

Two 1.3 GHz TESLA-shaped SRF cavities, AES009 and
AES022, were treated to the 75/120 C bake and tested extensively at FNAL. After testing was complete, the two
cavities were sent to laboratories across the world for further investigation. The results obtained by other laboratories are summarized in Figure 14. The Q0 vs Eacc curves
measured by other laboratories are in good agreement with
the ones measured at FNAL. Further comparison of interlaboratory performance of these cavities can be found in
[8].

Figure 14: (Upper Left) FNAL data of TE1AES009 and
TE1AES022. (Upper Right) Data taken of TE1AES022
taken at DESY. (Lower Left) Curve of TE1AES009 taken
at Cornell University. (Lower Right) Curve of
TE1AES022 taken at JLab. All curves taken at a temperature of 2 K.

CONCLUSIONS
Extraordinarily high quench fields of 1.3 GHz niobium
TESLA-shaped SRF cavities above 50 MV/m have been
achieved with the 75/120 C bake surface treatment developed at FNAL. In addition to very high gradients, the sensitivity to trapped magnetic flux is also decreased. The bifurcation in the Q0 vs Eacc curves as well as the BCS and
residual resistances that arises from this treatment is well
explained by the suppression of niobium nano-hydride formation. This conclusion is reinforced with the decrease in
nano-hydride size upon warming to 320 K, as observed in
atomic force microscopy images. However, to fully understand the origins of this bifurcation, further material studies
are necessary. Insights on the microscopic origins of these
very high quench fields could help in the tailoring of future
surface treatment to push the current limitations of SRF
cavity performance even further.
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NEW INSIGHTS IN THE QUENCH MECHANISMS IN NITROGEN DOPED
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Abstract
This paper will cover a systematic study of the quench
in nitrogen doped cavities: three cavities were sequentially
treated/reset with different doping recipes which are
known to produce different levels of quench field. Analysis
of mean free path and TMAP coupled with sample analysis
reveals new insights on the physics of the premature
quench in nitrogen doped cavities; new recipes demonstrate the possibility to increase quench fields well beyond
30 MV/m.

INTRODUCTION
Nitrogen doping is a surface treatment for niobium superconducting radio-frequency (SRF) cavities capable of
producing ultra-high quality factors and very low BCS surface resistance, thereby decreasing the cryogenic load and
ultimately driving the cost of machines down [1-3]. However, cavities subject to this surface treatment experience a
lower quench field (~27 MV/m) than obtained with other
treatments (+40 MV/m) [4, 5]. In addition, N-doped cavities show an increase in sensitivity to trapped magnetic flux
when compared to other treatments [6,7].
In the context of LCLS-II High Energy upgrade and Fermilab R&D, this work presents a sequential study of new,
optimized nitrogen doping surface treatments for the minimization of sensitivity to trapped magnetic flux and surface
resistance while maximizing quench fields. In addition,
TMAP studies were performed and cavity parameters are
compared with trends found in [6] to gain insight on the
mechanisms responsible for the increased performance that
arises from these surface treatments. Lastly, the results of a
9-cell TESLA shaped Nb SRF cavity subject to one of these
optimized nitrogen doping treatments is presented.

received a new, optimized 2/0 N-doping treatment proposed by FNAL and were retested. Another 40 µm EP followed and the cavities were tested after receiving a final
surface treatment, 3/60 N-doping, as proposed by Jefferson
Laboratory. Note that all doping treatments were followed
by a 5 µm EP removal to eliminate any nitrides that form
on the surface. This leaves nitrogen to exist only as interstitial near the RF surface.
Table 1: Nitrogen Doping Treatments
2/6 DopingBaseline
800 C 3h in
UHV

2/0 DopingFNAL
800C 3h in
UHV

3/60 DopingJLab
800 C 3h in
UHV

800 C 2min
25 mTorr N

800 C 2min
25 mTorr N

800 C 3min
25 mTorr N

800C 6min
UHV

N/A

800C 60min
UHV

5 µm EP

5 µm EP

5 µm EP

RESULTS AND DISCUSSION
Sequential Study of Single Cells
The performance for one of the three single cell cavities
post the sequential treatments outlined in the previous section is summarized in Figure 1.

CAVITY PREPARATION
Three 1.3 GHz niobium SRF cavities were subject to
sequential surface treatments to ensure the same surface
morphology. The treatments are outlined in Table 1. First,
each of the cavities was baselined with the successfully implemented LCLS-II 2/6 N-doping surface treatment and
tested at FNAL’s vertical test stand (VTS). Then, the cavities underwent a 40 µm removal of the RF surface via electropolish (EP) to reset it. After this removal, the cavities

Figure 1: (Left) Quality factor vs accelerating gradient
measurements and (Right) BCS resistance vs accelerating
gradient of CAV# 1 post sequential treatments. Note cavity
# 1 has the serial number AES025.
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Cavity# 1 post the 2/6 doping LCLS II baseline gave a
quench field of 27.5 MV/m with a max Q0 of 4E10. After
resetting the cavity surface and treating with 2/0 doping,
the quench field increased by about 6 MV/m, giving a final
Fundamental R&D - Nb
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quench field of 33 MV/m and a max Q0 of about 4.4E10.
Performing another RF surface reset and treating with 3/60
doping gave a quench field of an unprecedented value of
35 MV/m and Q0 of 5.9E10. Note that the sudden drop in
Q0 at high gradients post 2/0 and 3/60 N-doping occurred
after soft quench and is attributed to trapped flux. Processing increased the gradients to their final values. The
BCS surface resistance for the cavity post 2/0 nitrogen doping is like that of a standard 2/6 nitrogen doped cavity.
However, 3/60 doping gives a very low BCS resistance,
achieving a minimum of 3.5 nΩ at 21 MV/m.
The quench field and Q0 at 16 MV/m for each of the
three cavities used in this sequential study are depicted in
Figure 2. Doping the three cavities with the baseline 2/6
treatment gives an average quench field of 24 MV/m and
average Q0 at 16 MV/m of 3.61E10 for the three cavities
studied. Doping with the 2/0 surface treatment increases
the average quench field and Q0 at 16 MV/m up to 27
MV/m and 4.17E10. Lastly, 3/60 N-doping increases these
values up to 30 MV/m and 4.92E10.

Figure 2: A histogram of (Left) the quench field and (Right)
the quality factor at 16 MV/m for each of the three studied
cavities post optimized N-doping surface treatments.
Dashed lines denote average values.
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received 2/0 N-doping plus 5 µm of EP. The RF and TMAP
test results are shown in Figure 4. The cavity quenched at
18 MV/m, which is far earlier than was obtained for the
first time this cavity received this same surface treatment,
as shown in Figure 1 and Figure 2. Further investigation of
the furnace RGA scans showed that there were higher levels of impurities because the furnace had not been baked
out for several months. As such, this nitrogen doping treatment is labelled as a failed 2/0 N-doping treatment; however, lessons may still be learned from the TMAP profile.

Figure 4: (Left) Q0 vs Eacc curve of cavity# 1 post of the
failed N-doping treatment of 2/0+5 µm EP. (Right) TMAP
profile taken just before quench with a helium bath temperature of ~1.5 K.
The heating profile shown in Figure 4 shows that there was
very strong local heating near the bottom iris. The quench
spot was located at the point of strongest pre-heating.
The surface of cavity# 1 was reset with another 40 µm
EP and was treated to a successful 2/0+5 µm EP nitrogen
doping run. The testing results are displayed in Figure 5.
This time, the cavity quenched at the very high accelerating
gradient of 38 MV/m at T < 1.5 K. The quench spot of the
cavity was just above the cavity equator. It is interesting to
see that the point of strongest local pre-heating just before
quench does not correspond to the quench spot.

TMAP Studies
Using the experimental thermometry mapping
(TMAP) setup discussed in [8], the heating profiles of cavity# 1 post sequential optimized N-doping treatments were
studied. The 3/60 N-doping plus 10 µm of removal surface
via EP treatment was first studied. The resulting Q0 vs Eacc
curve and TMAP profile taken just before quench are
shown in Figure 3.

Figure 3: (Left) Q0 vs Eacc curve of cavity# 1 post the
3/60+10 µm EP surface treatment. (Right) TMAP profile
taken just before quench with a helium bath temperature of
~1.5 K. Note that data was only taken up to 20 MV/m for
T = 2 K to avoid quench.
The cavity quenched at 30 MV/m. Inspection of the heating profile just before quench shows that the quench spot
was above the equator, but there was uniform heating over
the surface. After a 40 µm EP reset of surface, cavity# 1
Fundamental R&D - Nb
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Figure 5: (Left) Q0 vs Eacc curve of cavity# 1 post
2/0+5 µm EP N-doping. (Right) TMAP profile taken just
before quench with a helium bath temperature of ~1.5 K.
Note that data was taken up to 30 MV/m for T = 2 K.
For the final test, cavity# 1 received an additional
2 µm of EP, resulting in a doping treatment of 2/0+7 µm
EP. The results are displayed in Figure 6. The additional
2 µm of EP appears to have drastically lowered the effect
of nitrogen doping; the anti-Q slope has been replaced with
the high field Q-slope (HFQS). Note, however, that the onset of the HFQS is about 10 MV/m higher than for standard
EP cavities, which occurs at ~25 MV/m. The TMAP profile
taken just before quench shows that the cavity quenched
below the equator. It is interesting to see that as the cavity
quenches at higher accelerating gradients, the location of
quench tends to be closer to the equator.
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cavities subject to HFQS experience a slope that is not as
steep as the one observed in the 2/0+7 µm EP N-doping
case. However, there is a sharp increase in the slope at
100 mT. This behavior is not observed in the 2/0+7 µm EP
surface treatment even though HFQS is present.

Trends with Mean Free Path
Figure 6: (Left) Q0 vs Eacc curve of cavity# 1 post
2/0+7 µm EP. (Right) TMAP profile taken just before
quench with a helium bath temperature of ~1.5 K.
To gain more insight on the mechanisms responsible for the
quenches, the heating profiles as a function of the magnetic
field of the RTD located closest to the positions of quench
for each respective test are shown in Figure 7.
1000
3/60+10um EP
2/0+5um EP - Failed Treatment
2/0+5um EP
2/0+7um EP
HFQS Quench

10

The mean free path (MFP) in a superconductor is set by
the distance between impurities and has been found to have
some trend with cavity parameters, two of which are the
temperature dependent BCS resistance and the sensitivity
to trapped magnetic flux. The MFP for some of the above
cavities was obtained by measuring the cavity resonant frequency as a function of temperature through warm up. The
change in frequency was converted to a change in the penetration depth of the cavity. The resulting data was fit with
the SRIMP code [9]. The resulting data is plotted in
Figure 8.
An optimal doping treatment should have a mean free
path such that it minimizes the sensitivity to trapped
magnetic flux and the BCS surface resistance.
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Figure 7: A log vs log plot of the measured temperature
difference as a function of the peak magnetic field of the
RTD located closest to the position of quench for each of
the above TMAP studies. The heating profile of a cavity
with high field Q-slope is shown for comparison.
Both the 3/60+10 µm EP and successful 2/0+5 µm EP
N-doping treatments show very little pre-heating before
quench, with the highest temperature measured below
0.01K. Due to this lack of pre-heating, the quench mechanism of these tests is likely to be of magnetic origin. The
quench location of the failed 2/0+5 µm EP N-doping, however, shows much stronger pre-heating, which starts at
~8 mT. The heating increases with the peak magnetic field
until 40 mT, where there a discrete jump occurs in the heating up to higher values. After this jump, the temperature
continues to increase with field, reaching a temperature increase of ~1 K. This discrete jump coupled with the strong
heating might be indicative of the fact that the quench is
due to the heating of a nitride that exists on the surface. The
last temperature profile studied is that of the cavity# 1 post
2/0+7 µm EP N-doping. The heating increases quickly with
the peak magnetic field, reaching 0.2 K just before quench.
As such, the quench might be of thermo-magnetic origins.
The Q0 vs Eacc curve of this last test post 2/0+7 µm EP
N-doping showed the onset of HFQS; as such, it is interesting to compare the heating profile of a cavity with strong
HFQS. From Figure 7, it is seen that the heating profile of
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Figure 8: (Left) A plot of BCS surface resistance vs the
mean free path near the RF surface of the cavity where supercurrents flow. The solid and dashed lines are the theoretical curves calculated using BCS theory for superconducting gap values of 2.05 and 1.85, respectively. (Right)
A plot of sensitivity vs mean free path. Mean free path
values of >800 nm come from EP cavities while MFP
values <20 nm are those of 120 C bake cavities.
The 2/0 N-doping surface treatment gives a MFP of
~120 nm whereas 3/60 N-doping gives MFPs closer to
~90 nm. This suggests that although the BCS resistance of
cavities subject to 3/60 N-doping is lower than that of
2/0 N-doping, the sensitivity to trapped magnetic flux is
higher.

2/0 Doping of 1.3 GHz 9-Cell Cavities
The treatment of 1.3 GHz niobium 9-cell SRF cavities
to 2/0 N-doping is now discussed. The Q0 vs Eacc results of
the first 9-cell cavity, CAV0017, are shown in blue in Figure 9. The measurements of the cavity showed that although Q0 was high, reaching a maximum value of
~3.6E10, the cavity quenched at 20 MV/m, lower than the
average quench field obtained from the three single cell
tests subject to the same surface treatment (27 MV/m). To
gain insight on possible causes of early quench, the cavity
was equipped with second sound and retested. In addition,
mode measurements were performed, allowing for estimates of quench fields in each cell, which are shown in
Fundamental R&D - Nb
quenches

SRF2019, Dresden, Germany

Table 2. Note that the field distributions in cells symmetric
about cell five (cells one & nine, cells two & eight, etc.)
are identical. One can see that cell number one, the cell
closest to the fundamental power coupler (FPC), was
quenching at 20 MV/m. The quench field for each subsequent cell increased until cell number five, which quenched
at 32.8MV/m. One possible hypothesis for this difference
in quench fields among subsequent cells was that it could
stem from variations in surface treatment. Upon investigation of the cavity treatment in the furnace, it was found that
cell number one, the early quenching cell, was placed closest to the nitrogen inlet, which sits closest to the door of the
furnace.
To investigate this early quench further, the cavity surface was reset with a 60 µm EP and treated once again with
the same 2/0 doping treatment as before; however, the cavity orientation was flipped such that the FPC faced the rear
of the furnace, i.e., cell number nine was the cell closet to
the furnace door/nitrogen inlet. The cavity was retested
with second sound and mode measurements. The results
are displayed in Figure 9 and Table 2.

Figure 9: (Left) Q0 vs Eacc of CAV0017 and CAV0018 taken
after 2/0 doping with different orientations in the furnace.
(Right) Picture of FNAL furnace. Note that the nitrogen inlet sits close to the furnace door.
Table 2: Estimate of CAV0017 Quench Fields with
Cavity Orientation in Furnace
Cell #

1
2
3
4
5
6
7
8
9

Quench Field w/
FPC Toward
Front of Furnace
[MV/m]
20
26.4
>30
>27
32.8
>27
>30
>26.4
>20

Quench Field w/
FPC Toward
Rear of Furnace
[MV/m]
>25.3
>25.3
37.2
>32.5
36.7
>32.5
>37
>25.3
25.3

After flipping the orientation of the cavity in the furnace,
the quenching cell moved from cell number one to cell
number nine. In addition, the quench field increased by
about 5 MV/m. This suggests that one possible cause for
Fundamental R&D - Nb
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early quench could be due to some variation in surface impurity concentration between the two tests between the
subsequent cells. The cell closest to the nitrogen inlet
could be receiving more nitrogen, causing that particular
cell to be overdoped, resulting in an early quench.
To investigate this possibility, a second 9-cell cavity,
CAV0018, was also treated to the 2/0+7 µm EP N-doping
surface treatment. The cavity was equipped with second
sound and mode measurements were performed. The Q0 vs
Eacc curve is shown in Figure 9. An estimate of the quench
field for each cell is given in Table 3.
Table 3: Estimate of CAV0018 quench fields. Cell number
one was closest to the nitrogen inlet when receiving doping
treatment in the furnace.
Cell #
1
2
3
4
5
6
7
8
9

Quench Field
(MV/m)
19.5
30.8
>25.3
>23.3
>30.8
>23.3
25.3
>30.8
>19.5s

CAV0018 quenched at 19.5 MV/m and it was found that
once again, cell number one, the cell closest to the nitrogen
inlet in the furnace while receiving the doping treatment,
was the limiting cell. Again, the quench field was found to
increase with each subsequent cell toward the center.
To find the quench spot, CAV0018 was equipped with
fast thermometry and retested with mode measurements.
The measurements showed the quench spot was once again
in cell number one and located between sensors 4 and 5, as
shown in Figure 10, which is diametrically opposite from
the fundamental power coupler.

Figure 10: Position of fast thermometry sensors placed on
cell number one of CAV0018.
To investigate the origins of quench, samples from
each of the cells were cut from the equator to be analyzed
using secondary ion mass spectroscopy (SIMS). The
location of each cavity cutout is shown in Figure 11. Upon
visual inspection, the grains in the cutout from the equator
of cell number one, the limiting cell, were much larger than
the for the cutout from cell number five, hinting at
differences EP removal.
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Figure 11: (a) Location of cavity cutouts from the equator
of each cell along with the estimated quench field. (b) Cavity cutout from the quench spot in cell one. (c) Cavity cutout from cell number five.
Samples from cell number one (the limiting cell) and cell
number five were used in SIMS analysis. The results of
the SIMS analysis are shown in Figure 12.

Figure 12: SIMS scans of samples cut from the equators of
cells numbers one (quench area, shown in blue) and five
(two different areas, shown in green and red). (Left) the
NbN signal normalized to the Nb signal. (Right) the oxygen signal normalized to the Nb signal.
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cells, the new N-doping treatments maintain sensitivity to
trapped magnetic flux similar to that of the 2/6 baseline
while maintaining or decreasing the BCS resistance.
TMAP studies show that the quench mechanism in nitrogen doped cavities is likely to be of magnetic or thermomagnetic origins. SIMS analysis performed on cutouts
from the equators of the first and fifth cells of a nitrogen
doped 9-cell cavity shows that there is no difference nitrogen concentration between them. This leaves the cause of
early quench in 9-cell cavities still unknownss. Successful
implementation of optimized nitrogen doping of 9-cell cavities requires further material analysis to understand if
there exist differences in surface impurity structures between cells to gain insights on possible quench limitations.
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SIMS analysis found no difference in the concentration
of nitrogen between the studied samples. In fact, the concentration profiles of oxygen, chlorine carbon, sulfur, and
fluorine between the two samples was identical. As such,
the differences in quench between the subsequent cells cannot be attributed to differences in nitrogen concentration at
the equator of the cells of CAV0018. Although there are no
differences in nitrogen concentration at the equator between cells one and five, there might be differences closer
to the iris. More samples closer to the iris of each cell are
currently being cut and will be analyzed using SIMS.

CONCLUSION
The above discussed optimized nitrogen doping surface treatments of single cell SRF cavities allow for higher
accelerating gradients and quality factors than the already
exceptional LCLS-II 2/6 N-doping treatment. For single
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FLASHOVER ON RF WINDOW OF HWR SRF CAVITY
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Abstract
Superconducting RF (SRF) technology Breakdown on
the RF ceramic windows always happen in different kinds
of accelerator. It is one of the main limitations in current
day superconducting cavities and couplers. The PT signal
trip caused by discharge on the surface of RF ceramic
window lead LLRF control system trip which affect the
stable operation of the superconducting linac. Simulation
of field emission electron trajectory in superconducting
cavity and experimental measurements of the frequency
of the pickup signal trip have been performed. A lot of
aged window with characteristics of flashover were studied by means of material characterization. The flashover
on the surface of RF ceramic window caused by electrons
and field emission provide the origin of initial electrons.
A modified design of the pickup antenna have solved the
PT pickup trip problem.

INTRODUCTION
The Chinese initiative Accelerator Driven Sub-critical
System (CiADS) project is based on a 10 mA, 1.5 GeV
CW proton linear accelerator for nuclear waste transmutation. The main components of the Linac are superconducting radio frequency accelerating cavities. CiADS
project needs a high stability linac to demonstrate the
technology of 10 mA CW beam of superconducting frontend linac for ADS technology.
The first cryomodule of this linac includes six 162.5
MHz HWR010 cavities working at 4K with optimum beta
equal to 0.1. In one of coupling ports of the cavity, a power trans-mission antenna rooted in a RF ceramic window
to pick up the RF field power. We measured the pickupdrop signal of HWR010 PT and showed in Fig. 1.

Figure 1: The signal with pickup-drop on oscilloscope.

one is reflected RF power (Pr). The frequently deviant
signal result to the irregular responses of LLRF control
system and limit the stable operation of the SRF linac.
The pick-up signal shows that there is discharge happened on the surface of RF ceramic window [1].

SIMULATION OF FE PARTICAL
This simulation was performed in CST Microwave
Studio. The simulation results of electromagnetic field of
the cavity is showed in Fig. 2 and Fig. 3.

Figure 2: The electric field in HWR010 SRF cavities.

Figure 3: The magnetic field in HWR010 SRF cavities.
The electric field is strongest in the middle of the cavity
and is weakest at the ends. The magnetic field is weakest
in the middle and strongest at the ends. FE particles were
attached to the cavity surface with the high electric field
area
The particles movement in electromagnetic field shows
in Fig. 4. The particles movements straight along the
electric field line for the movements were dominated by
the electric field, and the weak magnetic field has little
effect on their direction of motions. These particles will
finally hit on the PT antenna and ceramic window, as
shown in Fig. 4 (d). The energy of the bombarding
electrons is too strong to producing secondary electrons
on the surface of ceramic. Therefore the flashover occurs
by field emission electrons constantly accumulated on the
surface of ceramic window.

The pink signal is pick up power (Pt) from cavity,
the green one is forward RF power (Pf) and the yellow
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Figure 4: The FE particles trajectory simulation of HWR.

EXPERIMENT IN MEASUREMENT
In order to further understand the physics between the
phenomena, the frequency of pick-up-drop signal at different Epk were monitored. The interval of each pickupdrop decreases as the increase in accelerating gradient.
Figure 5 also displays the radiation dose caused by
bremsstrahlung effect increases exponentially with the
accelerating gradient, which indicates that the field emission effect inside the cavity is much stronger at high accelerating gradient, and it agrees with the F-N theory [2].
Therefore, the frequency of pickup-drop is proportional to
field emission. The accumulated field emission electrons
on the window may be the reason of flashover.

Figure 5: The frequency of pickup-drop and radiation
dose are proportional to gradient.

THE FLASHOVER TRACE OF THE
SAMPLES
The surface of ceramic windows in PT couplers of
the first three HWR010 SRF cavities (CM1-1,CM12,CM1-3) in module 1 have been presented completely
(Fig. 6). The left one with some dark area. There are three
obvious and clear discharge channels on the surface of the
middle one. A more obvious and wider discharge channel
on the surface of the right one. The trace on the surface of
the window proved that there is flashover happened.
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Figure 6: The surface of ceramic windows.

THE XPS MEASUREMENT

Figure 7: The results of elemental component test by
XPS.

The windows as samples are placed on the X-ray photo electron spectroscopy (XPS) measurement platform for
inspection (Fig. 7). The elemental component of the surface of the window can be performed. The ceramic window in PT coupler taken from the SRF cavity without the
occurrence of field emission was tested as the contrastive
sample. The samples with flashover trace has fluorine on
the surface and without fluorine on the contrastive one.
The fluorine comes from HF on the surface of the SRF
cavity and was transported by field emission electrons [3].
Fundamental R&D - Nb
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The field emission should be the original reason of flashover.

SOLUTIONS
In light of above analyses, in order to solve the problem, it is essential to avoid the FE electron impact the
ceramic window of pick-up coupler. Two types of pick-up
coupler were designed with the Qe of about 5E11. One is
an electrical coupler, whose antenna was designed with a
cap on its top to absorb the FE electrons and guide them
away through cable, at the same time the cap of the antenna covers the ceramic window at the bottom to avoid
the impact of FE electrons (Fig. 8).
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Figure 8: A modified design of electrically coupled antenna.
The other type of the pick-up coupler will be set at the
end of the cavity with strong magnetic field and weak
electric field. The electric field in this region is too weak
to support FE effect act. As the magnetic field is strong
in this region, the pickup antenna is designed a magnetic
coupled loop made by niobium (Fig. 9).

Figure 9: A modified design of magnetic coupled antenna.

CONCLUSION
The frequently pickup-drop on PT signal is one of the
reasons to interfere the LLRF control system and the
stable operation of the SRF Linac. From all the results, it
can be concluded that the pickup-drop signal are caused
by the flashover on ceramic window and field emission
should be the source of origin. To solve this problem, two
modified designs of transmitted power had be presented,
and they will be validate in our following experiments.
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Abstract
Superconducting SSR2 spoke cavities provide acceleration of the H- in PIP II SRF linac from 35 to 185 MeV. The
RF and mechanical design of the SSR2 cavities has been
completed and satisfies the technical requirements. However,
our resent results of the high RF power tests of fully dressed
SSR1 cavities show considerably strong multipacting (MP),
which took significant time to process. On the other hand,
the new results of the tests of balloon cavity showed significant mitigation of MP. In this paper we present the results of
the improved design of the SSR2 cavity, based on the balloon
cavity concept. The electromagnetic design is presented, including RF parameter optimization, MP simulations, field
asymmetry analysis, High Order Mode (HOM) calculations.
Mechanical analysis of the dressed cavity is presented also,
which includes Lorentz Force Detuning (LFD) optimization,
and reduction of the cavity resonance frequency sensitivity versus He pressure fluctuations. The design completely
satisfies the PIP II technical requirements.

INTRODUCTION
PIP-II stands for Proton Improvement Plan-II [1]: it is
Fermilab plan for future improvements to the accelerator
complex, aimed at providing LBNE (Long Base Neutrino
Experiment) operations with a beam power of at least 1 MW
on target. The central element of the PIP-II is a new superconducting linac, injecting into the existing Booster. The
PIP-II 800 MeV linac derives from Project X Stage 1 design. The room temperature (RT) section includes a Low
Energy Beam Transport (LEBT), RFQ and Medium Energy
Beam Transport (MEBT), accelerating H- ions to 2.1 MeV
and it creates the desired bunch structure for injection into
the superconducting (SC) linac. PIP-II will use five SC
cavity types: one 162.5 MHz half wave resonator (HWR),
two single spoke resonator sections at 325 MHz (SSR1 and
SSR2), lastly two families of 650 MHz elliptical cavities low
beta (LB) and high beta (HB). The technology map of the
PIP-II linac, Fig. 1, shows the transition energies between
accelerating structures, and the transition in frequency.

Figure 1: PIP-II linac technology map.
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This article will discuss the electromagnetic (EM) design of the second type of spoke resonators (SSR2): the
design has been updated again mainly to mitigate multipacting, while trying to preserve the cavity performance.
The phenomenon of multipacting (MP) consists in electron
multiplication at surfaces exposed to an oscillating electromagnetic field, which can represent a serious obstacle for
operation of particle accelerator and their RF components.
Multipacting, in the previous designs of SSR2, has been
studied in [2, 3]: the results in [2] showed higher intensity
and wider power range than for SSR1 cavities, already built
and tested at FNAL [4, 5], results in [3] show already improved MP but yet non-negligible barriers were present in
the operating gradient range. The new design presented here
improves both MP intensity reduces the gradient range in
which it occurs. The main modification to the cavity geometry concerns the end-walls : now they have an elliptical
profile to reduce multipacting as suggested from the balloon
spoke developed at TRIUMF [6, 7]. This article summarizes
all the studies on SSR2 design for PIP-II: EM parameters,
quadrupole field asymmetry,HOMs and multipacting simulations are presented. In addition preliminary multi-physics
studies are included: LFD and df/dP have been calculated
and optimized.

GEOMETRY AND RF PARAMETERS
SSR2 is a single spoke resonator operating at 325 MHz,
it will be used in PIP-II linac to accelerate H- from 35 MeV
to 185 MeV. Figure 2 shows the new SSR2 RF design Y-Z
cross-section where Z represents the beam axis. All the
main geometry parameters values are reported in Table 1.
Electric and magnetic 3D fields have been simulated with
CST Microwave studio and are plotted in Fig. 3.

Figure 2: New SSR2 cavity Y-Z cross-section.
The value of 𝛽opt = 0.47 has been chosen after optimization of the SSR2 section of PIP-II in [8]. SSR2 new design
Cavities - Design
non-elliptical
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Table 1: Main Geometric Parameters
Parameter

[mm]

L_cav
R_cav
R_spoke
D_aperture
Gap_to_gap

500
273.2
114
40
185.9

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP066

mulae 1, 2, where 𝛽 = 𝑣/𝑐 is considered constant through
the cavity, 𝑍0 is the impedance of free space and 𝛼 is the
angle on the x-y plane with respect to the x axis.
𝑧𝑓

Δ𝑝𝑥 (𝑟, 𝛼)𝑐 = ∫ (
𝑧𝑖

𝑧𝑓

Δ𝑝𝑦 (𝑟, 𝛼)𝑐 = ∫ (
𝑧𝑖

𝐸𝑥 (𝑟, 𝛼)
𝑖 𝑘𝑧
− 𝑍0 𝑖𝐻𝑦 (𝑟, 𝛼)) 𝑒 𝛽 𝑑𝑧 (1)
𝛽
𝐸𝑦 (𝑟, 𝛼)
𝑖 𝑘𝑧
+ 𝑍0 𝑖𝐻𝑥 (𝑟, 𝛼)) 𝑒 𝛽 𝑑𝑧 (2)
𝛽

Since the transverse field asymmetry will induce a
quadrupole kick, one can define the parameter 𝑄, defined
in Eq. (3), which is directly proportional to the quadrupole
strength.
𝑄=

(a)

(b)

Figure 3: Electric field (a) and magnetic field (b) in SSR2
cavity.
v3.1 and previous design v2.6 EM parameters are compared
in Table 2. One can see how the two designs deliver equivalent EM performance. SSR2 v3.1 has slightly higher peak
surface fields, still it allowing safe operation at maximum
gradient. The gradient Eacc is defined over the effective
length 𝐿eff = 𝛽opt 𝜆, where 𝜆 is the electromagnetic field
wavelength at 325 MHz.

Δ𝑝𝑥 (𝑟, 0)𝑐 − Δ𝑝𝑦 (𝑟, 𝜋/2)𝑐
(Δ𝑝𝑥 (𝑟, 0)𝑐 + Δ𝑝𝑦 (𝑟, 𝜋/2)𝑐) /2

(3)

,

Figure 4 shows the difference between the transverse components of electric and magnetic fields for SSR2 cavity v2.6.
Integrating the transverse fields for all the particle 𝛽 between
35 and 185 MeV one can calculate the asymmetry parameter
𝑄. Figure 5 compares the quadrupole parameter for SSR2
v2.6 and v3.1, both curves show a significant x-y asymmetry for the momentum gain. SSR2 v3.1 shows the same
quadrupolar strength as SSR2 v2.6. Since the quadrupole
of SSR2 v2.6 could be managed by the existing corrector
design the same applies to SSR2 v3.1 field asymmetry.

Table 2: SSR2 EM Parameters Design Comparison
Parameter
Frequency
[MHz]
Optimal beta 𝛽opt
Effective length 𝐿eff [m]
Epeak /Eacc
Bpeak /Eacc [mT/(MV/m)]
G
[Ohm]
R/Q
[Ohm]
Bpeak at 5 MeV
[mT]

SSR2 v3.1

SSR2 v2.6

325
0.472
0.436
3.51
6.75
115
305
77.4

325
0.475
0.438
3.38
5.93
115
297
67.7

(a)

(b)

Figure 4: Transverse electric (a) and magnetic (b) fields in
SSR2 v3.1 at 10 mm offset.

TRANSVERSE FIELD ASYMMETRY
The lack of azimuthal symmetry in spoke resonators affects transverse electric and magnetic fields, introducing a
perturbation to beam dynamic: a particle will be subject to
non-uniform radial kick. This could be a potential issue since
the focusing in SSR2 cryomodules relies upon solenoids,
which provide uniform radial correction. Transverse field
asymmetry has been studied for all PIP-II superconducting
cavities [9], since the design of SSR2 has been updated it
was necessary to study its transverse field perturbation. The
transverse momentum gain can be calculated using the forCavities - Design
non-elliptical

Figure 5: Q parameter vs 𝛽 from 35 to 185 MeV.
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MULTIPACTING MITIGATION
Particular attention has been put in the MP mitigation of
SSR2 since the very beginning of the design process [2].
Then a first geometry change was implemented [3]: it consisted in adding a small step at the transition of the cylindrical
shell and end-wall, as shown in Fig. 6 v2.6. An additional
optimization has been carried out going to elliptical profile
for the end-wall: SSR2 v3.1 also in Fig. 6. This last geometry change has been suggested from the MP results of the
balloon spoke resonator built and tested at TRIUMF [6, 7].

Figure 7: Electrons trajectories in SSR2 v3.1 at V=1.24 MV
(maximum MP intensity).

Figure 6: Difference between SSR2 v2.6 (double step) and
SSR2 v3.1 (elliptical end-wall profile).
Multipacting simulations have been carried out using CST
particle studio. It is crucial to enhance the mesh quality near
the cavity surface since the MP develops mostly in this region; see Fig. 7. Both field levels, electric and magnetic, and
particle tracking are affected by the mesh quality. CST offers
various choices for Niobium secondary emission yield, in
this paper only the lowest yield is considered corresponding
to discharge cleaned niobium.

MP Figure of Merit
Once the cavity fields have been simulated and the electrons have been tracked for several RF periods, if MP is
present, particle multiplication over time can be noticed
from the plot of total number of particle vs time. A typical resonant multipacting scenario is presented in Fig. 8(a),
where the number of particles is exponentially increasing
with time: once the MP process is started the number of
particles 𝑁(𝑡) can be written as 𝑁(𝑡) = 𝑁0 𝑒𝛼𝑡 . Given the
exponential behavior of the number of particles vs time, one
can define the growth rate, 𝛼, as the exponential coefficient
of the particle number fit. Taking into account the last few
(usually 3-4) RF periods one can calculate 𝛼 as shown in
Fig. 8(b).

MP Results
The new SSR2 design (v3.1) shows improved multipacting characteristics compared to the older design iteration:
TUP066
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(a)

(b)

Figure 8: Particle number exponential growth (a) and growth
rate, 𝛼, calculation (b).
MP is not suppressed but its intensity and gradient range
are reduced especially around operating voltage (≈ 4-5 MV).
The Fig. 9 shows growth rate for both SSR2 v3.1 and v2.6
on the left. In addition, on the right of Fig. 9 SSR2 v3.1
and SSR1, already built and tested at FNAL, growth rate
have been compared. The new SSR2 design has the lowest
growth rate; this is a good indication that the multipacting
in SSR2 v3.1 is going to be easier to overcome during cold
tests.

HOMS ANALYSIS

The spoke resonator geometry is complex but taking advantage of different boundary conditions one can select
which kind of modes to simulate. The two transverse planes
can be set to induce the Electric field continuity (E) or magnetic field continuity (M). In general, there are four main
categories of mode polarizations:
• Monopoles: these modes are found with MM boundaries, like the accelerating mode they have E components on axis.
• Horizontal Dipoles: EM boundary conditions, zero E
field on the vertical transverse plane.
• Vertical Dipoles: ME boundary conditions, zero E field
on the horizontal transverse plane.
• Quadrupoles: EE boundaries, electric field is zero on
both transverse planes, not at 45 degrees.
Cavities - Design
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Figure 11: R/Q vs beta for all monopole modes of SSR2
cavity up to 1 GHz.

(b)

Figure 9: Growth rate comparison from CST PIC simulations: SSR2 v3.1 and SSR2 v2.6 (a), SSR2 v3.1 and
SSR1 (b).

Figure 12: R/Q at beta optimal calculated for all dipole and
quadrupole modes of SSR2 up to 1.2 GHz.

In Fig. 10 it is represented the transverse field pattern for
modes belonging to the two dipole families and quadrupoles.

Figure 10: HOMs polarizations: horizontal dipole (left), vertical dipole (center) and quadrupole (right) field transverse
pattern.

Figure 13: Qext for SSR2 v3.1 HOMs through the fundamental power coupler.

All monopole, dipole and quadrupole modes have been
simulated for frequencies up to around 1 GHz. HOMs R/Q
vs beta curve is calculated to understand how efficient all
modes are at exchanging energy with the particles. R/Q vs
𝛽 for all monopoles is plotted in Fig. 11. The first HOM
shows R/Q higher than the accelerating mode in the low part
of the beta range, but its frequency is not multiple of any
main of the beam harmonics, so the overall energy exchange
is minimal.
R/Q has been calculated at 𝛽opt = 0.472 for all dipole
and quadrupole modes, the results are shown in Fig. 12.
SSR2 cavity is not equipped with HOMs dampers: all higher
modes will be attenuated through the fundamental power
coupler, Fig. 13 presents the Qext values simulated for all
HOMs through the FPC antenna.

LORENTZ FORCE DETUNING AND df/dp

Cavities - Design
non-elliptical

Multi-physics simulations have been run with COMSOL
which allows easy coupling between mechanics and RF
solvers, combined with moving mesh capabilities. The cavity eigen-frequency is calculated first for unperturbed geometry; then either an external pressure is applied to the Helium
volume (df/dp) or an electromagnetic pressure is applied to
the RF surface (LFD). After the mechanic solver is done
computing the displacements, the mesh nodes are updated
by the moving mesh solver and the eigen-frequency is recalculated by the RF solver. All displacements have been
cross-checked between COMSOL and Ansys, Fig. 14 shows
the SR2 v3.1 displacement due to 2.05 bar He pressure. Niobium shell thickness has been set to 3.75 mm. This value
TUP066
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is obtained from raw Niobium sheet thickness considering
the various contributions to its reduction: from the forming
process to the final cavity light chemical processing. In [10]
a full summary of the mechanical design of the new SSR2
cavity is reported including all consideration for df/dp and
LFD and their optimization.
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Quadrupole field asymmetry, MP and HOMs have been studied and do not represent an issue. LFD and df/dp have been
analyzed and mitigated to guarantee easier cavity operation.
Multipacting has been mitigated by modifying the cavity
end-wall curvature: the new SSR2 v3.1 shows lower MP intesity than SSR1 cavity already built and tested. The cavity
design is now ready for mechanical study and optimization,
presented in [10].
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COPPER CAVITY FOR NIOBIUM SPUTTERING
F. Y. Yang∗ , P. Zhang, J. Dai, Z. Q. Li, Y. S. Ma, P. He
Institute of High Energy Physics, Beijing, P.R. China
Abstract
A R&D program on niobium sputtering on copper cavities has started at IHEP in 2017. Single-cell 1.3 GHz copper
cavity has been chosen as a substrate. A chemical polishing
system has subsequently developed and commissioned recently to accommodate the etching of both copper samples
and a cavity. Different polishing agents have been tested on
copper samples and later characterized. The results of these
surface treatment tests are presented.

INTRODUCTION
For the last few decades, superconducting RF (SRF) cavities were generally made from high purity bulk niobium.
After decades of development, RF cavity performance has
approached the theoretical limit for bulk Nb [1]. Consequently, how to improve cavity performance and reduce the
fabrication costs of SRF cavities is always among the top
concerns in SRF field. A R&D program on niobium-coated
copper cavities has recently been funded by the PAPS (Platform for Advanced Photon Source Technology) project [2]
and started at IHEP.
Surface quality of copper substrates prior Nb sputtering
plays a vital role in cavity superconducting performance
and is the focus of this paper. The testing of several surface
treatment agents, sample characterization and the real copper
cavity surface treatment system are described.

OFHC copper samples. Copper ions can be formed by the
chemical reaction of dilute sulfuric acid with copper oxide.
The chemical reaction involved is as follows:
CuO + H2 SO4 (dilute) = CuSO4 + H2 O

(1)

On the basis of this chemical reaction, dilute sulfuric acid
was taken into consideration as an agent. Therefore, we
conducted the experiments of copper samples with dilute
sulfuric acid. The primary parameters that we focus on are
chemical etching rate, surface roughness 𝑅𝑎 and surface
morphology, which would serve as the important basis for
judging the feasibility of this agent.
Three sulfuric acid concentrations were tried, 10%, 15%
and 20% respectively. In addition, the chemical polishing
temperature of each concentration was kept at room temperature. In this experiment, the acid solution did not turn blue
with the elapsed time. The surface of the copper samples
soaked in the sulfuric acid was not significantly improved
by visual inspection. Conversely, the surface of the copper
sample after chemical polishing became darker and dirtier. Samples after chemical polishing were photographed
as shown in Fig. 1(c). In terms of the surface roughness,
the roughness before chemical polishing is 0.587 µm, and
the roughness after chemical polishing is 0.533 µm. Obviously, there is no improvement in the surface roughness of
the copper sample.

SURFACE TREATMENT AGENTS OF
COPPER SUBSTRATE
Three kinds of chemical etching agents were attempted
to obtain a high-quality surface of copper substrates. We
cut the oxygen-free copper sheet by wire-cutting to obtain
copper samples of 30 mm in length, 10 mm in width and
1 mm in thickness, shown in Fig. 1(a). Copper samples
of this size are processed in order to facilitate subsequent
characterization analysis.
The sample surface to bath volume ratio will affect chemical etching rate, so the control variable method should be
adopted in the chemical etching experiments of all agents.
The experimental scheme is designed to ensure that there are
two copper samples (a superficial area of 5.6 cm2 per sample) with an mixed acid volume of 500 ml for each chemical
polishing.

Dilute Sulfuric Acid Etching
Copper surfaces are easily oxidized in the air. The primary aim is to remove the oxide layer on the surface of
∗
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Figure 1: Dimension of copper samples (a), copper samples
before chemical polishing (10% sulfuric acid) (b) and copper
samples after chemical polishing (10% sulfuric acid) (c).
Moreover, Figure 2 shows the comparison among different concentrations of dilute sulfuric acid. Among three
concentrations, the higher the concentration, the higher the
thickness and rate of etching. However, the removal thickness of all concentrations does not exceed 3 µm, and the
chemical etching rate does not exceed 0.2 µm/min. In summary, all the above analysis results show that the surfaces
after dilute sulfuric acid etching do not meet the subsequent
coating requirements.

𝐻2 𝑂2 − 𝐻2 𝑆𝑂4 Mixed Acid Solution
In the chemical polishing process of the above agent,
the acid does not turn blue. Considering the presence of
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Figure 2: Variation curve of the chemical etching thickness
and rate with elapsed time for the dilute sulfuric acid.
Cu2 O [3], hydrogen peroxide needs to be added to dilute
sulfuric acid as an oxidant. We referred to H2 O2 − H2 SO4 −
CH3 CH2 OH − CH3 COOH mixed acid agent [3]. According
to this agent, ethanol (CH3 CH2 OH) can alleviate the decomposition of hydrogen peroxide (H2 O2 ), and the added acetic
acid (CH3 COOH) is able to further improve the surface of
samples. The main chemical reactions are as follows:
Cu2 O + H2 O2 = 2CuO + H2 O

(2)

CuO + H2 SO4 (dilute) = CuSO4 + H2 O

(3)

Several compositions and contents of this mixed solution are
listed in Table 1. Its temperature was also kept at the room
temperature when it worked. The time range of 1-12 min
was concerned during this experiment. As soon as the copper samples was put into the mixed solution, the reaction
occurred violently, and the acid solution immediately turned
blue. As shown in Fig. 3, the etching rate is very high, and
80 µm thickness can be removed in just 12 min.

Samples after chemical polishing were photographed as
shown in Fig. 4. It can be seen from Fig. 4 that the surfaces are not bright enough and begin to grow the convex
morphology with the elapsed time. SEM pictures (Fig. 5)
show that the copper surfaces are uneven and generate much
pitting corrosion. The surface roughness is aggravated by
the protrusions produced on the surface, and the surface
roughness of the copper sample is beyond the range of the
roughness measuring instrument (Model number: TR200,
𝑅𝑎 measurement range: 0.005 µm-16 µm. Based on the analysis, the copper surfaces which are chemical polished by
this mixed acid fail to meet the requirements of subsequent
coating.

Figure 4: Copper samples after the chemical polishing (
H2 O2 − H2 SO4 − CH3 CH2 OH − CH3 COOH mixed acid
agent).

Table 1: The Compositions and Contents of the Mixed Acid
Agent
Composition

Content

H2 SO4
H2 O2
CH3 CH2 OH
CH3 COOH

200 g/l
70 ml/l
40 ml/l
40 ml/l

Figure 5: The SEM surface pictures of copper samples after
the chemical polishing at different time.

SUBU5 Chemical Etching

Figure 3: Variation curve of the chemical etching thickness
and rate with elapsed time for H2 O2 − H2 SO4 mixed acid
solution.
TUP068
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Generally, the surface treatment of copper substrate cavity
is carried out by SUBU5 chemical polishing developed for
LEP2 at CERN. This agent contains four components of
sulfamic acid, ammonium citrate, hydrogen peroxide and
n-butanol [4]. Different concentration of these four components were studied in CERN, and the agent for SUBU5 was
Fundamental R&D - non Nb
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finalized [5]. SUBU5 is an acid solution mixed with 5 g/l
sulfamic acid, 1 g/l ammonium citrate, 50 ml/l hydrogen peroxide, 50 ml/l n-butanol and ultrapure water and working
temperature is 72 ℃ [5]. Samples need to be activated before SUBU5 bath and passivated after SUBU5. Both the
activation and passivation solution are dilute sulfamic acid
(5 g/l) [6].
Chemical or electrochemical corrosion process involved
in SUBU5 with the oxygen free copper is shown in Fig. 6 [5].
In a bath containing sulfamic acid and hydrogen peroxide,
hydrogen peroxide in contact with copper samples produces
intensively bubbles. n-Butanol can inhibit the decomposition of hydrogen peroxide at high temperatures (72 ℃).
As shown in Fig. 6, in the hydrolytic reaction of copper
sulfamate, copper hydroxide precipitation will be one of the
products. Ammonium citrate is added as the complexant to
prevent precipitation on the sample surface [5].

Figure 6: Chemical and electrochemical processes in the
reaction of oxygen-free copper with SUBU5 acid [5].
To obtain a more smooth and brighter surface, SUBU5
chemical polishing experiments were carried out. In order to
ensure that the copper samples were in a stable temperature
system and prevented the metal temperature probe from
reacting with SUBU5, the water bath heating was adopted
(shown in Fig. 7(b)). There are two copper samples with
SUBU5 volume of 500 ml. The specific processing steps are
as follows [6]:
• Mechanical polishing.
• Degreasing.
• Activation pretreatment with dilute sulfamic acid (5 g/l,
about 5 min).
• Chemical polishing (SUBU5) with bath agitation.
• Passivation with dilute sulfamic acid (5 g/l, about
5 min).
• Ultrapure water cleaning.
• Soaked in absolute ethyl alcohol.
• Drying with high purity nitrogen and packing in plastic
bag under high purity nitrogen.
According to SUBU5 polishing steps, it was found that
samples were rapidly oxidized when they were taken out
from SUBU5 bath (shown in Fig. 8 right). Several experiFundamental R&D - non Nb
Nb coating
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Figure 7: Adjusted SUBU5 chemical polishing steps.
ments were repeated. It was found that no matter how fast
two steps were conducted, copper samples would still oxidize rapidly. When the copper samples were immersed in
SUBU5 bath, the copper samples were bright and there was
no tendency to oxidize according to our visual observation
(shown in Fig. 8 left). As shown in Fig. 8 (right), there is
only a small part of the smooth surface in the middle. And
the oxidized area is widely distributed around the sample.
As we know, the copper material is easily oxidized at the
high temperature (72 ℃). When the copper samples are removed from bath at 72 ℃, there is great possibility that the
copper samples which are exposed to oxygen will oxidize
immediately. Therefore, we consider that copper samples
need to be cooled to the room temperature (around 25 ℃
) before getting removed from bath. The specific steps are
adjusted shown in Fig. 7. The oxidation of copper samples
disappears following adjusted steps, as shown in Fig. 9.

Figure 8: Bright copper samples soaked in SUBU5 bath
(left) and oxidized copper samples taken out from SUBU5
bath (right).
Once adjusted SUBU5 steps are determined, it is necessary to explore the relationship between the chemical polishing rate and time. There are two copper samples (shown
in Fig. 1, an area of 2.8 cm2 ) with the SUBU5 volume of
500 ml for each polishing. As shown in Fig. 10, when the
chemical etching time is 10 min, the corresponding rate is the
highest. With the elapsed time, the rate gradually decreases.
TUP068
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which should be avoided as much as possible during the
whole surface treatment.

Figure 9: Polished copper samples following the steps described in Figure 8.
And when time reaches 30 min, the chemical etching rate
tends to be stable. Samples begin to oxidize in SUBU5 bath
when samples are etched to 40 min (shown in Fig. 10), because SUBU5 solution with 2 samples reaches saturation.
For the ratio of SUBU5 volume to 2 copper samples (ratio:
44.6 cm), the whole chemical etching time should be controlled within 40 min. When SUBU5 bath solution is used
to its limit, it is necessary to offer the new SUBU5 solution.
And copper samples continue to be chemical polished to
obtain the thickness (at least 140 µm [7]) we need to remove.

Figure 10: Variation curve of chemical etching thickness
and rate with elapsed time for SUBU5 agent.
In terms of the background roughness of copper samples
(before SUBU5) is around 0.5 µm. Then the surface after
SUBU5 bath polishing presents an average roughness 𝑅𝑎 of
0.1 µm. It is an acceptable value according to the experience
at CERN [5]. The oxygen-free copper samples that are successfully chemical polished can be able to get a surface close
to that of a mirror. Therefore, the reflectivity measurement
of copper samples was conducted (shown in Fig. 11). It can
be seen from the Fig. 11 that the reflectivity of copper samples which got SUBU5 surface treatment has been improved
obviously within the visible light band. SEM images are
shown in Fig. 12. There are some pitting and slight scratches
on the sample surface. Figure 12 shows the surface morphology of samples that are removed 40 µm layer. There
is possibility that SUBU5 polishing time is increased (to
remove surface layer around 140 µm) to remove pitting [7].
Slight scratches are likely to have been introduced during
other steps and not from SUBU5 chemical polishing itself,
TUP068
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Figure 11: Reflectivity measurement of copper samples.
Above all, SEM images show that the sample surface
is generally smooth. Results of the reflectivity measurement show that the surface by SUBU5 is brighter compared
with previous two agents. And the average roughness 𝑅𝑎 of
0.1 µm is an acceptable value for the subsequent coating. In
order to find a higher quality substrate, we will explore the
electropolishing next.

Figure 12: SEM images of copper samples magnified 1000
times (left) and 3000 times (right).

CHEMICAL POLISHING
CIRCULATION SYSTEM
Once we have confirmed the chemical polishing agent
and steps, we will start the study of chemical polishing for
1.3 GHz copper cavity substrate.
A closed cycle system was established for the copper
cavity substrate (shown in Fig. 13). In this system, ultrapure water tank is located at the top of this setup (shown in
Fig. 13). And two tanks in line for SUBU5 and passivation
respectively are located behind the setup, shown in Fig. 14
(left). The SUBU and passivation solution are pumped out
by two pneumatic pumps respectively from tanks and into the
pipeline to participate in the circulating. The self-circulating
pipe volume is 6 liters, and the volume occupied by 1.3 GHz
copper cavity is 4 liters. The self-circulating direction is
indicated by the red arrow in Fig. 13. And the magnetic
Fundamental R&D - non Nb
Nb coating
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pump controls the entire self-circulating. SUBU5, passivation solution and ultrapure water enter from the bottom of
the copper cavity and eventually flow out from the top of it,
which will bring the liquid into full contact with the inner
wall of the cavity. The heater heats SUBU5 to ensure working temperature 72 ℃. However, it takes 15 minutes for the
heater from room temperature to working temperature due
to power supply constraints. The waste liquid is discharged
into the waste tank as shown in Fig. 13. A sample holder
is installed and fixed at the pipe, shown in Fig. 14 (right).
The chemical polished copper samples will be characterized
to obtain relevant parameters that are not easily detected in
the copper cavity, such as surface roughness, reflectivity,
surface morphology, etc.
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Figure 15: Chemical polished copper cavity substrate.
for the copper cavity substrate has been built and commissioned. It has been planned to expand the volume of the
circulation pipe in order to increase the copper removal.
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CONCLUSIONS
The chemical polishing agent and specific procedure have
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Abstract
An
ongoing
programme
of
development
superconducting thin film coating for superconducting
radiofrequency (SRF) cavities requires a facility for a
quick sample evaluation at the RF conditions. One of the
key specifications is a simplicity of the testing procedure,
allowing an easy installation of the sample and quick
turnover of the testing samples. Choked test cavities
operating at 7.8 GHz with three RF chokes have been
designed and tested at Daresbury Laboratory in a LHe
cryostat verifying that the system could perform as
required for future superconducting thin film sample tests.
Having the sample and cavity physically separate reduces
the complexity involved in changing samples - major
causes of low throughput rate and high running costs for
other test cavities - and also allows direct measurement of
the RF power dissipated in the sample via power
calorimetry. However, changing a sample and preparation
for a test requires about two-week effort per sample. In
order to simplify the measurements and achieve a faster
turnaround, a new cryostat cooled with a closed-cycle
refrigerator has been designed, built and tested. Changing
a sample, cooling down and testing can be reduced to 2-3
days per sample. Details of the design and results of testing
of this facility will be reported at the conference.

INTRODUCTION
An ongoing ASTeC Thin Film SRF program includes the
four parts: (1) Surface preparation and deposition of the
samples using PVD and CVD methods [1-4]; (2)
Characterisation of the samples using various surface
analysis techniques including SEM, XPS, XRD, EDX, etc.;
(3) Measuring superconducting properties in DC and AC
conditions: RRR, magnetisation (SQUID), magnetic field
penetration, etc. [1, 2, 5-7]; (4) Testing of the various
samples at RF frequencies using a dedicated cavity design
[8-10].
Two choked cavities were designed at Daresbury
Laboratory for testing of planar samples. The cavities were
initially measured at room temperature [8], then a threechoke cavity was tested at cryogenic temperature with a
copper and Nb samples [9,10]. Although, the LHe cryostat
based system demonstrated that the suggested method can

be employed, the required effort to change a sample was
found to be still too high. A new facility based on pulsed
cold head has been designed, built and tested.
This paper reports on the design detail, cryogenic test
and troubles to be resolved.

CAVITY DESIGN
The RF design of the niobium cavity and its use in a LHe
cryostat was detailed in [10]. The LHe system is still
operable but it is still time and effort consumable to change
a sample. In order to simplify the testing it was decided to
design a simple and easy-dismountable facility base on a
closed-cycle refrigerator cooling.
In its initial implementation, the two-choke cavity and
sample plate assembly is connected using spacers. The
surface resistance is measured using a DC-RF
compensation method requiring the sample temperature to
increase. The thermal contact between the cavity and the
sample through the use of thermal strapping, was
optimised to ensure an appropriate temperature rise at the
operating power, to allow accurate measurements while
keeping the temperature of the sample well below the
transition temperature. The cavity is well strapped to the
cryocooler to ensure a fixed temperature.
Figure 1 shows the Nb cavity mounted onto the second
stage of the cryocooler. This section constrains the RF
through the use of quarter-wave chokes. The input antenna
is coupled into the cavity volume from the top. The antenna
is mounted onto a thin-walled stainless steel tube attached
to a micrometer at the top of the cryostat. A 2nd antenna can
be inserted either inside one of the chokes or from the side
to allow the stored energy to be measured, however due to
the relatively low Q of the system stored energy can be
measured from the reflected power on a network analyser
instead.

CRYOGENIC FACILITY
The cryogenic set-up layout is shown in Fig. 2. The
entire facility is assembled to the top flange of vacuum
chamber, which is equipped with a cryocooler (Sumitomo
RDK-415D 4K Cryocooler). RF feedthrough with a linear
drive, thermometry and heater’s wiring feedthroughs and
ports for vacuum pumps and gauges. Vacuum vessel made
of 304L stainless steel.
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Figure 1: The two-choke cavity installed on Stage 2 plate
at the facility.
Stage 1 plate is mounted to the top flange with four G10
rods (shown in Fig. 1), and Stage 2 plate is mounted
similarly to Stage 1 plate. For providing good thermal
conductivity, the Stage 1 and 2 plates, the thermal screen,
the cavity and sample holders are made of OHF copper,
while the sample screen is made of aluminium. Cooling of
the Stage 1 and 2 plates and the sample holder is provided
with the heat links L1 – L3. A good thermal contact was
provided through the use of indium foil at all joins between
metal parts.
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Cavity and sample temperatures can be controlled
through the use of heaters H1 and H2 attached to Stage 2
plate and to sample holder plate.
Calorimetric measurements, using the DC-RF
compensation method, are required for the experiment, and
a system similar to the one implemented on the LHe
cryostat [9] can be used.
The system has been improved in terms of ease of
sample changing. The following has been implemented:
 Single vacuum, i.e. no vacuum joints and sealing at
cryogenic temperatures;
 No need of disconnection of many thermometer and
heater wires, however, if necessary to disconnect a
sample holder plate, all wires can be disconnected with
a single connector.
 To change a sample one have simply to lose four nuts
holding the sample holder plate and slide the sample
(see Figs. 2 and 3).
Assembling the facility after changing a sample takes
now about 1 hour. It take about 24 hours pumping to pump
down to 10-4 mbar when cryocooler could be switched on.

CRYOGENIC TEST
After 12 hours of cooling the temperature of 4.6 K
reached on the Stage 2 plate and the sample holder plate.
The heaters and thermometers connected to temperature
controllers Lakeshore model 335 controller allows to
control the cavity and the sample temperature in the range
4.6 – 60 K.

Figure 3: Detailed view of the cavity cradle.

RF TEST

Figure 2: Schematic of the test cryostat assembly. T1-T6 are
thermometers, H1 and H2 are heaters, L1-L3 are heat links,
TMP is a turbo-molecular pump.
The facility is equipped with thermometers T1-T6
allowing to now the temperature of different parts of the
cryostat.

Fundamental R&D - non Nb
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RF measurements were taken using a vector network
analyser (VNA) connected to the input probe (see Fig. 4
for overall operational setup). The input power was
restricted to 100 mW due to radiation limits in the testing
area. This allowed us to take low power measurements
only.
All measurements are preferably taken in matched
conditions, which can be achieved by using the tunable
input coupler through manipulation of the micrometer on
the top flange. This system had been very effective when
used with the LHe cryostat [9], but the pulsed nature of the
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cooler used in this experiment generated microphonics that
caused the input coupling to jump, preventing accurate
measurements.
Efforts have since been made to damp the microphonics
through better control of the coupling rod, by adding
stiffening brackets connecting the rod to the Stage 1 and 2
plates. The brackets do not prevent vertical movement over
the required tuning range. This has provided substantial
damping, but should one decide to further reduce the
microphonics the antenna support system should be
replaced with a cryogenic drive or similar system mounted
solidly onto the Stage 2 plate.
The first measurements of the cavity with an aluminium
sample, chosen to avoid any radiation safety issues, have
been taken. This test has demonstrated that the tuner is still
functional and the Q-factor of the cavity can be measured.
The surface resistance calculated from this measurement
at f = 7.75 GHz and T = 4.6 K was Rs = 0.0150.003 
which is in line with literature data [11].

Figure 4: Test facility in operation.

CONCLUSIONS AND FUTURE PLANS
A new facility for the RF testing of superconducting thin
films deposited on Cu or Nb planar samples has been built.
The first cryogenic RF tests demonstrated that the cryostat
and RF instrumentation operated as designed. It has been
demonstrated that sample surface resistance can be
measured at temperatures in the range of 4.6 – 60 K.
Vacuum and cryogenic tests proved a confidence that the
target of measuring one or two samples a week can be
achieved.
Microphonic issues could potentially remain a problem
with superconducting samples and this should be
addressed in the future.
The next step will be to repeat the measurements using a
bulk Nb sample to verify the ultimate performance and
sensitivity of the facility in terms of surface resistance
measurements.
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THE DEVELOPMENT OF NIOBIUM SUPTTERING ON COPPER
CAVITIES AT IHEP*
J. Dai†, P. He, Z.Q. Li, Y.S. Ma, F.Y. Yang, P. Zhang, Institue of High Energy Physics, Chinese
Academy of Science, Beijing 100049, China
Abstract
A R&D program focusing on niobium sputtering on copper cavities started at IHEP in 2017. Single-cell 1.3 GHz
elliptical cavity shape has been initially chosen as sputtering substrate. A magnetron sputtering system have been developed in 2018. In addition, a surface treatment facility to
polish the copper substrate before sputtering has been developed and commissioned. This paper will present the
Nb/Cu coating activities at IHEP.

formula [9] of CERN is used for chemical etching. A chemical polishing system for copper cavity was built, as shown
in Fig. 1.

INTRODUCTION
In recent years, radio frequency superconducting technology has developed rapidly in China. IHEP-related projects include Accelerator Driven Sub-critical System (ADS)
project [1], Platform of Advanced Photon Source technology (PAPS) project, and High Energy Photon Source
(HEPS) project [2] and so on. At present, the mainstream
technology is pure niobium superconducting cavity, but the
superconducting performance of niobium cavity has almost approached the superconducting limit of niobium in
recent years [3], so the niobium sputtering copper cavity
was officially launched at IHEP in 2017 as an alternative
technical reserve.
Niobium sputtering copper cavity is a technology has
been developed for many years, first proposed by CERN in
1980s [4]. It has been successfully applied to LEP2 [5] and
LHC [6] accelerators of CERN and ALPI heavy ion accelerators [7] of INFN. It has been running steadily for many
years. The niobium-sputtered layer has not been found to
fall off and the performance of superconducting cavity has
not been reduced due to the change of niobium-sputtered
layer [8].
IHEP adopts SUBU agent of CERN as the basic formula
of copper cavity chemical polishing, and already built a
chemical polishing facility to prepare smooth and clean
substrate for niobium sputtering. A magnetron sputtering
system was also built in Mid-2018. At the end of 2018, four
copper cavities, two stainless steel sample holder cavities
and niobium cathodes were completed. Glow discharge debugging was realized in April 2019, and the first experimental coating was completed in May 2019.

SURFACE TREATMENT
After the half-cell of copper cavity is finished, 600 mesh
sandpaper is used for mechanical polishing, then dilute sulfuric acid is used to clean the cavity equator area for the
next step electron beam welding. After welding, the SUBU
____________________________________________

*Work supported by Platform of Advanced Photon Source (PAPS) project
†
daijin@ihep.ac.cn
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Figure 1: Chemical polishing system for copper cavity.
As long as the copper cavity is mounted on the system,
SUBU acid is pumped into the circulating pipeline through
a pneumatic pump from the acid container, and the heater
and circulating pump open simultaneously. The acid is continuously heated to 72 degrees Celsius during circulation
in the polypropylene pipeline. An exhaust port is reserved
at the top of the circulating pipeline. The acid flow will
guide the corroded gas and related bubbles generated on
the cavity surface to the exhaust port and then enter an exhaust gas treatment system. This bubble removal would
help obtaining a smoother cavity surface. After chemical
etching, cold water is used to spray the outer surface of the
copper cavity for cooling, as shown the cooling tank in Fig.
1. It usually takes about 15 minutes for the temperature of
copper cavity to decrease from 72 degrees Celsius to room
temperature.
The cooled acid is then discharged into the waste acid
tank under the circulation system. Then the passivation solution is pumped into the circulating system by a pneumatic
pump. The inner surface of the copper cavity is passivated
for 1-2 minutes. Then the passivation solution is discharged into the waste acid tank. Then open the pure water
valve above and pump the pure water into the circulating
system to clean the acid remaining on the surface of the
copper cavity. After about four cycles of cleaning, the acidladen wastewater is discharged into the waste acid tank.
After the whole chemical treatment finish, the copper
chamber is dismantled. Then, the inner surface of the copper cavity is purged with high purity nitrogen, so as to the
residual pure water on the surface is washed out to prevent
oxidation of the cavity surface. Then, the copper cavity is
vacuum-preserved. Figure 2 shows the cavity inner surface
after chemical treatment.
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Figure 2: Copper cavity surface after chemical treatment.
This polishing system was put into use in early 2019. So
far, a copper cavity has been treated once, and the surface
roughness after treatment reaches 0.2 μm. At present, the
system is limited by the capacity of acid storage vessel (6L),
so the surface treatment of copper cavity can only reach
6 μm. New larger capacity (60L) acid storage vessels and
larger power heaters are being machining. The expanded
system has a design value of heating 60L acid solution to
72 degrees Celsius in 10 minutes, which can etch the surface of copper cavity about 50 μm.
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cavity is placed on the base of the vacuum chamber. The
base is sealed with the vacuum chamber through a copper
O-ring. The vacuum system is placed outside the clean
room. It consists of a primary pump, two molecular pumps
and an ion pump. After about 72 hours of baking in May,
the vacuum of sputtering chamber reaches 3 10 mbar.
The niobium cathode inside the chamber contains a permanent magnet with a diameter of 32 mm, a width of 20
mm, and a magnetic field strength of 5000 Gauss. The copper cavity is divided into 5 evaporation areas, and the evaporation time of each area is determined by the relative distance between the magnet and the evaporation position. In
the process of coating, the magnet is moved from bottom
to top, and different sputtering time is set at different positions of the cavity to achieve more uniform coating at the
copper cavity surface. Since the whole system was integrated and debugged in April 2019, there is no time for
sputtering on the real copper cavity, but a niobium sputtering on a sample cavity has been completed.
The sample cavity is made of stainless steel, and the inner wall morphology is exactly the same as that of the copper cavity used in the project, as shown in Fig. 4. Lot of
circular holes were drilled in the stainless steel sample cavity for vacuum pumping. Some of the holes are screwed
with oxygen-free copper samples, which is placed in different positions of the cavity tube, iris area and equator area
to ensure that the evaporation quality of each position on
the cavity can be known after one sputtering.

NIOBIUM SPUTTERING
Magnetron sputtering device was completed in 2018. It
consists of two parts, one is the niobium-sputtering chamber and the other is the vacuum system, as shown in Fig. 3.

Figure 4: Stainless steel sample cavity.

Figure 3: Magnetron sputtering device.
The film sputtering vacuum chamber is placed in a class
100 clean room. The installation and disassembly of niobium cathode and copper cavity is inside the clean room to
ensure the cleanliness of the sputtering system. The diameter of the sputtering chamber is 400 mm, and the copper
TUP072
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In May 2019, the 1st sample cavity sputtering was completed. After the vacuum reaches 3 10 mbar, the ion
pump is closed and krypton gas is filled into the vacuum
chamber. The gas pressure is 5 10 mbar, the cathode
current is set as 1 A. The sputtering time of iris and cavity
tube is 2 hours. The position of equator area is about twice
as far as that of cavity tube, so set the sputtering time as 4
hours. After the experiment, the sample cavity is removed
from the sputtering chamber, and a layer of niobium film
was deposited on the sample cavity surface and all copper
sample sheets, as shown in Fig. 5. The copper sheets is then
disassembled from cavity and analysed by SEM. It is found
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that the thickness of niobium film at the cavity tube position was about 6 μm and the equatorial position was about
1 μm.
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Figure 5: The first sputtering result.

CONCLUSION
By mid-2019, IHEP has completed chemical polishing
equipment for niobium sputtering copper cavity and a set
of magnetron sputtering equipment. The chemical polishing of a copper cavity was completed in January 2019, and
the preliminary commissioning of the magnetron sputtering equipment was completed in April 2019. The first film
preparation on the sample cavity was realized. The key parameters of evaporation, including discharge current, magnetic field arrangement and vacuum, still need to be optimized to achieve more uniform and stable niobium film in
the future.
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SUPERCONDUCTING THIN FILMS CHARACTERIZATION AT HZB
WITH THE QUADRUPOLE RESONATOR
D. Tikhonov*, S. Keckert, J. Knobloch, O. Kugeler, Y. Tamashevich
Helmholtz-Zentrum Berlin (HZB), Berlin, Germany
A-M. Valente-Feliciano, Thomas Jefferson National Laboratory (JLab), Newport News, USA
Abstract
Superconducting films have great potential as post-Nb
material for use in SRF applications in future accelerators
and industry. Test the RF-performance of such films in
practice would require the building and coating of a full RF
cavity. Deposition of thin films on such scales in test facilities are challenging, in particular when curved surfaces
have to be coated. This greatly complicates their systematic
research. In this contribution we report on the method we
use to characterize small and flat thin film samples (Deposited onto both Nb and Cu substrates) in an actual cavity
named the Quadrupole Resonator (QPR). We also summarize the latest measurement results of NbTiN films.

INTRODUCTION
Cavities, coated with different superconducting materials are good candidates for replacing bulk Nb cavities.
Deposition of superconducting materials on Cu and Nb
might increase maximum field, thermal conductivity and
reduce costs of material. Therefore, such cavities are now
perspective candidates for future accelerator projects (such
as FCC), but the production procedures require optimisation.
An extensive research of RF properties of different
films (supplied by various institutes) is being conducted at
HZB. For this purpose we use the Quadrupole Resonator
(QPR) which is a tool that is able to perform SRF characterizations at frequencies ~415, 845, 1285 MHz with RF
fields using an RF-DC power compensation technique. The
QPR is also able to perform measurements at wide range
of temperatures (from ~2 to >20 K). For the details regarding the QPR, please, refer to [1, 2].
In this contribution we present newly produced copper
and niobium QPR substrates (samples) for films deposition
and report on measurements of two NbTiN films, produced
by JLab with bulk (2 µm) and thin (70 nm) films. In addition to this, we performed RF characterisations of multilayer Superconductor – insulator – superconductor structure (SIS) film (for more details see [Ref. 3]).

NEW SUBSTRATES FOR SUPERCONDUCTING FILMS RESEARCH
To simplify the study of films we designed new substrates for superconducting films deposition. The substrates (QPR samples) have simplified design and reduced
size, which is more suitable for coating facilities (see
Fig. 1). In total, five copper and five niobium substrates
have been produced at Research Instruments GmbH (RI).
*dmitry.tikhonov@helmholtz-berlin.de
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Those substrates were donated by the ARIES project1 one
of the goals of which is the systematic study of the copper
surface preparation procedures for films deposition for applications in future accelerator facilities (such as FCC).

Figure 1: Samples dimensions and shape.

Copper Substrates
Five copper samples will be used to study (within the
ARIES project1) the influence of Cu surface preparation
methods on RF parameters of the coated films. As a first
step, two samples will be polished with SUBU2 (after reduction of the original roughness) at INFN LNL and then
coated with NbN films at two facilities: University of
Siegen and Daresbury Laboratory.

(a)
(b)
Figure 2: One of the Cu substrates after fabrication (a) and
after first SUBU polishing (b) [©Credits: Cristian Pira, E.
Chyhyrynets and other. INFN LNL].
The main challenge during the production of those samples was the Cu-Nb joint on top of the sample (see Fig. 2).
To create that joint the electron-beam welding method was
used. Since Cu and Nb are two different materials it is impossible to weld them together (they do not create a single
crystal cell structure). Therefore, this joint is rather brazed
than welded. However, it has quite high mechanical
strength. The welding seam on test samples was also investigated by RI. From the perpendicularly cut section (see
1European

Unions’ ARIES collaboration H2020 Research and
Innovation Programme.
2Chemical Solution of Sulfamic acid, n-Butanol, Hydrogen per-
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Figure 4: Five Nb substrates after fabrication and mechanical polishing.

Figure 3: Cross-section of the Nb-Cu seam [©Credits: Victor Carrion, Karl-Bernhard Bolz, Michael Knaak, RI Research Instruments GmbH].
Fig. 3) the deepness of the ‘welding’ seam might be estimated as 2-2.5 mm. In addition, some voids were observed
in in the seam, which are possible candidates for virtual
leaks, therefore those samples still require testing for vacuum performance.
(a) Photo after BCP

Niobium Substrates
Niobium substrates have also been produced at RI (see
Fig. 4). They will be used the same way: for the study of
the superconducting films, deposited on Nb.
Originally, it was planned to perform standard preparation steps (polishing – BCP – annealing) as for a smallgrain Nb cavity. However, after manufacturing it was
found that the material grain structure was not uniform.
Therefore after BCP (150 µm removed) the surface roughness was too high and not acceptable as a substrate for
films deposition (Rz ~11 µm, measured with 3D Laser
Scanning Microscope vk-x200, see Fig. 5). Further surface
preparations are planned.

(b) Image from the Laser Scanning Microscope vk-x200
and surface profile along the red line in µm.
Figure 5: Nb substrate after BCP.
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NB-TI-N FILMS MEASEREMENTS
In order to investigate the RF properties of NbTiN films,
coated on Nb substrates, three samples were fully produced
by JLab for characterisations with the QPR. They all have
Nb base (substrate) but different NbTiN film structures
(thickness). The structures of three samples shown in Table
1 as well as Fig. 6. The most recent measurement results of
two samples (bulk a and thin b films) are presented in this
chapter. The elaborate report of the first SIS’ sample measurements with quantitative analysis using recent theoretical
methods will be reported in SRF’19 proceedings [3]. Since
all three films have been produced with same conditions,
compared together they it is possible to investigate the RF
properties of the NbTiN film more comprehensive.

(a) Bulk film
(b) Thin film
(c) SIS structure
Figure 6: The structure of three samples.
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Table 2: Measured RF Quench B Field and Critical Temperature for Three Samples
NN

Film structure

a

2 µm of NbTiN

Bquench, [mT]
(for 3 K)
55±1

b

70 nm of NbTiN

9.5±1.4

T0, [K]
17.0
±0.1
16.5
±0.1

(a) Thick film a: 2 µm of NbTiN

Table 1: Structures of NbTiN Films of Three Samples
NN
a
b
c

Film structure
Thick film: 2 µm of NbTiN on Nb
substrate
Thin film: 70 nm of NbTiN
SIS structure: 75 nm of NbTiN on
15 nm of AlN insulator on Nb substrate

Surface Resistance
Surface resistance was measured for the bulk film (a)
sample at two frequencies: 415 and 847 MHz, for the thin
film sample (b) it was measured for 410, 839 and 1278
MHz. Surface resistance of two samples (a, b) shows good
quality of films (see Fig. 7). For 2 K it is in the range of 2050 nΩ at 415 MHz. The measurements were restricted by
the RF quench field, which was ~55 mT and 10 mT for
samples a and b correspondingly (see Table 2). Also, RF
measurements where restricted by the critical temperature
of Nb substrate, which is around ~9.3 K. From the surface
resistance versus B field measurements (see Fig. 8 (a) and
Table 2) can be seen that thin film sample b now shows
stronger increase of RS with B field and lower RF quench
field.

Critical Field
In addition the dependence of RF quench field vs temperature have been analysed for b sample (see Fig. 9 (a)). The
measurements had been done in the single pulse regime, so
thermal drift of the sample can be excluded. There is the
difference around 1 mT between 3 frequencies that can also
be explained by the errors in calibration parameters of the
QPR system between three modes. Generally, from the
measurements can be concluded that RF quench field, extrapolated to 0 K temperature, is around ~10 mT.
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(b) Thin film b: 70 nm of NbTiN
Figure 7: The measured surface resistance Rs as a function
of sample temperature for a and b films. Results of the
measurements of the third film are presented at [3]. Errors
are not shown on the plot and have scale as 5-10% due to
He bath pressure and RF system instabilities.
The empirical expression that gives the relation between critical Bc field and temperature T is (1):
𝐵 (𝑇) = 𝐵

1−

.

(1)

The attempt to fit this equation to the measured data on the
plot gives the result for Tc around 11.1 K (see Table 3) and
does not fit perfectly to the data (see Fig. 9 (b)). Moreover,
the critical temperature Tc of this film b measured with a
different method (using the vector network analyser for
performing resonance frequency versus slowly changing
temperature scan [4]) shows that Tc ~ 16.5±0.1 K. The results of those scans are shown in Fig. 10 (b). The deviation
of the fitted curve (1) from the measurements might be explained by the structure of the sample film itself.
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(a) Thick and thin films samples (a and b) compared

(a) Bulk 2 µm film sample

(b) Thin film: 70 nm of NbTiN
Figure 8: Surface resistance vs B field measurements for
two (a and b) samples

(b) Thin 70 nm film sample
Figure 10: The resonance frequency vs temperature dependence for two samples (a and b).
Table 3: Results of Bc vs T Data Fit to the Eq. (1)

(a) measured data for three modes

Frequency
of the mode
[MHz]
410
839
1278

B0, [mT]

T0, [K]
from fit. (1)

Measured
T0, [K]

11.5
10.4
9.0

11.4±0.4
11.2±0.3
11.1±1.8

16.5
±0.2

Critical Temperature

(b) Fitted curve from eq. (1) for 410 MHz data
Figure 9: RF quench B field measurements as a function of
temperature for 70 nm thin film b sample
Fundamental R&D - non Nb
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Using the vector network analyser for performing resonance frequency versus slowly changing temperature scan
the Fres vs T curves for two samples (a and b) were obtained
(see Fig. 10 a, and b). From the data it can be preliminary
concluded that the critical temperature for two films is
17.0±0.1 K and 16.5±0.2 K for the bulk film a and thin film
b samples correspondingly. The critical temperature for the
thin film sample b is still lower than expected (17.3K [5]),
but higher then Tc of the SIS sample [3].
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CONCLUSION
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Abstract
Comparing with bulk niobium cavities, the Nb/Cu
cavities feature a much better stability at 4.5 K. Last year,

two 325 MHz QWR copper cavities coated with biased DC
diode sputtering Nb for CiADS has been accomplished at
IMP. But vertical tests showed the cavities had low Q0 at
4.2 K. In order to improve the coating quality, a new coating system was designed and built. The sputtering target
was redesigned and manufactured. With more coating parameters controllable, the thin film SRF group at IMP
started a new round of coating optimization at the beginning of year 2019. Besides regular parameters, including
power, Ar pressure, and temperature during coating the
coating process, we found an unsymmetrical structure can
significantly improve the film quality. The paper covers resulting film characters with the evolution of the sputtering
process, and improvements we made since last year.

INTRODUCTION
The operational stability of SRF cavities is one of the
foremost challenges that hinder CiADS linear accelerator
from continuous running. Let Nb/Cu cavities replace the
bulk niobium cavities could be an effective solution, because Nb/Cu cavities come up with advantages in terms of
both thermal stability and mechanical stability [1]. At 4.2
K, the heat conductance of high purity bulk Nb is about 75
W/(m·K), while the number is as high as 300-2000
W/(m·K) for high purity oxygen free copper [1]. The poor
thermal conductivity of Nb put an upper limit for SRF cavity wall thickness, in order for the inner surface to be effectively cooled, which impairs the mechanical strength of
SRF cavities. Replacing bullk Nb cavities with Nb coated
thick-wall copper cavities can effectively solve the major
problems from both the poor thermal conductivity and the
weak mechanical strength at the same time. Furthermore,
Nb/Cu cavities are more economic than bulk Nb cavities in
terms of fabrication and processing cost. The material cost
for OFHC copper is only about 4% of the cost for SRF
grade bulk Nb. In addition, copper is easier to anneal,
polish, and machine than niobium, the cavity processing
cost for Nb/Cu cavities would be much lower than that for
bulk Nb cavities [1].
____________________________________________________________
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IMP launched its Nb/Cu cavity project in 2016. Two
dummy QWR cavities had been produced and coated with
an existed diode sputtering system to understand the sputtering setup and process last year. According to the results
of experiment last year, a new coating system was redesigned and built, and the coating parameters were re-selected to obtain a Nb/Cu cavity with better RF performance.

IMPROVEMENT IN SYSTEMS
The new coating system employed in this project is modified from coating setup at NIN, which produced the first
Nb coated copper QWR at IMP [2]. The most important
modification is adding an extra bias electrode and having a
larger coating chamber. Figure 1(a) showed the outlook of
this new system. Same as the experiment last year, a 325
MHz QWR dummy cavity without a beam line was used
for the purpose of R&D tests [2]. The dimension of the
dummy cavity is shown in Fig. 1(b). A QWR-like sample
holder with 10 samples positions along the outer and inner
conductors had been used before the actual cavity coating
(Fig. 2(a)). This setup allows the investigation of thickness
and Tc distribution of the coating film all over the cavity.
The surface treatment of small sized samples is similar to
the dummy cavity. The samples’ locations and their distance to the bottom plate are marked on Fig. 2(b).

Figure 1: (a) the new coating system and (b) the dimension
of the 325 QWR cavity.

Coating Chamber

In the experiment last year, two coating cavities were
obtained (Figure 3(a)). it was observed that particles falling
from the target produced severe defects at the bottom part,
with typical size 1~2 mm (Fig. 3(b)). To avoid these defects,
the whole sputtering setup was turned up-side-down by
placing the tube cathode under the dummy cavity. The
large coating chamber allowed an extension being added to
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the QWR opening to ensure that the plate could be coated
with a film of proper thickness [3] (Fig. 4).

Figure 2: The sample holder’s (a) appearance and (b) the
exact location of the samples’ locations.
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To improve the uniformity of film thickness, a tri-electrode scheme was proposed, the core of which was by adding a niobium mesh electrode between the outer conductor
and the target (Fig. 5(b)). In this way, the voltage between
the target and mesh and the voltage between the target and
the inner conductor were both tunable, bringing about the
possibility to alter the plasma density on both sides of the
target. By applying appropriate negative bias on the cavity,
the potential difference between the target and the inner
conductor was reduced, while the voltage between the target and the outer conductor remained unchanged. Thus,
similar growth rate could be obtained on both inner and
outer conductor. Furthermore, by reducing the growth rate
on the inner conductor, the rapid surge of target temperature brought by intense ion bombardment during the coating process was also alleviated, leading to a more stable
and long-lasting coating process. The tri-electrode scheme
also benefitted from its lower Ar pressure during coating
process, because lower pressure helped increase sputtering
voltage and gave better film compactness.

Figure 3: (a) The QWR Cu/Nb Cavity made in NIN and (b)
the defects in the bottom of the cavity.

Figure 5: (a) double electrodes scheme and (b) tri-electrode
scheme.

Temperature Control

Figure 4: An extension is adder to the QWR opening to
ensure that the plate could be coated.

Tri-electrode Scheme

In the beginning of the experiment, referring to the experimental parameters of NIN, a double electrodes scheme
was used to coat both the inner and the outer conductors.
Tuning the growth rate and file properties was achieved by
adjusting only the Ar pressure and the voltage between the
electrodes (Fig. 5(a)). The sputtering utilized a tube-like
target sitting closer to the inner conductor. However, such
layout always resulted in a non-uniform growth rate distribution along the inner surface of cavity, no matter how we
adjust the sputtering power or the Ar pressure. With a maximum ratio of 50:1 [2], the niobium film coated on the sample at point 5 could not be thick enough before the film at
point D started to break-off (see Fig. 4).
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Even with the tri-electrode scheme, the inner conductor sputtering rate was still larger than the outer conductor.
Such phenomenon could result from the fact that the inner
conductor faces more target per unit area comparing with
the outer conductor. Similar difference could be seen on
the heat flux, which caused the inner conductor to be much
hotter than its counterpart during the sputtering process.
Higher sputtering rate and temperature would help the inner conductor to get a thicker and denser film, together
with more stress from thermal expansion. The SEM images
showed that excessive thermal accumulation caused the
films on the inner conductor had higher risk about cleavage
than film on the outer conductor (Fig. 6). Two types of substrates had been utilized in our experiment, OFHC copper
and c-sapphire. Inner conductor film deposited on copper
had a larger chance to survive comparing with film deposited on sapphire at the same location. Because copper has
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better thermal conductivity and a closer thermal expansion
coefficient than those of sapphire, such results supported
the conclusion that stress was the main cause for film
breaking (Fig. 7) and necessitated the control of cavity surface temperature. Later, we discovered that by adopting a
50% duty cycle sputtering power profile, the inner conductor was cooled while the outer conductor was heated by the
tube radiation, and the film uniformity improved.
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Table 1: The EDS Result Of Sample 5 in the Outer Conductor
Elements

Weight

Atom

Percent

Percent

OK

9.51

23.93

Al K

34.80

51.93

Nb L

55.70

24.14

Total

100.00

CONCLUSION
Figure 6: SEM images of the sample D’ surface in the inner
conductor(image a), and the surface of the sample 5 in the
outer conductor(image b), c-sapphire substrate.

The results of samples tests of the cavity showed that we
are close to the final production of Nb/Cu QWR cavities
with acceptable SRF performance. With proper optimization of our deposition system, the actual cavity coating plan
has been scheduled.
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Figure 7: Under the same coating parameters, SEM images
of the sample used c-sapphire substrate(image a) and
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SAMPLES RESULTS
Thanks to the clean environment during the experiment,
no other elements except Nb, O, and Al were found in the
composition of the obtained samples films with EDS (Table 1). At this point, the main factor affecting the films’
superconducting transition temperature (Tcs) was the thickness of films. With optimization between each run, several
test runs with c-sapphire samples were performed before
the cavity coating. The Tcs of samples after several rounds
of optimized all reached 9.3 K. Results from the last run of
experiments showed an almost complete superconducting
coating was achieve on the QWR-like sample holder.
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ELECTROCHEMICAL DEPOSITION OF Nb3Sn ON THE SURFACE OF
COPPER SUBSTRATES
M. Lu, T. Tan, F, Pan, Z.Q. Yang, Q.W. Chu, Z.Q. Lin and Y. He
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Abstract
Coating superconducting Nb3Sn thin film on the inner
surface of a superconducting RF cavity is one of the
most promising approaches to improve the performance
of the accelerating cavity. In addition, depositing Nb3Sn
on Cu cavities can further benefit from copper cavities’
high thermal conductivity and mechanical stability.
Compared with traditional sputtering processes, electrochemical coating has the advantages on process simplicity, low cost and mass production. However, the conventional electroplating, because of its low growth temperature and aqueous reaction environment, tends to produce porous, loosely bonded, and often contaminated
film. All these properties result in excessive pinning
center and deteriorate the superconducting radio frequency cavities’ performance. In this paper, a new
method including multi-layer electroplating and heat
treatment is used to deposit Nb3Sn thin film on top of
copper substrates. Important growth parameters, e.g.
electrical current density, layer thickness ratio, and annealing temperature are studied. The morphology of the
film surfaces was observed by scanning electron microscope (SEM) and the structure of the film was analyzed
by X-ray diffraction (XRD). The results showed that a
flat and uniform Nb3Sn layer on copper can be obtained,
and the thickness is about 7 μm.

INTRODUCTION
In order to realize high quality Nb3Sn coating on copper, different methods have been developed by the thin
film SRF community worldwide. So far, most researchers rely on preparing niobium-tin mixed precursor, either by sputtering from a stoichiometric Nb/Sn powder
pressing target [1], or by alternatively sputtered Nb/
Sn multilayer structure [2, 3], or by Nb/Sn double
target co-sputtering [4], and then followed by low
temperature an-nealing, either in-situ or ex-situ, to
prepare Nb3Sn coat-ing on copper. Some other
endeavors have been made through CVD [5] and
MOCVD [6] methods. Using Nb/Sn halides or organic
Nb/Sn compounds, Nb-Sn mixture thin films can be
successfully deposited on copper.
However, all films generated from the above
methods end up in non-stoichiometric state and
contain lots of non-Nb3Sn phases. The low annealing
temperature lim-ited by copper’s melting point was the
biggest obstacle for the synthesis of good-quality
Nb3Sn film. Because of the stoichiometry is off, the
of those films featured
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low Tc below 17 K, high RF loss, and inferior RF
per-formance which cannot meet the demand of
supercon-ducting RF applications. It is very difficult
to obtain Nb3Sn thin films on copper by direct
niobium-tin reac-tion at present stage.
film
RF
superconducting
Recently,
thin
researchers have been inspired by the preparation
process of Nb3Sn cable. Copper was introduced into
niobium-tin reaction system [7], and niobium-tin
binary reaction was trans-formed into copperniobium-tin ternary reaction. Cop-per-tin-copper
multilayered structure deposited on nio-bium substrate
by Fermi laboratory was successfully converted to
bronze / Nb3Sn / unreacted niobium struc-ture after
low temperature heat treatment [8, 9]. At 700℃ for
100 hours, a Nb3Sn layer with a thickness of 1~4 μm and
a high Tc of 17.6 K could be obtained. The bronze
formed by the reaction covered the surface of the
sample during the heat treatment process, which
reduced the chance for tin to escape from the
reaction system and facilitated the formation of
Nb3Sn.
In this paper, a method of plating Nb3Sn on
copper substrate is proposed. First, a thick niobium
layer is de-posited on copper substrate by magnetron
sputtering, and then Nb3Sn coating is obtained by
combining elec-troplating and heat treatment. The
electroplating is car-ried out at ambient temperature
and pressure, and the heat treatment is carried out in
quartz tube annealing fur-nace. A few Nb3Sn film on
copper samples has been pro-duced according to the
recipe above. The characteriza-tion of these samples,
including SEM and XRD, is in-cluded in this paper.
The results are encouraging and showed that there
were Nb3Sn phase with thickness up to 7 μm
formed after the annealing.

THIN FILM COATING SETUP
The dimensions of copper substrates were 10 x 10 x
1 mm. All substrates were cut from one OFHC
copper sheet. After receiving from the machineshop,
the copper substrates were electro-polished with nbutnol and sul-phuric acid mixture. The average
roughness was below 200 nm. Before each run of the
experiments, substrates were first rinsed with diluted
hydrogen chloride acid to remove oxide layers on
the surface, then they were washed with deionized
water and preserved in anhy-drous ethanol. As the
initial coating step, a layer of 3 μm thick niobium was
Fundamental R&D - non Nb
multilayer coatings

Electro-deposition of Cu and Sn Layers on
Cu/Nb Substrates
An aqueous solution of pyrophosphate-based electrolyte was employed for both the thin copper (diffusion)
layer and thick copper (barrier) layer whose composition is reported in Table 1. The temperature for depositing both copper layers was room temperature (about 24
℃), the current density was 40 mA/cm2, and the plating
time was 0.5 minutes and 3 minutes, respectively. The
PH value was controlled between 8.0 and 8.8. The electrodeposition of tin was performed using a sulphatebased electrolyte whose composition is reported in Table 2 at a current density of 40 mA/cm2 and room temperature. Chemical reagents used in the electrolytes
were all analytical grade. The magnetic stirring rate during the reaction was 200 r/min.

800
700
600
500

0

deposited on copper by ~ 3 hours magnetron sputtering.
Then, a thin copper / tin / thick copper multi-layer
structure was deposited on top of the Nb film via
electrochemical
plating.
During
the
plating,
electrochemical analysis was carried out by Constant
Current V-T curve. The morphology of the film (as-deposited and annealed) was observed by SEM. The film
composition was investigated by Energy Dispersive XRay Spectroscopy (EDX) analysis. The structure of the
film was analysed by XRD using a Rigaku D/max-2400
instrument. XRD was performed in the 2θ angular range
of 10–90°.
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Figure 1: Temperature Control Curve of Heat Treatment.
between the copper and tin and form bronze. Then, the
sample was heated up to 458 ℃ for 10 hours, during
which the liquid tin phase was formed, and the tin
diffused into niobium through bronze-niobium interface.
Finally, the temperature rise to 700 ℃ for 24 hours to let
Nb react with Sn and form Nb3Sn phase.

Constant Current V-T Curve of Cu/Nb/Cu/Sn/
Cu Samples

Fig. 2 shows the constant current V-T curve of
niobium electrode in pyrophosphate copper plating
solution. In the figure, the constant current
corresponding to curve a, b, c, d is 20, 30, 40, and 50
mA/cm2, respectively. How-ever, the precipitation
potential of copper is -1.6V, -2.0 V, -2.3 V, -3.0V.
When the current is 40 mA/cm2, the activation
degree of the substrate is high and the plating
uniformity is fast. Fig. 3 shows the constant current VTable 1: Composition of Electrolyte used for the DeposiT curve of copper electrode in sulphate-based tin
tion of the Copper Layer
plating solution. In the figure, the constant current
Chemicals
Concentration (g/l)
correspond-ing to curve e, f, g, h is 20, 30, 40, and 50
mA/cm2, re-spectively. However, the precipitation
Cu2P2O7
20
potential of tin is -0.51V, -0.53V, -0.61V, -0.53V.
NaNO3
5
When the current is 40 mA/cm2, the activation degree
Na4P2O7
175
of the substrate is high and electroplating uniformity
15
C6H17N3O7
is the best.
1.0

Table 2: Composition of Electrolyte used for the Deposition of the Tin Layer.
Concentration(g/l)
25
50ml/l
12
1.5

Heat Treatment of Cu/Nb/Cu/Sn/Cu Samples

0.0
-0.5

Voltage (V)

Chemicals
SnSO4
H2SO4
C4H6O6
C4H8O6

a
b
c
d

0.5

-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
0

10

20

30

40

50

60

Time (s)

The heat treatment was carried out in a small tube furnace. Fig. 1 shows the temperature control curve of
heat treatment. First, the temperature was raised to
214 ℃, slightly below the melting point of tin, and
then kept for 50 hours to let the diffusion occur
Fundamental R&D - non Nb
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Figure 2: The Constant Current V-T Curve of Niobium
Electrode.
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XRD measurement was performed with a Rigaku
D/max-2400 at 2θ angular range from 10 to 90°. The
XRD pattern in Fig. 5 shows the reﬂection of a
crystalline cubic Nb3Sn phase (A15 structure).
Other reﬂections can be attributed to NbSn2, and CuO.
In particular, cubic Nb3Sn having strong (211)
preferred orientation (P.O.), disordered orthorhombic
NbSn2 phases were observed.

e
f
g
h

0.2
0.1
0.0

Voltage (V)

-0.1
-0.2
-0.3
-0.4
-0.5

SAMPLES RESULTS
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Figure 3: The Constant Current V-T Curve of Copper
Electrode.

Characterization of Cu/Nb/Cu/Sn/Cu Samples
Cu/Nb/Cu/Sn/Cu samples after thermal treatment were
characterized by means of SEM, XRD and
electrical tests. The surface morphology and crosssection of the film layer are tested by SEM. It can be
seen from the Fig. 4 that the grain distribution of the
surface deposits is generally uniform, but there are
convex and concave areas in the individual areas,
resulting in low surface smoothness. It must be noted
that the cross section sample was ground with 1-2
microns grinder to expose the longitudinal cross
sections for film thickness measure-ment. The
thickness of the Nb3Sn alloy was about 7.0 μm.

Figure 4: (a) SEM image of the cross section view. (b)
SEM image of the surface.
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Figure 5: XRD characteristic Curve of thin film.
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The results of the synthesis of Nb3Sn thin films onto
Cu substrates were presented herein. Superconductive
coatings were obtained by combining thermal treatments and the electrochemical technique for thin film
deposition. And vertical tests of the cavity showed that
a flat and uniform Nb3Sn layer on copper can be obtained, and the thickness is about 7 μm. The next step of
this research, including the superconductivity and RF
performance will be tested and the potential of RF superconducting cavity will be analyzed. The primitive
model for Cu-Nb-Sn ternary reaction is established, the
growth parameters are controlled quantitatively, and the
Nb3Sn coating samples with quality up to standard are
completed. Effective control of coating parameters,
guiding development of 1.3G copper cavity plating
Nb3Sn thin films.

CONCLUSION
The successful synthesis of Nb3Sn thin films on copper substrates provides the possibility for the next step
in RF superconducting cavity. However, there are
still some key issues that need to be addressed. The
main of which are mechanical and/or chemical
polishing tech-niques will have to be used to remove
the superficial bronze layer about 10 μm thick, and
expose the super-conducting Nb3Sn film as RF
working surface. The rel-atively large thickness of the
Nb3Sn layer produced will offer sufficient margin for
the use of electropolishing, which can be controlled
with 1 μm accuracy [9].
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Abstract
S-I-S (superconductor-insulator-superconductor) multilayered structure has been proposed in order to increase the
maximum acceleration gradient of SRF cavities. Nb3Sn is
the material most expected as a superconducting layer of
the S-I-S multilayered structure because it offers both a
large critical temperature and large predicted Hsh.
Most important in fabricating Nb3Sn thin films is the
stoichiometry of the material produced, and the lack of tin
leads to performance degradation. We have launched a new
in-house DC magnetron sputtering apparatus for Nb3Sn
deposition. Nb and Sn layers were alternately and repeatedly deposited on Si wafer while adjusting the film thickness of each layer, so we successfully obtained Nb-Sn films
having appropriate composition ratio. The as-deposited
films were annealed under the temperature of 600 degree
C for 1 hour to generate the Nb3Sn phase. The characteristics of Nb-Sn films evaluated by XRD, XRF, FE-SEM, and
so on. We also measured critical temperature of the annealed films. In this paper, the detail of the Nb 3Sn coating
method and the measurement result of the Nb-Sn films will
be reported.

INTRODUCTION
S-I-S thin film multilayered structure theory has been
proposed to increase vortex penetration field of SRF cavities [1, 2]. According to this theory, the vortex penetration
field of multilayered thin film structures can reach approximately 250 mT when NbN is used for the superconducting
layer and approximately 480 mT when Nb3Sn is used.
However, it is not clear whether this calculated value in this
theory can really be achieved, in fact, multilayered thin
film cavities which exceed the maximum acceleration gradient of Nb cavities have not been realized. Thus, it is necessary to demonstrate the multilayered thin film theory and
to establish coating techniques for fabricating S-I-S thin
film multilayered cavities.
In order to demonstrate the theory, we firstly aimed to
evaluate the effective Hc1 of S-I-S samples [3, 4]. In previous studies, we have already established the reactive sputtering conditions for obtaining high quality NbN thin films
and have succeeded in fabricating S-I-S samples which
consist of the various thickness of NbN layer, 30 nm SiO2
layer, and pure Nb substrate. The XRD patterns of these SI-S samples showed sharp Nb and NbN peaks [5]. As a result of effective Hc1 measurement of these NbN multilayer
___________________________________________
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samples, we clarified that the S-I-S structure have effective
Hc1 higher than conventional Nb. In addition, it was experimentally proved that the optimum film thickness exists as
theoretically predicted [6, 7].
In this study, we aim to fabricate Nb3Sn thin films that
are expected to achieve higher performance than NbN.
However, the film formation of Nb3Sn is more difficult and
has many problems compared to NbN. Nb 3Sn may crack
or peel off when used as a thin film because it is brittle.
Moreover, in the case of depositing a film on the inner surface of the SRF cavity by sputtering method in the future,
it is practically difficult to heat the cavity to a high temperature during deposition because a Sn target may be melted
due to the radiant heat. In addition, since the Sn lack in the
film leads to degradation of the critical temperature, a coating method that can appropriately adjust the composition
ratio of Nb and Sn is required.
As a solution to all these problems, we have devised a
method of laminating Nb and Sn alternately thinly and then
post annealing at low temperature. The purpose of lowering the temperature of post annealing is to reduce the stress
caused by the difference in thermal expansion coefficient
between the substrate and the thin film and to suppress
crystal grain growth. The key is to minimize the energy required for atomic diffusion by super-stacking the Nb and
Sn layers in advance so that the Nb3Sn phase can be generated even at low temperature.
We newly launched an experimental sputtering apparatus for super-stacking of Nb and Sn alternately and a vacuum heat treatment furnace for post annealing of Nb-Sn
thin films. In this report, the evaluation results of as-deposited and annealed Nb-Sn thin films are reported.

EXPERIMENTAL DETAILS
Sputtering Process
Our new experimental sputtering apparatus adopts interback system, and a substrate carrier on which 12 substrate
holders capable of rotating and revolving are attached is
transported to the sputtering chamber. Figure 1 shows the
schematic diagram of the sputtering apparatus. The diameter of all the substrate holders are 4 inches. A maximum of
four targets can be mounted to the sputtering chamber. This
time, only Nb (RRR>300) and Sn targets are mounted for
depositing Nb-Sn films. The sizes of both Nb and Sn targets are 5 inches by 10 inches. Since the substrate holders
pass in front of the Nb and Sn targets while rotating and
revolving, the sputtered Nb and Sn elements are uniformly
and alternately deposited on substrates. The rotation speed
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Table 1: Sn Atomic % Content of Samples A to D

Sample Name
A
B
C
D

Nb/Sn Input
Power Ratio
5.9
6.6
7.6
8.3

Sn Content
[atomic %]
33.8
31.4
29.6
27.5

so we consider that there was no oxide layer on the surface
of the samples.

Tc Measurement
Figure 1: Schematic diagram of in-house experimental
sputtering apparatus.

The critical temperature of the annealed Nb3Sn samples
were measured by four probe method. The distance of between terminals of the voltage probe was 90 mm, and the
width of the samples were 30 mm. The current value for
measurement was set to 1 mA. The temperature of samples
was measured by directly contacting the sample with a thin
film resistance cryogenic temperature sensor calibrated
with an Nb bulk standard sample.

RESULTS AND DISCUSSION

Figure 2: Atomic % Sn content and resistivity of Nb-Sn
films for varying Nb/Sn input power ratio.
of the substrate holders is linked with the revolution speed
which is freely adjustable. Therefore, it is possible to control the film thickness per one layer of Nb and Sn by adjusting the revolution speed. The Nb and Sn targets are
powered by individual DC supply. The base pressure of the
sputtering chamber is about 5x10-4 Pa, and Ar pressure for
discharge is adjusted to 0.6 Pa. The deposition temperature
is room temperature.
At first, we investigated atomic % Sn content of as-deposited films while changing Nb/Sn input power ratio. The
film resistivity of was also measured by four probe method.
Figure 2 shows the correlation between atomic % Sn content and Nb/Sn input power ratio. It turned out that films
with appropriate atomic % Sn content were obtained in the
region of Nb/Sn power ratio about 5.9 to 8.3, so we prepared four samples deposited Nb-Sn on Si wafer under the
condition of this Nb/Sn power ratio, and post annealing
was performed. The film thickness of each sample is about
300 nm. Table 1 shows the Sn atomic % content of these
samples measured by XRF.

Post Annealing Process
The as-deposited Nb-Sn films were annealed by using
an in-house vacuum heat treatment furnace. The ultimate
pressure of the furnace was less than 1 x 10 -4 Pa. Nb-Sn
samples were placed in a high purity Ti box and heat
treated. The annealing temperature was 600 degree C for 1
hour. The samples were taken out after the temperature of
the sample spontaneously decreased less than 50 degree C,
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Figure 3 shows the measurement result of XRD of asdeposited Nb-Sn film samples. Samples A to D are identical to those listed in Table 1. Broad peaks which is considered to be a mixed peak of Nb and Sn are observed in all
samples. Figure 4 shows the XRD patterns of annealed
Nb3Sn film samples A to D. XRD patterns of all the samples indicate Nb3Sn phase, and only the sample D also indicates the peak considered to be Nb. However the all
peaks are slightly shifted to the lower angle side. We consider that the lattice was distorted and the interatomic distance was increased because extra atoms were taken into
the Nb3Sn lattice or the Sn concentration in the lattice was
not optimum. The higher the concentration of Nb, the
shorter the FWHM of the Nb3Sn peak and the better the
crystallinity are. But if the Nb concentration is too high,
Nb phase remains. At present, since the crystallinity of the
Nb3Sn phase is not very good, we need to optimize the
sputtering conditions and annealing conditions in the future.
Figure 5 shows the SEM cross-section images of annealed Nb3Sn film samples A to D. The surfaces of the obtained Nb3Sn films on Si wafer are very smooth except for
the sample C. This is because grain growth was suppressed
by adopting the super-stack sputtering method and the low
annealing temperature. However, hillocks, which are protrusions generated to locally relieve internal stress in thin
film, are seen in samples A and D. This is undesirable because it causes deterioration of the surface roughness of the
film, so further stress reduction may be necessary. Figure
6 shows the Tc measurement result of the annealed Nb3Sn
film samples A to D. Table 2 shows the critical temperature
(onset). We confirmed the superconducting transition in all
the samples. The samples C and D indicated higher critical
temperature than Nb. Therefore, we consider that the
Nb3Sn phase is definitely generated even if at low annealing temperature. However, the critical temperature of any
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Figure 3: XRD patterns of as-deposited Nb-Sn samples A
to D.

Figure 4: XRD patterns of Nb3Sn samples A to D annealed
at 600 degree C.

samples is lower than ideal value of Nb3Sn (18K) because
the crystallinity of the Nb3Sn films is not very good. The
samples C and D had superconducting transition in two
step. We consider that Nb phase remaining in films causes
this second transition.
The film stress of the superconducting layer is also influence to the value of the critical temperature. The Nb 3Sn
phase is generated on Si wafer when the temperature of Si
substrate is 600 degree C. After that, the Nb 3Sn film and
the substrate shrink when cooled to room temperature, but
a mismatch caused by the difference in thermal expansion
coefficient between the film and the substrate, and thermal
stress occurs. We consider that the film stress can be reduced if we use another substrate, for example Nb. In addition, Selection of an appropriate insulating layer for reducing the stress is very important when fabricating an SI-S sample.

Figure 5: SEM cross-section images of Nb3Sn samples A
to D annealed at 600 degree C.
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Figure 6: Result of Tc measurement of Nb3Sn samples A to
D annealed at 600 degree C.
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Pure Nb Substrate”, presented at the 19th Int. Conf. RF Superconductivity (SRF'19), Dresden, Germany, Jun.-Jul. 2019,
paper THFUA2, this conference.
[7] H. Ito et al., “Lower Critical Field Measurement of NbN Multilayer Thin Film Superconductor at KEK”, presented at the
19th Int. Conf. RF Superconductivity (SRF'19), Dresden,
Germany, Jun.-Jul. 2019, paper TUP078, this conference.

Table 2: Critical Temperature of Samples A to D

Nb/Sn Input
Power Ratio
5.9
6.6
7.6
8.3

Sample Name
A
B
C
D

Critical
Temperature [K]
8.25
7.30
10.40
12.66

CONCLUSION
We successfully generated Nb3Sn single phase thin films
by super-stacking sputtering method and post annealing at
low temperature of 600 degree C. The surface of the obtained Nb3Sn thin films on Si wafer was very smooth. This
is because the crystal grain growth was suppressing by
lowering annealing temperature. However, from the measurement results of the XRD peaks and the critical temperature, we consider that the crystallinity of the Nb3Sn films
is not very good yet. In the future, we will optimize the
sputtering conditions and the annealing conditions, and
aim to fabricate Nb3Sn thin films with high critical temperature. In addition, we plan to prepare Nb 3Sn-insulator-Nb
multilayered samples and measure the vortex penetration
field of that samples.
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Abstract
The multilayer thin film structure of the superconductor
has been proposed by A. Gurevich to enhance the maximum gradient of SRF cavities. The lower critical field Hc1
at which the vortex starts penetrating the superconducting
material will be improved by coating Nb with thin film
superconductor such as NbN. It is expected that the enhancement of Hc1 depends on the thickness of each layer.
In order to determine the optimum thickness of each layer
and to compare the measurement results with the theoretical prediction proposed by T. Kubo, we developed the Hc1
measurement system using the third harmonic response of
the applied AC magnetic field at KEK. For the Hc1 measurement without the influence of the edge or the shape
effects, the AC magnetic field can be applied locally by
the solenoid coil of 5mm diameter in our measurement
system. ULVAC made the NbN-SiO2 multilayer thin film
samples of various NbN thicknesses. In this report, the
measurement result of the bulk Nb sample and NbN-SiO2
multilayer thin film samples of different thickness of NbN
layer will be discussed.

INDRODUCTION
Superconductor-Insulator-Superconductor (S-I-S) thin
film multilayer structure has been proposed by A.
Gurevich to enhance the effective Hc1, and T. Kubo has
proceeded with an advanced theoretical study to predict
an optimum thickness of each layer which achieves the
maximum effective Hc1 [1,2].
The effective Hc1 measurement for S-I-S structure sample must not be sensitive to a sample edge, at which the
thickness of each layer cannot be guaranteed and a magnetic field is enhanced by the edge. Therefore, a new
magnetic measurement system using third harmonic
measurement method which can apply the magnetic field
to the sample locally is necessary. In the case of the third
harmonic measurement method, if a solenoid coil which
applies the magnetic field to the sample is much smaller
than the sample, the effective Hc1 of the sample can be
measured directly without the edge effects.
In recent year, the effective Hc1 of the S-I-S structure
sample has been measured by the third harmonic measurement method at CEA Saclay and Kyoto University,
and then a possibility of enhancement of the effective Hc1
has been shown [3,4,5]. In addition, the third harmonic
measurement system has been constructed at also KEK
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with a goal of measuring the S-I-S structure sample in a
low-temperature region up to a liquid helium temperature
[6,7]. Therefore, it is now at a stage where verification of
theoretical prediction and search for optimum thickness of
the S-I-S structure can be performed comprehensively by
measuring the S-I-S structure samples which have the
various thickness of each layer. We have started from a
search for an optimum thickness of the NbN layer of
NbN-SiO2-Nb multilayer sample. NbN-SiO2-Nb multilayer samples with the various thickness of the NbN layer
have been produced by ULVAC, Inc. [8,9]. In this report,
measurement results of the bulk Nb sample and the NbNSiO2-Nb multilayer samples of the various thickness of
the NbN layer and comparison with the theoretical prediction are discussed.

MEASUREMENT SYSTEM
Measurement Principle
Let us consider the situation in which the solenoid coil
is positioned above a Type-II superconducting sample,
and an AC magnetic field (Hap) is applied to the sample
from the solenoid coil. A voltage of the solenoid coil is
induced from both an AC current in the solenoid coil and
a shielding current flows on the sample surface. If Hap <
Hc1, the sample maintains the Meissner state and response
of the shielding current is linear. On the other hands, If
Hap > Hc1, the response of the shielding current becomes
saturated and nonlinear, resulting in a magnetic flux to
start penetrating the sample. This nonlinear response of
the shielding current produces nonlinear voltage response
in the solenoid coil, which generates a third harmonic
voltage.
In this experiment, the sample is cooled down to the
Meissner state with a zero magnetic field by an LHe
stored in a bottom of a cryostat. Next, the sample is
warmed up slowly (below 0.1 K/min) while applying a 1
kHz AC magnetic field from the solenoid coil to the sample. When a temperature of the sample exceeds a certain
temperature, the magnetic flux starts to penetrate the
sample. Then, the third-harmonic voltage (3 kHz) is induced in the solenoid coil. At this moment, we measure
the effective Hc1 by detection of drastic change of the
response of the third harmonic voltage. In addition, we
plot a temperature dependence of the effective Hc1 by
repeating the measurement of the effective Hc1 with various applied magnetic fields.
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Sample and Coil Stages
A measurement setup consists of two copper stages,
which have a diameter of 200 mm and a thickness of 5
mm, for the sample and solenoid coil, as shown in Fig. 1.
The sample stage has two copper fins extended to the
upper direction and each fin is equipped with a heater to
increase the temperature of the sample. The coil stage also
has two copper fins extended to the lower direction and
whose bottom ends are immersed LHe to play a role of
thermal anchor. The solenoid coil is positioned at the
center of the coil stage and there are slits around the solenoid coil to prevent heat generation by eddy currents.
Four Cernox sensors are used for temperature sensing.
One of the temperature sensors is directly in contact with
the rear surface of the sample through a hole in the center
of the sample stage, and remaining temperature sensors
monitor the temperature of any part of the measurement
setup. The sample is put between the two stages. The gap
distance of 0.05 mm between the sample surface and the
solenoid coil is kept by 9 SiN balls embedded in the coil
stage. The solenoid coil and SiN balls are fixed to the coil
stage with epoxy adhesive.

Figure 1: Cross-sectional schematic of the copper stage
setup.

Solenoid Coil
In order to measure the effective Hc1 in the lowtemperature region, the solenoid coil which can apply the
higher magnetic field is necessary. For example, the magnetic field of 150 mT is our target considering the enhancement of effective Hc1 of NbN-SiO2-Nb multilayer
samples. In addition, the solenoid coil needs to be sufficiently small relative to the sample size (50 mm × 50
mm). In order to determine the parameters of the solenoid
coil that suffers these conditions, we simulated the magnetic field from the solenoid coil using Finite Element
Method Magnetics (FEMM) [10].
As regards the simulation result, the peak value of the
magnetic field on the sample surface was obtained as 111
mT with a current of 4.5 A reflecting the solenoid coil
parameters which was used in this measurement (the
inner diameter of the coil was 2 mm, outer diameter was 5
mm, length was 5 mm, and number of turns was 176).
Since a limit of an amplifier which applies the AC current
to the solenoid coil is 10 A, in principle, it is possible for
the solenoid coil to produce the high magnetic field >150
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mT. In addition, the magnetic field at the sample edge (25
mm) was 0.4 % of the peak value, thus we considered that
the sample edge effect was negligible (see Fig. 2).

Figure 2: Magnetic field from solenoid coil on sample
surface along radial direction.

Circuit
Figure 3 shows a block diagram of the measurement
circuit. A 1 kHz signal is first generated by a signal generator (S. G.) and fed into the amplifier via 1 kHz bandpass-filter (BPF). Next, the amplified 1 kHz signal is fed
into the solenoid coil, then the 1 kHz AC magnetic field is
applied to the sample. The amplified 1 kHz signal is detected by measuring the voltage across the solenoid coil
and fed into a 3 kHz BPF. The detected 3 kHz signal is
amplified with selectable gain values of 10, 100, and 1000
and acquired by means of an oscilloscope. Then, the fast
Fourier transform (FFT) is performed to measure the third
harmonic signal. The AC current flows in the solenoid
coil which is used for magnetic field calibration is monitored by measuring the voltage across the 0.1-Ω resistor
placed just after the amplifier. A 50% duty pulse operation (on-time 2 s, off-time 2 s) is performed to reduce heat
generation of the solenoid coil.

MASUREMENT RESULTS
Result of Bulk Nb Sample
As magnetic field calibration and baseline test, the Hc1
measurement of the bulk Nb sample was performed. The
standard surface treatment process for the SRF cavity was
applied to the bulk Nb sample except for low-temperature
baking. Figure 4 shows a typical measurement result of
third harmonic response for bulk Nb sample. In order to
determine the temperature at which the vortex starts to
penetrate the sample, we applied the linear fitting to the
third harmonic signal in the temperature region lower
than the left onset (red line in Fig. 4). Next, the distribution of the difference between each point and the linear
fitting function was examined. Finally, the first point
which has the distance of 3σ from the linear fitting function was taken as the vortex penetration temperature.
Consequently, in the case of Fig. 4, a vortex penetration
temperature was determined as 5.3 K with a current of 4.4
A in the solenoid coil.
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Figure 3: Block diagram of measurement circuit.

Figure 4: Third harmonic response vs. sample temperature
of bulk Nb with the current of 4.4A in the solenoid coil.
The vertical axis is the intensity of the third harmonic
signal after FFT and the horizontal axis is the temperature
of the bulk Nb sample.
The above analysis which determines the vortex penetration temperature was performed repeatedly at various
AC currents. Figure 5 shows the measurement result of
the relationship between the AC current and the vortex
penetration temperature for the bulk Nb sample. Open
circles represent the measurement points for the bulk Nb
sample. The red curve represents the fitting curve using
following function:
(1)
where a and b are fitting parameters which correspond
to the AC current at 0 K and the critical temperature Tc of
the bulk Nb sample, respectively. As regards the fitting
result, each value was calculated to be 6.61 ± 0.09 A and
9.08 ± 0.06 K. Because the variation in the vortex penetration temperature for each measurement for the same
magnetic field is at most 0.1 K, the temperature error for
each open circle was uniformly determined as 0.1 K. The
error of the AC current for each open circle was determined from the deviation of the current at each measurement point with in this temperature error.
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Figure 5: Relationship between the AC current and the
vortex penetration temperature for the bulk Nb sample.
In order to obtain a calibration factor which converts
the AC current to the magnetic field, we related the value
of the AC current of 6.61 ± 0.09 A to the Hc1(0) of Nb
which is assumed to be 180 mT. Then, the temperature
dependence of Hc1 for the bulk Nb sample was obtained
by converting the AC current to the magnetic field with
the use of the calibration factor (see open circles and
black solid curve in Fig. 6).

Result of NbN-SiO2-Nb Multilayer Samples
The same surface treatment as bulk Nb sample was performed to the Nb substrate of the NbN-SiO2-Nb multilayer samples. The seven NbN-SiO2-Nb multilayer samples with the SiO2 layer of the 30 nm thickness and the
various thickness of the NbN layer (50, 100, 150, 200,
250, 300, and 400 nm) were produced by ULVAC, Inc..
The six samples other than the 200 nm sample were produced at the same time, and only the 200 nm sample was
produced about four months earlier than the other samples.
These samples were measured and the values of effective Hc1 of these samples were compared with the theoretical prediction. The analysis to determine the vortex penetration temperature was performed in the same way as the
analysis for the bulk Nb sample and the temperature de-
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pendence of the effective Hc1 for each NbN-SiO2-Nb
multilayer sample was measured. Figure 6 shows the
measurement result of the temperature dependence of the
effective Hc1 for the NbN-SiO2-Nb multilayer samples
and comparison with the result of the bulk Nb sample. It
can be seen that there is an enhancement of the effective
Hc1 of the NbN-SiO2-Nb multilayer sample as compared
to the bulk Nb sample, and the value of the enhancement
of the effective Hc1 is different for each NbN layer thickness.

Figure 6: measurement result of the temperature dependence of the effective Hc1 for NbN-SiO2-Nb multilayer and
comparison with the result of bulk Nb sample.
A comparison of the value of the effective Hc1 of each
NbN-SiO2-Nb multilayer sample at 0 K with the theoretical prediction [11] is shown in Fig. 7. The open circle
represents the measurement values of the effective Hc1 for
the 200 nm sample during the development stage of the
measurement setup. The measurement error for the 200
nm sample was 18 mT because the lower limit of the
measurable temperature was at 8 K. The closed circles
represent the measurement values of the effective Hc1 for
each NbN-SiO2-Nb multilayer sample after final tuning of
the setup and each value was measured accurately within
the error of at most 4 mT by improving the measurable
temperature from 8 to 5 K. Note that the measurement
values of the effective Hc1 for the 200 nm sample dropped
from 226 ± 18 mT to 199 ± 4 mT. There are several possible reasons for this drop in the effective Hc1 of the 200
nm sample, i.g. the 200 nm sample was kept in the air for
a longer period of time than other samples after production and was overused for the setup tuning. Four solid
lines of different colors represent the theoretical curve
with η = 1, 0.9, 0.8, and 0.7, respectively. η (< 0 < η ≤ 1)
is a phenomenological suppression factor for NbN layer
where η = 1 represents the ideal and smooth surface of the
NbN layer, and if η becomes smaller more defects on the
surface such as impurities and topographic defects etc.
exist [12,13]. The peak value of the effective Hc1 decreases and the optimum thickness of the NbN layer shifts to
the thinner direction as η decreases. The comparison between the measurement values and the theoretical curve
show that optimum thickness, which maximizes the en-
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hancement of effective Hc1, exists for the NbN-SiO2-Nb
multilayer structure and our measurement results are in
good agreement with the theoretical curve with η = 0.7 to
0.8 except for the result of the 200 nm sample after the
final tuning of the setup. We also mention that the open
circle for 200 nm sample is in good agreement with the
theoretical curve. In the case of η = 0.7 to 0.8, the maximum improvement of 24 to 31 % for the NbN-SiO2-Nb
multilayer structure is expected compared with bulk Nb.

Figure 7: Effective Hc1 of NbN-SiO2-Nb multilayer samples vs. thickness of NbN layer and comparison with
theoretical prediction. The open circle represents the
measurement values of the effective Hc1 for the 200 nm
sample during the development stage of the measurement
setup. The closed circles represent the measurement values of the effective Hc1 for each NbN-SiO2-Nb multilayer
sample after final tuning of the setup.

CONCULUSION
The Hc1 measurement system using the third harmonic
measurement method in KEK was constructed. The
measurements of the bulk Nb sample and the NbN-SiO2Nb multilayer samples were performed successfully. As
regards the measurement results, we found that the optimum thickness existed for the NbN-SiO2-Nb multilayer
structure. Further, our measurement results of NbN-SiO2Nb multilayer samples were in good agreement with the
theoretical curve with η = 0.7 to 0.8 which corresponds to
the maximum improvement of 24 to 31 % for the NbNSiO2-Nb multilayer structure compared with bulk Nb.
These results support that SRF cavity with the NbNSiO2-Nb multilayer structure has potential to achieve the
higher accelerating gradient respect to conventional SRF
cavity. Further, these results strongly suggest that the
target parameters in the creation of the NbN-SiO2-Nb
multilayer structure on the inner surface of the SRF cavity
were obtained and the possibility was opened that the
production of the NbN-SiO2-Nb multilayer cavity will be
performed stably in mass production.
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DEPOSITION OF Nb3Sn FILMS BY MULTILAYER SEQUENTIAL SPUTTERING FOR SRF CAVITY APPLICATION*
N. Sayeed†, H. E. Elsayed-Ali, Old Dominion University, Norfolk, Virginia, USA,
U. Pudasaini, The College of William and Mary, Williamsburg, Virginia, USA,
G. V. Eremeev, C. E. Reece, M. Burton, A.M. Valente-Feliciano, Thomas Jefferson National Accelerator Facility, Newport News, Virginia, USA
Abstract
Nb3Sn is considered as an alternative of Nb for SRF accelerator cavity application due to its potential to obtain
higher quality factors and higher accelerating gradients at
a higher operating temperature. Magnetron sputtering is
one of the effective techniques that can be used to fabricate
Nb3Sn on SRF cavity surface. We report on the surface
properties of Nb3Sn films fabricated by sputtering multiple
layers of Nb and Sn on sapphire and niobium substrates
followed by annealing at 950°C for 3 h. The crystal structure, film microstructure, composition and surface roughness were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and atomic force microscopy (AFM).
The RF performance of the Nb3Sn coated Nb substrates
were measured by a surface impedance characterization
system. We also report on the design of a multilayer sputter
deposition system to coat a single-cell SRF cavity.

INTRODUCTION
Modern particle accelerators use Nb superconducting radiofrequency (SRF) cavities which are operated at 2 K to
accelerate charged particles [1]. Significant improvement
on the performance of Nb cavities have been made over
last few decades and Nb cavities have reached close to theoretical limits. New alternative materials with high superconducting properties drew attention to replace Nb cavities. Nb3Sn is considered as a promising alternative due to
its high critical temperature Tc (18.3K) and high superheating field Hsh (400 mT) [2]. However, due to the fragile nature of the material, it is not used to fabricate cavities, but
thin layer of superconducting Nb3Sn film inside the surface
of Nb or Cu cavities can enable the cavity to achieve higher
quality factor with higher accelerating gradient even at
higher operating temperature of 4.2 K. Sn diffusion technique used by Siemens in 1970’s [3] is widely used technique to coat Nb3Sn inside the cavity [4-6]. Another promising alternative is magnetron sputtering by which Nb3Sn
films have been successfully grown on small substrates [79]. According to the authors’ knowledge, the method is successfully implemented for Nb coating inside Cu cavities
[10-12] but have not been implemented to coat Nb3Sn inside the cavity surface.
____________________________________________
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We have successfully deposited Nb3Sn films on sapphire
and Nb substrates by multilayer sputtering of Nb and Sn.
The films were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), energy dispersive X-ray spectroscopy
(EDS). The superconducting Tc, transition width ΔTc and
residual resistivity ratio RRR were measured by four-point
probe measurement system down to cryogenic temperature. RF surface resistance of Nb3Sn films on Nb substrates
were measured using the surface impedance characterization (SIC) system at Jefferson Lab [13]. Here, we report
our recent progress on Nb3Sn coating by multilayer sputtering. Besides, the primary design of a multilayer sputtering system to fabricate Nb3Sn inside a single cell cavity has
been reported.

EXPERIMENTS
The experiment was carried out in two-step process:
first, multilayers of Nb and Sn were deposited on substrates
by a magnetron sputter coater, second the films were annealed at 950 °C for 3 hours for interdiffusion of Sn and
Nb to form Nb3Sn. AJA ATC Orion 5 Magnetron sputter
coater was used to deposit Nb and Sn multilayers. The
films were deposited on rotating substrate at 1 Å/s deposition rate. We have deposited three sets of films with different Nb buffer layer thickness. One set was deposited without any Nb buffer layer. Other two sets were coated with
20, and 100 nm buffer layer. 10 nm thick Sn layer and
20 nm thick Nb layer were deposited after depositing the
buffer layer. The Sn and Nb layers were continued for
50 cycles to deposit 1.5 µm thick multilayers. The final
layer was Nb to block Sn evaporation during annealing. All
films were annealed at 950 °C for 3 h in a vacuum furnace.
The coating description of the films is shown in Table 1.
The crystal structures of the films were analyzed by Xray diffraction peaks obtained from Rigaku Miniflex II Xray diffractometer using Cu-Kα radiation. The surface
morphology was investigated by Hitachi S-4700 Field
Emission Scanning Electron Microscope. Film stoichiometry was estimated from data obtained from a Noran 6 energy dispersive X-ray spectroscopy (EDS) detector connected to a Jeol JSM 6060 LV scanning electron microscope using 15kV accelerating voltage. Surface roughness
was measured by Digital Instrument Dimension 3100
Atomic Force Microscope (AFM) in tapping mode. Superconducting properties of the coated films were measured
by four-point probe method in an isothermal measurement
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system at varied temperature [14]. Based on the superconducting results, a Nb disk with 2” diameter was coated to

Sapphire
substrate
Niobium
substrate

Sample
Name
T192
T188
T184
M11
M0
M1

0
20
100

Structure and Morphology
The X-ray diffraction patterns of films on both sapphire
and Nb substrate after annealing are shown in Figure 1.
Both films were coated using 100 nm Nb buffer layer on
the substrates. Films on both substrates showed different
diffraction orders of Nb3Sn phase. However, films on
sapphire substrate showed few diffractions due to other
phases of Nb and Sn (inset image). Diffraction peak of
Nb3Sn (211) couldn’t be identified from the diffraction
pattern of films on sapphire substrates due to strong diffraction peak from substrate at 41.72°.
Figure 2 shows SEM and AFM images of films coated
on sapphire substrates without buffer layer and with 100
nm thick Nb buffer layer. As seen from the SEM images,
the film without buffer layer has a surface with randomly distributed particles on top of grains. Comparison
of EDS spectra on the region with particles with the region without particles revealed Sn reach value on these
particles. These particles, however, did not affect the
roughness of the films. The measured RMS roughness
of the films were 33.71 and 34.65 nm for 0 and 100 nm
buffer layers respectively. SEM micrograph of film on
Nb substrate (0 nm buffer layer) is shown in Figure 3(a).
For Nb substrate, all films showed surface with uniformly distributed grains of 100 nm to 400 nm with
some voids. Films with all three conditions showed absence of Sn rich particles. During annealing process, two
phenomena take place: diffusion of Sn into Nb, and
evaporation of Sn from surface. These two phenomena
depend on the annealing parameters (temperature, time,
annealing rate etc.). On sapphire substrates, Sn near the
substrate (1st layer) couldn’t diffuse into the substrate
and diffused into nearest Nb (1st layer), whereas on the
Nb substrates or sapphire substrates with Nb buffer, Sn
can diffuse into the substrate or into the buffer layer. As
a result, Sn concentration near the surface was higher for
the sapphire substrate without a buffer layer. These
higher Sn concentrations experienced evaporation and
escaped the top Nb layer and Sn rich particles were
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measure the RF surface resistivity using the Surface Impedance Characterization system [13] at Jefferson Lab.

Table 1: The Coating Description of Deposited Films
Buffer Layer
Nb Layer Thickness
Sn Layer Thickness
Thickness (nm)
(nm)
(nm)
0
20
10
20
20
10
100
20
10

RESULTS AND DISCUSSIONS
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20
20
20

10
10
10

Total thickness
(nm)
1500
1520
1600
1500
1520
1600

formed by condensation during the cooldown process.
These Sn rich particles were not found on films with
thick Nb buffer layer on sapphire substrates and all films
on Nb substrates because Sn diffused into the buffer
layer and Nb substrates, resulting in less Sn near the surface for evaporation.

Figure 1: X-ray diffraction patterns of Nb3Sn coated
films on sapphire and Nb substrate.
Figure 3(b) and 3(c) show the AFM images (5 µm × 5
µm scan area) of films with 0 nm and 100 nm buffer
layer respectively on Nb substrate. Like the films on
sapphire substrates, surface roughness of the films did
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not vary significantly. The measured RMS roughness
were 23.5 and 24.3 nm for films with buffer layers of 0
and 100 nm respectively. The atomic concentration observed in EDS are shown in Table 2. All annealed films
experienced Sn loss due to evaporation.

Tc Measurement

Figure 2: SEM and AFM images of Nb3Sn coated films
on sapphire substrate.

Figure 4: Resistance vs temperature curve of films with
buffer layer of different thicknesses.

Table 2: EDS Data Showing Sn Concentration of the Asdeposited and Annealed Samples
Sample
At. % of Sn
At. % of Sn
Name
As-deposited
Annealed

Table 3: Measured Tc, ΔTc, and RRR of Films on Sapphire Substrates
Sample
Tc
ΔTc
RRR
Name
(K)
(K)

T192
T188
T184

27
27
27

22
22
23

M11
M0
M1

27
27
27

22
23
22

Figure 4 shows the resistance curve as a function of temperature measured by four-point probe method using a
drive current of 10 mA. The corresponding critical temperature (Tc), transition width (ΔTc), and residual resistivity ratio (RRR) are shown in Table 3. Films with all
conditions showed superconducting Nb3Sn with critical
temperature ranging 17.75 – 17.82 K with narrow transition width.

T192
T188
T184

17.82
17.81
17.75

0.03
0.03
0.04

4.66
4.69
4.32

RF Measurement
We coated Nb disk of 2” diameter using multilayer
sputtering to measure the RF surface resistance. The 1.5
µm thick film had 200 nm buffer layer and multilayers
of 20 nm thick Nb and 10 nm thick Sn. The surface resistance of the film was compared with the previous SIC
data of conventional vapor diffused Nb3Sn sample [15].
Figure 5 shows the RF surface resistance as a function
of temperature for both samples. Like vapor diffused
samples, surface resistance of sputtered samples decreased sharply near 18 K. The sputtered sample showed
another sharp drop on resistance near 8 K. This is due to
the exposed Nb from the substrate which was covered
by the sample holding clips during deposition (inset of
Figure 5).

Figure 3: SEM and AFM images of Nb3Sn coated films
on Nb substrate: (a) SEM image of film with 0 nm buffer
layer, (b) AFM image of film with 0 nm buffer layer, (c)
AFM image with 100 nm buffer layer.
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Figure 5: Surface resistance vs temperature curve of
sputtered sample and vapor diffused sample.

SPUTTER SYSTEM DESIGN
The goal of our current research is to establish a multilayer sputtering system to deposit Nb3Sn films inside a
single-cell RF cavity. Both deposition and annealing
should be performed without breaking the vacuum to
minimize contamination. Therefore, we have designed a
system that can be installed in current furnace used for
vapor diffusion coating at Jefferson Lab. The design of
the system is shown in Figure 6. Two sets of welded bellows will be used to control the movement of the sputter
system. Bellow 1 will control the movement of magnets
whereas bellow 2 will control the movement of the cathode. These two bellows will be moved simultaneously
to coat the cavity surface. The whole cavity will be divided into three parts for coating: first, the top beam tube
will be coated with multilayers, then the equator and
bottom beam tube will be coated with similar coating
cycles. Air will be used as cooling medium of the cathode during deposition. After deposition, the cathode will
be raised up by expanding both bellows to thermally isolate the cathode from the furnace. Finally, the coated
cavity will be annealed at desired temperature to fabricate Nb3Sn films.

Figure 6: CAD design of the sputter system: (a) installed
with the furnace, (b) different parts of the sputtering system: 1. cooling air inlet, 2. air outlet, 3. bellow 1, 4. ceramics to electrically isolate the cathode from the furnace, 5. bellow 2, 6. cathode tube, 7. magnet holder rod,
8. Sn target, 9. Nb target, and 10. magnets.

CONCLUSION
We have successfully deposited Nb3Sn films on Nb
and sapphire substrates by multilayer sequential sputtering method. The films experienced Sn deficiency after
annealing due to evaporation from the surface. Films
without buffer layer on sapphire substrate had randomly
distributed Sn rich particles on top of the grains. The
films on sapphire substrates have shown Tc up to 17.82
K. RF surface resistance of Nb3Sn film coated on Nb by
multilayer sequential sputtering method was measured
to be similar to surface resistance measured for the vapor diffused Nb3Sn films in SIC. Finally, preliminary
design of a multilayer single cell RF cavity sputtering
system is discussed.
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Abstract
The 166.6 MHz superconducting RF cavities have been
proposed for the High Energy Photon Source (HEPS), a 6
GeV kilometre scale light source. The cavity is of quarterwave type made of bulk niobium with β=1. Each cavity
will be operated at 4.2 K providing 1.2 MV accelerating.
To compensate the frequency change due to manufacturing uncertainty, Lorentz force, beam loading, He pressure
and microphonics the plunger tuner and gap tuner are
chosen as options. Now the plunger tuner and low temperature gap tuner have been tested with cavity, while the
warm gap tuner is being designed. Details of the design
and summary of the test results of the two type tuners
with cavity are presented in this paper.

INTRODUCTION
The baseline and main parameters for Storage Ring
SRF system of HEPS have been public [1, 2]. IHEP is
developing 166.6 MHz superconducting RF cavities for
HEPS, the structure is shown in Fig. 1. In order to realize
the proposed on-axis injection scheme, five 166.6 MHz
cavities have been chosen as the main acceleration cavity,
while two 500 MHz single cell cavities as third harmonic
cavity. Adjusting the cavity resonance frequency to the
accelerator frequency during operation is essential to the
RF system stable and have a perfect transmission of the
radiofrequency power to the beam. To meet the requirements of 166.6 MHz SRF cavity, the tuner system needs
newly designed. Two type tuners have been designed and
test for the performance verification. The structure of
plunger tuner is compact, but to the SRF cavity install and
cleaning is difficult. So only warm test has been done for
the plunger tuner. The gap tuner is widely used for SRF
cavity to tuning frequency for its install and maintains
easily. A type gap tuner has been designed and completed
the low temperature test.

Table 1: Main Parameters of Plunger Tuner
Parameters

Value

Units

Tuning range

±66.8

kHz

Motor stroke

±20

mm

Tuning resolution

＜20

Hz

Tuning sensitivity

3.34

Hz/um

Operating temperature

4.2

K

Structure
The new type 166.6 MHz cavity has for ports at the end
of large beam pipe for HPR (High Pressure Rinsing). We
chose one HPR port to install the plunger tuner. As Fig. 2
shown is the tuner install and working principle. The
plunger tuner designed with low temperature motor, during working the motor drive the plunger output or input
the cavity along the linear bearings.

Figure 2: Overview of the plunger tuner with cavity.
Due to the 166.6 MHz working at 4.2K temperature,
prevent bubbles holding in the plunger pipe during cooling is difficult than 2K working. A Special cooling structure is designed as Fig. 3 shown.

Figure 1: 166.6MHz cavity components.

PLUNGER TUNER
Table 1 is the main tuning parameters of plunger tuner
for 166.6 MHz cavity according the tuning requirements.

Figure 3: The cooling structure of plunger tuner.

___________________________________________
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Inside the plunger pipe is a partition board with oval
groove. Liquid helium from the down port into the plunger pipe and the up port outside. The bubbles produced due
to the RF heat can’t be trapped in the plunger pipe.
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tion is about 5%, below 2 W considering the maximal
cavity dissipation of 33 W.

RF Simulation
Figure 4 shows the frequency deviation versus plunger
length for six different plunger radii. Considering the
radius cavity HPR Port for the tuner install is 17.5 mm, so
the radius of plunger we chose is 13 mm with frequency
sensitivity is 3.34 kHz/mm simulated with CST MICROWAVE STUDIO software.

Figure 4: Frequency shift versus plunger length for six
plunger radii.
Because of the plunger is made of bulk Niobium the
same as the cavity, so as not to limit the cavity performances, the surface magnetic field on the plunger surface
has to be equal or lower than the maximum surface magnetic field in the cavity when no plunger is installed.

Figure 6: The simulation mode of plunger tuner with
cavity.
Table 2: Main Parameters of Plunger Tuner
Radius
(mm)

Plunger loss
(%)

Bellow loss
(W)

Flange loss
(W)

No tuner

0

0

0.0021

10

0.59

0.572

——

13

0.79

1.186

0.0175

15

0.95

2.822

0.0200

Warm Tests
Figure 5: Magnetic field along the plunger for three
plunger radii.
Figure 5 shows the surface magnetic field on the plunger versus the position. The curves plotted are the values of
the surface field along a line. The surface field along the
plunger is maximal on the plunger side facing the interior
conductor of the cavity. The surface field on the plunger
is equal 75 mT in the case R= 13 mm, confirming the
maximal radius of the plunger allowable to meet the tuning requirements.[3]
As the operating temperature is 4.2 K for the 166.
6 MHz cavities, power dissipations have to be kept as low
as possible to limit the ruing cost of the cryogenic plant.
As Fig. 6 show is the simulation model of plunger tuner
with cavity and Table 2 is the simulation results for the
components of plunger tuner. The material for the bellow
and flange is stainless steel. For the plunger of tuner
270 mm and 26 mm of diameter, the adds power dissipaSRF Technology - Ancillaries
tuner

Figure 7: Plunger tuner tuning stroke.
As Fig. 7 shows is the designed tuning stroke of plunger tuner, for the test plunger we choose the length 300 mm.
The tuner stroke is 40 mm, to the frequency shift is about
128 kHz, and the tuning sensitivity of test is about
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3.2 kHz/ mm. Figure 8 is the test site. Installed the plunger tuner with a 166.6 MHz model cavity made of aluminium. Vector network analyser is used to monitor the frequency change of superconducting cavity.

Figure 9: Woking principle of gap tuner
Figure 10 shows the 3D models of cavity, coupler, tuner and test cryostat. The several parts are assembled together to test performance of 166.6 MHz SRF cavity
system.[4]
Figure 8: Plunger tuner tuning stroke.

GAP TUNER
A gap tuner has been designed for the 166.6 MHz horizontal test without beam. As table 3 is the main design
parameters of gap tuner.
Table 3: Main Parameters of Gap Tuner
Parameters

Value

Units

Motor tuning range

＞ 90

kHz

Piezo tuning range

＞2

kHz

Harmonic reduction ratio

1:200

--

Arm Mechanical advantage

43:1

--

Motor tuner resolution

1

Hz

Piezo tuner resolution

1

Hz

Tuner Design
With the gap tuner to tuning the cavity frequency after
cooling down, and the Piezo to compensate the frequency
change due to the He pressure, microphonincs and Lorentz force. Figure 9 is the working principle of gap tuner
for the 166.6 MHz cavity. One low temperature motor
with four Piezo working together. The Piezo are installed
at the two-beam pipe side of cavity. The tuner squeezes
the cavity during working.

Figure 10: Gap tuner + cavity + cryostat + coupler.

Low Temperature Tests

(a)

(b)

Figure 11: (a) LLRF system for horizontal test, (b) The
cryomodule during assembly.
Figure 11 is the physical picture of LLRF system for
166.6 MHz SRF system tests and the cryomodule during
assembly at the cryogenic testing hall.
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The motor tuner working is well during the test, which
successfully locked the cavity at 166.6 MHz, as shown in
Fig. 13.

(a) Capacitance varies during cooling down of high
voltage Piezo.

Figure 13: Interface of LLRF and tuning system control
software.

CONCLUSION
(b) Capacitance varies during cooling down of low voltage Piezo.

Two type of tuner have been designed for the HEPS
166.6 MHz QWR cavity. The warm temperature performance of plunger tuner is validated, next the low temperature performance will be evaluated. The performance
of gap tuner can meet the 166.6 MHz horizontal requirements.
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(c) Tuning performance of low voltage Piezo.
Figure 12: Piezo tuner performance tests.
Two type of Piezo low voltage and high voltage have
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Abstract
The resonance frequency of the HL-LHC Double Quarter Wave (DQW) and Radio Frequency Dipole (RFD) crab
cavities is tuned to the operating frequency of 400.79 MHz.
For both types of cavities, the tuning principle foresees a
symmetric mechanical deformation of parts of the cavities
in vertical direction, with the tuner motor placed outside
the vacuum, on top of the vacuum vessel. The tuner design
was successfully tested on the DQW prototype cryomodule
with two cavities in 2018 in the SPS at CERN. This paper
describes the design of DQW and RFD crab tuners. The
experience and results of assembly and cold testing are
given together with some required improvements.

INTRODUCTION
The High Luminosity upgrade of the CERN Large Hadron Collider (HL-LHC) will be installed in 2024-2025. The
upgrade aims at increasing the integrated luminosity [1].
One of the key components that contribute to this increase
are the RF compact crab cavities that will be placed on both
sides of Interaction Points (IP) 1 (ATLAS) and 5 (CMS).
Each cavity will apply a transverse kick of 3.4 MV at
400.79 MHz in order to rotate the bunches for a better overlap when they cross at the IP. This results in a higher number of collisions [2]. There are two crab cavities per beam
on each side of the IP. Each pair is mounted in a cryomodule to cool the cavities to 2 K, i.e. four cryomodules per IP.
Two compact cavity designs in bulk niobium with unconventional geometries are used for the HL-LHC: the Double
Quarter Wave and the RF Dipole [3, 4]. The transverse
field is vertical for the DQW (IP5) and horizontal for RFD
(IP1).
The fundamental mode RF frequency of the crab cavities
shall precisely fit to the operating frequency. The frequency of each cavity will depend on the exact dimensions
and shapes of the different cavity parts, carefully managed
during the fabrication steps. The cavity parts are formed
from niobium plates, trimmed and electron beam (EB)
welded together, followed by chemical etching. The cavity
is assembled by bolts and welds into the titanium grade 2
helium vessel, forming the “jacketed cavity” [2].
Even with realistic tolerances, careful metrology and intermediate RF measurements, some uncertainties on the
RF frequency of the cavity will remain. More uncertainties
are introduced during the assembly in the cryomodule, the
____________________________________________
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cool down to the operating temperature of 2 K and other
environmental conditions such as helium and atmospheric
pressure fluctuations. Mechanical vibrations and Lorentz
forces can dynamically alter the frequency of the cavity.
Finally, adjustments of the frequency are required when the
machine is operated at a different beam energy, i.e. at a different operation frequency. Due to the above, a mechanical
tuning system is used for DQW and RFD crab cavities to
tune the cavity to the required frequency as precisely as
possible to limit the RF power driving the cavity.

CRAB CAVITY TUNER PRINCIPLE
The DQW and RFD cavities are actively tuned during
operation by the symmetric deformation of two walls of the
cavity, in the vertical direction. The choice of the tuning
principle is based on the elastic tuning range available, the
required forces, the integration in the cryomodule and the
effect on the alignment of the centre of the cavity.

Figure 1: Cut-away view of the RFD tuner.
The tuner actuator creates a relative motion between two
concentric tubes (or tuner tubes), a design inspired by the
CEBAF tuner [5]. The top and bottom tuning rods that deform the cavity are mounted to NbTi connection parts
that are EB welded to the cavity walls. For RFD cavities,
the cavity body perpendicular to the poles are deformed
(see Fig. 1), while for DQW the poles are deformed
SRF Technology - Ancillaries
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(see Fig. 2). The tuning rods are equipped with edgewelded titanium bellows for a linear motion feedthrough
in the helium vessel walls. The inner tuner tube is
connected to the top tun-ing rod; the outer tube to the
tuning frame surrounding the helium vessel. This
tuning frame is connected to the bottom tuning rod.
The tuner actuator is floating on load compensation
springs, creating a symmetric deformation of the cavity
as far as the top and bottom of the cavity have the same
stiffness. The tuner design allows working in both push
and pull direction.
Finite element (FE) models were made [6-8] to determine the tuning sensitivity, mechanical stiffness, elastic
range of the cavity and the required tuning forces (see Table 1). The ± sign indicates the push and pull direction. The
deformations are total symmetric cavity deformation, i.e.
displacement between the poles or between opposite cavity
walls. The thickness of the cavity walls after shaping and
chemical polishing is taken into account in the models for
completeness. The differences with respect to calculations
with the initial thickness of 4 mm was about 5 %.

bottom pre-tuner in order not to change the centre of the
cavity.
The calculated pre-tuner sensitivity [6] is 1046 kHz/mm.
An elasto-plastic FE analysis estimates the available pretuning range. The base line approach is a fully elastic pretuning, but a plastic deformation followed by a release of
force is also possible without exceeding a 2 % total plastic
strain. The deformation range, required forces and elastic
limit depend on the exact cavity wall thickness after shaping, chemical polishing, and the amount of work hardening. The elastic range of the DQW pre-tuner corresponds
to around ±400 kHz (push-pull), the plastic range with released force corresponds to maximum ±1 MHz.

Table 1: DQW and RFD Tuning Characteristics
Tuning sensitivity (kHz/mm)
Cavity stiffness (kN/mm)
Tuning range at 2 K (mm)
Tuning range at 2 K (kHz)
Tuning range force (kN)

DQW

RFD

318
2.40
±1.60
±509
±3.8

530
3.15
±2.45
±1300
±7.7

The tuning ranges in Table 1 make use of the full available elastic deformation of the cavity at 2 K to have as
much margin as possible to deal with frequency uncertainties. This maximum deformations and required forces are
used to design the tuner components. The elastic limit of
niobium at 2 K used in the calculations is 333 MPa, including a safety factor of 1.2. The real elastic limit will however
depend on the level of work hardening during the shaping
process and is higher.
The RFD cavity has a reinforcement on the part that is
deformed by the tuner to increase the strength against pressure. An analysis was made to optimise the tuning sensitivity with respect to pressure sensitivity and Lorentz Force
Detuning (LFD) [7].

DQW Pre-Tuner
Due to the rather limited tuning range, two (top and bottom of cavity) manual pre-tuning systems are implemented
in the DQW cavity design (Fig. 2). This enables the readjustment of the cavity frequency after the helium vessel assembly. The pre-tuner device also reinforces the cavity
against the helium pressure. As shown in Fig. 2, four NbTi
connectors (1) are EB welded to the cavity wall, in the
outer radius region of the bowl part of the cavity (top and
bottom). The pre-tuner parts, mounted on the connectors,
exit the helium vessel through bellows (2). Finally, M8
push and pull screws (3) between an outer part fixed to the
helium vessel wall (4) and the pre-tuner, are used to deform
the cavity. The same deformation is applied on the top and
SRF Technology - Ancillaries
tuner

Figure 2: Cut-away view of the DQW cavity with pre-tuning device.
The practical approach for the pre-tuning of the two
DQW cavities for the SPS test was based on torque and RF
measurements. The frequencies of SPS test DQW1 and
DQW2 cavities were increased respectively by 300 and
400 kHz, with a pre-tuning precision of about 20 kHz.

Tuner Linear Actuator
The tuner linear actuator (see Fig. 3) that creates a relative motion between the two concentric tubes is placed on
top of the cryomodule, at room temperature and atmospheric pressure. It is thus accessible for maintenance in
situ. A 1.3 Nm hold torque bi-phase stepper motor (1) with
1.8°/ motor step, is coupled with a frictional Oldham coupling (2) to an elliptical type gear (3) with a 100:1 ratio.
The gear contains a bearing that holds the longitudinal tuning force. A planetary roller screw (4) with a 1 mm lead
transforms the rotation in a linear motion. The motion is
guided by linear roller bearings (5) mounted on precision
guides to protect the roller screw and gear against bending
moments and lateral forces. The relative motion is transmitted to the two tuning tubes by a vacuum feedthrough
with two concentric bellows.
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Tuner during Thermal Cycles

Figure 3: Cut-away view of the linear actuator.
The motor is operated in micro stepping mode with
8000 steps/turn (theoretic 1.25 nm at the exit of the actuator). The precision is however limited by the repeatability
of the gear and the roller screw, as well as by the friction
present in the linear bearings. The required motor torque M
at constant speed for the maximum RFD required force F
without gear would be 1.6 Nm, for the DQW 0.8 Nm. With
the gear, the required motor torque is 0.016 Nm for RFD,
0.008 Nm for DQW (efficiency η gear 0.95, roller screw
0.79). This is smaller than the motor detent torque of
0.04 Nm, meaning that with the gear, the tuner is self-locking and the current can be lowered when the position is
reached.
𝐹 𝑆𝑐𝑟𝑒𝑤𝐿𝑒𝑎𝑑
𝑀=
𝜂
𝐺𝑒𝑎𝑟 𝑟𝑎𝑡𝑖𝑜
2𝜋𝜂
The torque calculated above is at constant speed. A significant additional torque is required to accelerate motor
and gear with their inertia. The motor steps are sent at a
certain number of steps per second, without ramp. From
standstill, this requires a certain acceleration to reach the
wanted motor position in time. A smaller motor would limit
the available tuning speed. A piezo tuner to compensate
fast changes was not implemented for the first DQW SPS
tests, as it was not expected to be required.
The cables to the stepper motors are long, even well over
100 m in the SPS test stand. This can create overvoltage
and transmission problems [9]. Low capacitance cables,
low motor speed and micro stepping mitigate this problem.
In the prototype linear actuators, a potentiometer was installed to measure the relative displacement of the actuator.
Two electromechanical limit switches and mechanical
stops are present to protect the cavity. A force sensor (Fig. 3
(6)) in the linear actuator measures the tuning force applied
to the cavity. With the stiffness of the cavity and the tuning
frame, the force sensor has a better displacement resolution
than the potentiometer. In addition, trigger levels on the
load cell conditioner are used to implement an overload interlock on the cavity tuner. The replacement of the potentiometer by an encoder is being examined.
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An important aspect is the much lower elastic limit of
niobium at 300 K (65 MPa), compared to 2 K. At 300 K,
the elastic tuning range is reduced to 0.3 mm (DQW) and
0.5 mm (RFD). It is for this reason important to return the
tuner to the neutral position before warm-up. The available
range at room temperature will be further reduced by deformations created by the tightening of the tuner last coupling and the setting of mass compensating springs during
the tuner assembly. The connection of the last component
will close rigidly the tuner around the two cavity sides. A
conical coupling connects gear and roller screw in order to
limit the deformation of the cavity at this last step.
The differential pressure between the outside and inside
of the vacuum vessel creates a force on the tuner vacuum
feedthrough bellows. Due to the floating tuner actuator, the
cavity supports this force. In the first prototype, a pressure
compensation bellow was applied [10]. With the bellow effective surface reduced to the minimum, the force acting
on the cavity is 258 N. This results in a sufficiently low
stress in the cavity (11 MPa for DQW and 5 MPa for RFD)
and pressure compensation is no longer needed. This made
available more space for the actuator.
Large temperature differences between tuner components at the start of a cool down could also lead to forces
on the cavity. Both inner and outer tuner tubes are however
thermalized by copper heat interceptors to the cryomodule
thermal screen. The tuning frame is thermalized to the helium vessel by the tuning rod and flexural guides (see next
section). Moreover, the elastic limit of the cavity will
quickly increase when it cools down.

TUNER DESIGN
Several parameters such as modal behaviour, buckling,
pressure sensitivity, Lorentz Force Detuning (LFD) and
thermal factors determine the design of the tuner components. To avoid detuning of the cavity and misalignments
during cool down, the materials selected minimize differential contraction. The tuning frame and helium vessel tank
surrounding the cavity are in titanium grade 2 because of
the similar thermal contraction as niobium between room
temperature and 2 K. The concentric tuning tubes are in
stainless steel EN 1.4429, the same material as the cavity
support.
Mechanical modes in the structures surrounding the cavity can be excited and generate displacements transmitted
to the cavity, resulting in dynamic detuning or so called
micro phonics. This is particularly a concern for the tuner
device, directly connected to the cavity. In general, the displacements will be smaller at higher frequencies. Therefore, the tuner design focussed on increasing the frequency
of the vibration modes by increasing stiffness and decreasing mass. The safety factor for linear buckling of the tuner
is another factor acting on the stiffness of the tuner components. A parametric optimisation with Catia™, CadNexus™ and Ansys™ was performed for the design of the
tuning frame. The main dimensions of the components
SRF Technology - Ancillaries
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were parametrised to minimise the mass, while maximising
stiffness and buckling load multiplier.

Figure 4: Tuning frame and flexural guides on the DQW
helium tank.
Two lateral and longitudinal (with respect to the beam
axis) vibration modes of the tuner frame were initially the
lowest modes with frequencies around 10 Hz [11]. Flexural
guides were therefore added between the tuner frame and
the helium tank (see Fig. 4). The flexures were designed to
have a low stiffness in the tuning direction and a high stiffness in longitudinal and lateral directions. They were produced by electro discharge wire cutting in titanium grade
5, with a flexure thickness of 0.7 mm. Figure 5 shows the
flexure used for the DQW in the SPS test (left), on the right
is the improved design with lower stresses: 335 MPa for
4 mm deformation in the tuning direction. The stiffness is
hundred times higher in longitudinal and twenty times in
lateral direction. The addition of four flexural guides increased the frequency of the frame-on-cavity modes to
above 40 Hz. The guides also increased the linear buckling
safety factor.

Figure 5: Flexure guide design.
Further increasing the buckling safety factor would require a reinforcement of the tuner tubes, especially the inner one. The design of the two tubes must however minimize the heat transport from room temperature to the 2 K
bath. Thermal links are placed between the inner and outer
tube and the thermal screen at 70-80 K (Fig. 6).
SRF Technology - Ancillaries
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Figure 6: The concentric tuning tubes with thermalisation.
The tolerances on the cavity and the tuner components
combined with long lever arms result in misalignments and
possible assembly offsets in the range of millimetres. To
avoid large frequency changes during assembly, a design
with spherical in conical jointed connections was made that
allows offsets and misalignments. The frequency shift after
full installation of the SPS DQW tuners was smaller than
20 kHz.

DQW SPS TESTS
A first prototype cryomodule assembled in 2017 with
two DQW cavities was successfully tested with a proton
beam in the SPS in 2018 [12]. Before the installation in the
SPS, the cryomodule was cooled down in the SM18 facility
to test the mechanical and cryogenic performance. The
tuner operation was verified on both cavities. Due to the
difference between injection and maximum beam energy, a
frequency span of 300 kHz is required for the crab cavity
frequency in the SPS test. The target frequency after cool
down at the neutral position (without tuner displacement)
was set at 400.65 MHz to split the frequency span in
±150 kHz (push and pull). At 2 K, DQW1 and DQW2
reached respectively 400.6 and 400.65 MHz.

Figure 7: Tuner 300 kHz cycle at 2 K.
Figure 7 shows the complete tuning range of 300 kHz
(even 360 kHz for DQW1). The hysteresis of around
20 kHz on a 300 kHz cycle is sufficiently small. Linear interpolation of the 300 kHz cycle and a small 200 Hz cycle
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with steps of 20 Hz, indicate a resolution of 0.21 Hz/step
with a standard deviation of 0.07 Hz. The calculated tuning sensitivity is 0.27 Hz/step (taking into account the calculated stiffness and frequency sensitivity). No clear backlash is observed when going through the neutral position
but this was done in rather large steps. The backlash in the
roller screw used is given to be about 10 µm corresponding
to 3 kHz for DQW. For operation in the HL-LHC, where
the frequency change due to beam energy increase is
smaller, it is more advised to set the target frequency such
that the tuner operation will only work in push or pull direction.
The cryomodule installation in the new SPS RF test facility, beginning 2018, was followed by commissioning of
the technical infrastructure. The testing with beam started
at the end of May with successful crabbing of the SPS
beam. The two tuners performed in the same way like during the tests in SM18 and the frequency of both cavities
could be precisely set. Beginning of October, the force cell
of cavity DQW1 started to indicate a much higher load increase when tuning and would trigger the overload protection. After stopping the tuner, the force would then gradually decrease again. The frequency change per number of
steps corresponded however still to 0.21 Hz/step and the
tuner could still be used. After some weeks, the conical
coupling between motor and gear started to slip because of
the higher forces and the tuner went out of service. In the
same period, cavity 2 started to show the same problem but
with a smaller load increase and no slipping. The possible
causes were examined such as possible ice formation in the
tuner bellows on the vacuum vessel due to the failing of a
heater. Clearances with surrounding thermal screen components are small and a component might have shifted. A
bearing in the motor might block when lateral forces are
too high. The reason of the problem is not yet confirmed.
The possible causes are being studied and are taken into
account in the update of the design.

Lessons Learnt
The assembly of the SPS DQW cryomodule gave valuable input for the design of the tuner. Some connections will
be reworked and the clearances between parts will be increased. The most important design input came from the
SPS tests. The access to the linear actuator situated under
the RF wave-guide is too difficult and only possible from
the tunnel side. The tuner instrumentation needs to be dismounted to give access to the connections to the tuner
tubes and the connecting screws at the back of the tuner are
very hard to reach. The conical coupling between motor
and gear was weaker than the catalogue value due to an
intermediate part with insufficient stiffness. More reliable,
non-frictional couplings that still respect the required
alignment tolerances are under study.
Finally, the necessity of an additional piezo tuner was
questioned after the observation of a possible excitation of
a vibration mode of the cavity. This will be studied in the
next months.

TUP081
650

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP081

CONCLUSION
The paper describes the tuning principle selected for the
DQW and RFD HL-LHC crab cavities and the components
involved. The available tuning ranges are calculated in FE
models for the elastic range of the deformed cavity walls.
The smaller DQW tuning range is enhanced with a manual
pre-tuning device used at room temperature after the assembly of the cavity with helium vessel. The design of the
linear actuator and tuner components is explained with respect to resolution, stiffness, assembly precision, vibration
modes and buckling. The successful tests of the first DQW
cryomodule in the SPS with precise frequency control confirms the tuner design principle. The target frequencies after cool down were reached precisely. A problem of blockage and slipping of a coupling observed at the end of the
tests triggered design modifications to improve reliability
and access for maintenance of the crab tuner.
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Abstract
The PIP-II linac will include fifty seven 650MHz SRF
cavities. Each cavity will be equipped with tuner for coarse
and fine frequency tuning. Design and operations parameters will be discussed. Results from room temperature tests
with prototype tuner installed on a 650MHz β =0.90 elliptical cavity will be presented.

safety brackets is to lock cavity to He Vessel to protect cavity from non-elastic deformation during pressurizing/leak
check tests of the cavity during cryomodule assembly
(Fig. 2).
Large diameter of the bellow between He Vessel and
β
0.9 cavity end-group from the tuner side will lead to
large forces, when dressed cavity will go through 3.3 bar
pressure test.

INTRODUCTION
Design of the tuner for 650MHz elliptical cavities pre0.61 and
sented in previous publications [1]. Low β
0.92 cavities will be utilized for PIP-II project.
high β
Only the first 650MHz prototype cryomodule for the PIP0.9
II project will employ four elliptical cavities with β
that were designed several years ago [2] . The β
0.9 cavity that was used for the tuner qualification test discussed in this paper has several design specifics: cavity has
quite large stiffness ~20kN/mm; dressed cavity/He Vessel
system has large diameter bellow from tuner side and required additional cavity/tuner interface element (splitring).
0.9 dressed cavities/tuner system has limited
The β
operational range for the slow tuner. Limited operational
range for cold cavity (F~60kHz or X~350um) dictated
not by design of the slow tuner rather by maximum allowable load on the piezo-actuators. The 650MHz cavities
0.92 and β
0.61 will have stiffness ~4with β
5kN/mm and the slow tuner range will be expanded up to
F ~200kHz (or cavity compression X >1mm).
In order to protect warm cavity from non-elastic deformation the maximum range of the cavity’s compression/stretching must be limited to Xmax=0.3mm which is
0.9 cavity.
based on the ANSYS simulation of the β
This was important factor that limited testing range of the
slow tuner during our studies.
Picture of the tuner assembled on the dressed cavity presented on the Fig. 1. Details of the tuner design and ANSYS simulation results are presented in another paper [1].
0.9 cavity/He Vessel/tuner sysAs mentioned above β
tem has special interface element “split-ring” that serves
several purposes. The first role of the “split-ring” and

Figure 1: (A) Tuner assembled on the dressed cavity. (C)
3D model of the tuner. (B) Picture of the cross-section of
the dressed cavity end-group from the tuner side.

Figure 2: Split-ring and safety brackets installed on the
dressed cavity.
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The second role of the split ring is to transfer stroke from
tuner to cavity. Range of the stroke transferred from tuner
to the cavity from 0.3 mm (maximum stroke of the slow
tuner) up to 5nm (to satisfy piezo tuner resolution ~1Hz).
Design of the “split-ring/safety brackets” system for
0.9 cavity is similar to the design of the same
HB650 β
analogous system for 1.3GHz LCLS II cavities [3].
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end-group (from the power coupler side) and of the He vessel, and (3) tuner.

TUNER QUALIFICATION TESTS
Test Setup
Dressed cavity was secured with cage made from 4 rods
and 2 spiders surrounding He Vessel and attached to vessel
lugs (Fig. 1). During tests cavity was secured to granite table with straps.
Two dial indicators were installed from the tuner side of
the cavity and one indicator from opposite (power coupler)
side. Indicators measured stroke on the different elements
of the dressed cavity/tuner system during operations of the
tuner. In addition, a network analyzer (NWA) was connected to the cavity to monitor cavity frequency changes
during tuner tests (Fig. 3).

Figure 3: Schematics of the test-setup. Picture shows two
(from three) dial indicators used to measure displacements
of the main tuner arm and cavity beam flange.

Slow/Coarse Tuner Testing
During test of the tuner on the warm cavity the cavity
compression limit was set to 300um. Considering the
tuner’s ratio 1:18, stroke on the motor arm was limited to
6 mm (or 6 full rotations of the electromechanical actuator
spindle). It is required 60 kSteps from stepper motor to deliver 6 rotations of the spindle. Results of the cavity frequency change measured with the NWA versus the stepper
motor rotations presented on the Fig. 4.
Exercising the stepper motor 60 kSteps caused a frequency shift of 29kHz on the cavity (or cavity compression on ~160um) instead of 60kHz as expected from kinematical model of the tuner. Measurements with dial indicators confirmed that cavity compression was ~156 um
which is consistent with NWA measurements.
Slow tuner sensitivity is 0.5Hz/step that is ~2 times less
than we expected and can be explained by limited stiffness
of the dressed cavity/tuner system components: (1) splitring interface, (2) conical flange interface between cavity
SRF Technology - Ancillaries
tuner

Figure 4: Cavity detuning with slow tuner.
Both system NWA and dial indicators don’t have
enough resolution to measure the warm dressed cavity
slow tuner hysteresis value, which we are expecting will be
less F=100Hz (or X=0,5um). Tuner hysteresis will be
measured with cold cavity.
To estimate tuner stiffness, we replaced stepper motor
with screw and load cell unit. Using the screw, we moved
motor arms by XMotor.Arm and measured with load cell FMotor.Arm. Using tuner kinematic ratio 1:18 we can estimate
forces that applied from main tuner arms to cavity
FMain.Arm=18 XFMotor.Arm. By measuring with dial indicator
value of XMain.Arm we can estimate tuner stiffness by simple formula:
KTUNER = 18 XFMotor.Arm / [(XMotor.Arm /18)-XMain.Arm]
KTUNER estimated from simple measurements described above is near 40kN/mm that is in good agreement
with our estimations from ANSYS simulations.

Fast/Fine Tuner Testing
The DC Voltage from 0 to 100V (with increment of 20V)
applied to both (top and bottom) piezo-actuators and cavity
detuning was measured with NWA (Fig. 5). Measured response of the cavity detuning/compression versus applied
piezo voltage is 36Hz/V or 0.2um/V. According to manufacture specifications at room temperature piezo must deliver ~ 38um stroke for nominal voltage 120V or ~
0.3um/V. Based on our simple measurements and piezo
specifications from vendor we can estimate fine/fast tuner
efficiency ~0.2/0.3=66%.
When operated inside cold cryomodule piezo-stack will
be cool-down to T=20K and stroke of the piezo-actuator
will decrease ~5 times [4]. We are expecting maximum
cold cavity detuning by fast tuner, when V=120V applied
to piezo, will be up to ~ 850Hz.
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Cavity/tuner system transfer function presented on the
Figure 7. System has first resonance at 157Hz and strongest at 215 Hz, that is satisfied design requirements (no resonances below 100Hz).

Figure 5: Cavity detuning with the piezo tuner.

Transfer Function of the Cavity/Tuner system
The PIP-II project specification on the level of the microphonics for 650MHz cavities is set to 20Hz peak detuning. It is crucial to design a dressed cavity/tuner system to
minimize the sensitivity to external sources of vibration
which can detune the cavity. Typically, frequencies of the
external sources (cryo-flow induced vibrations, vacuum
pumps and motor) are laying below 100Hz [5,6,7]. During
the cavity design process efforts were made to shift the
lowest mechanical resonance of the cavity to lie above
100Hz.
To measure transfer function of the cavity we assembled
a simple RF system. An RF analog signal generator (Agilant CN5178) was used to produce the input signal which
fed through splitter to produce two signals. One filled the
cavity with the forward power Pforward through an antenna
installed on the one of the beampipe flange (Fig. 6). The
second signal from the splitter was sent to input A of the
AD8032 Analog Phase Detector (APD) [8]. A second cavity antenna on the opposite beampipe flange provided the
transmitted power Ptransmitted which was sent to input B of
APD. The output signal of the APD is proportional to the
phase shift between Pforward and Ptransmitted was digitized
with NI-PXI-4472 14bit ADC [9]. Calibration of the APD
detector was done by applying DC voltage to the piezo and
measuring the response. The piezo voltage response was
measured previously with a network analyzer with a sensitivity of 36 Hz/V on the cavity. This simple technique allowed us to establish a relation between APD output signal
in mV to cavity detuning in Hz.
To measure transfer function, we applied to the piezoactuators train of the sinewave stimulus pulses. A LabView program generate stimulus sine waveform with bias
A=15V and amplitude peak-to-peak A=30V and frequency
fpiezo. and with length of 3second followed 3 second interval when DC voltage with A=0V. Stimulus pulse generated by DAC (NI-6281) amplified with x15 by piezo-amplifier Jena ENT 400 and applied to piezo. Monitor signal
from piezo amplifier (output signal/10) digitized by NI4472 14 bit ADC simultaneously with APD signal. Test
started with fpiezo =1Hz and with increment 1Hz run up to
fpiezo =500Hz.
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Figure 6: Setup to measure cavity transfer function.

Figure 7: Transfer function as measured by APD when cavity excited by piezo.
At the next step in addition to APD we used piezo as a
sensor to measure cavity vibrations. To generate vibration
inside cavity we lightly tapped cavity’s beampipe flange
(opposite to tuner side) with rubber hammer. Figure 8
shows the responses as measured by APD and piezos when
during interval of 10 second the cavity stricken 9 times.
FFT of these signals presented on the Fig. 9.
By comparing transfer functions presented on the Fig. 7
and Fig. 9 we can make conclusion that both method of the
exciting cavity (with short hit by hammer on the flange of
the cavity or with piezo scan by sinewave stimulus pulses)
provided the same results. On the spectrum measured by
piezo sensors there is good correlation with peaks at the
range of 150 to 250Hz. At the same time piezo measured
some strong peaks below 100Hz (20; 45; 55; 85) that were
not observed in spectrums measured with APD system. We
contributed that low frequency resonances to the transversal rather than longitudinal motions of the cavity. APD system is sensitive to longitudinal motion and piezo was able
to pick up both.
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II project. Procedure of the tuner assembly was verified.
This tuner was measured on the warm cavity. Tuner performance was found to meet specifications including, tuning sensitivity, mechanical stiffness, mechanical resonance
of the warm dressed cavity/tuner system.
Some parameters, like tuner range, hysteresis, piezo
tuner resolution, could not be assessed on the warm cavity
and will be measured on the cold cavity.
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Abstract
Reliability of the piezo-actuators deployed in SRF cavity
tuners operated at high dynamic voltage range rate
conditions can lead to a significant impact on the overall
performance of the SRF linacs. We tested at FNAL piezoactuators P-844K075 that were developed at Physik
Instrumente (PI) for LCLSII project. Although these
actuators were developed for a CW linac we tested them at
high dynamic rate inside a cryogenic/insulated vacuum
environment. Results of the tests will be presented.
Different modes of the piezo-actuators failure will be
discussed.

INTRODUCTION
Operation of the facilities that deploy narrow bandwidth
SRF cavities significantly depend on the reliability of the
tuner’s system and particularly longevity of the piezoactuators.
Piezo-ceramic actuators are reliable devices that
operated in different industrial applications. It was
demonstrated that piezo-actuators could operate without
failures for many years and many (1010) cycles if design of
the system follow best practices [1]. One important aspect
that needs to be addressed, especially important for piezoactuators when operated at high dynamic rate, is
management of the heat transfer from the surface of the
piezo-ceramic stack. The typical solution is to use flow of
the gas/dry air to remove heat from the piezo surface [2].
Piezo-ceramic is a poor heat conductor and center of the
piezo-stack will quickly warm up when heat removal
managed only through endplates of the stack (Fig. 1).
Majority of the SRF linacs (SNS, EXFEL, LCLS-II,
ESS) employed tuner system with piezo-actuators located
inside cryomodule (CM) at insulated vacuum. There are no
convection cooling and capsulated piezo-actuator
separated from tuner frame with ceramic balls [3, 4].
Typical operating temperature of the piezo-ceramic stack
deployed in the piezo-tuner, when SRF cavity at T=2 K, is
near T=20 K.
Four years ago we tested reliability/longevity of the
encapsulated piezo-stack (Encapsulated piezo unit
P 844K075) was designed by PI (Physik Instrumente, Inc)
per FNAL specifications [4, 5]. During previous studies
our objective was to demonstrate ability of the piezoactuator P-844K075 to serve LCLS-II project.
______________________________________
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We operated for 2*1010 pulses (equivalent to 20 years of
LCLS-II operation) with amplitude Vpp~2V. LCLS-II linac
will operate in CW-mode and piezo-actuators must
compensate (if it will be necessary) microphonics of the
SRF cavities. Typical frequency of the microphonics are
below 100 Hz with small amplitude.
Objective of our recent studies was to evaluate capability
of the PI piezo-ceramic actuator P-844K075 to serve SRF
linac that will operate in RF-pulse mode. Major source of
cavities detuning in RF-pulse mode is Lorentz Forces (LF).
Typically to compensate cavity LF detuning piezoactuators must run at nominal voltage Vpp=120-200 V with
stimulus pulses up to f=200-300 Hz [6]. At these
operational conditions power dissipation inside piezoceramic will be up to 1000 times higher than during tests
described in our previous paper [4].

TEST SETUP
The experiment was conducted at a specialized facility
constructed at FNAL for testing instrumentation inside
insulated vacuum at cryogenic temperature [4]. For the
experiments liquid nitrogen (LN2) and helium (LHe) were
used to cool down the setup. Two piezo capsules each
consisting of two 10 10 18 mm stacks glued together
were placed on top of a thick copper plate which acted as
the base for vibrating piezo and as the heat sink. Each
double piezo-stack was preloaded with spring inside
capsule. Capsule made from thing wall stainless steel tube.
The copper plate was connected to a copper braid which
contacted the liquid via a copper rod. This setup ensured
that the copper plate would reach temperatures close to the
liquid. The copper plate along with the piezo capsules was
enclosed in a can as shown in Fig. 1 (a) and kept under
vacuum at 10 Torr.

Figure 1: (a) Schematic view of the inside of the can, (b)
Ceramic stack with Cernox sensor attached, (c) Picture of
encapsulated piezo with geophone on top.
A total of four Cernox temperature sensors were used.
One was placed on the copper plate, the second one was
placed on the side of the piezo capsule encasing. The other
SRF Technology - Ancillaries
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two sensors were placed in the middle of the two piezo
stacks. The location of the temperature sensors is shown in
Fig. 1. The temperature sensors for the piezos were placed
in the middle of the stacks for three reasons. The primary
reason was that most of the heat is concentrated in this
region. The second reason was to avoid the possibility of
the sensor falling off during operation, placing it in the
middle allowed us to have one 10 ∗ 10 ∗ 18 mm stack
which did not come in contact with the sensor. During all
our test only the stack which did not make contact with the
sensor was used. The last reason was to avoid the heating
of the sensor due to the piezo rubbing against it during
operation.
In order to verify that the piezos were being stimulated
by a sine wave a geophone was placed on top of each of
the capsules as shown in Fig. 1 (c). We also monitored the
liquid level of the Dewar for the test with LHe. This
allowed us to estimate the LHe consumption. The data was
collected via the data acquisition (DAQ) module NI PXI1031. This DAQ was also used for driving the piezo with a
sine wave pulse. The schematic of this setup is shown in
Fig. 2. The lakeshore relayed the resistance of the Cernox
sensors which was then calculated to give temperature. An
LCR meter was used to measure the capacitance of a stack
as well as the dissipation factor, the pulse used for this
measurement had a frequency of 1 k Hz and 1V.
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Figure 3: Dependency of the capacitance and dissipation
factor of the PICMATM piezo-stack versus temperature.

Figure 4: First test with liquid nitrogen. Piezo run with
sinewave pulses with f=100 Hz and amplitude 100Vpp.
Figure 2: Schematic of data acquisition.

OPERATION OF THE PIEZO AT LHE

During the initial cooldown with liquid helium the
capacitance and dissipation factor were recorded with the
LCR meter. The results shown on Fig. 3 that the
capacitance drops with temperature as well as the
dissipation factor.

We were more interested to study high dynamic rate
operation of the piezo when Dewar filled with liquid
Helium (LHe). Piezo heating when operated at
100 Hz@100Vpp presented on the picture 5A. After
temperature of the enclosure was stabilized copper disc
cool down to 5 K and but temperature piezos remained
close to 20 K. This situation is similar to temperature
distribution in the real tuner inside SRF cryomodule.
Typically, when SRF cavity cool down to 2-4 K
temperature of the piezo-stack stabilized near T=20 K.
After piezo #2 run continuously during ~1.5 hour with
sinewave 100Hz@100Vpp temperature of the piezo#2
raised from 20K to 110K (DT=91 K). Temperature of the
piezo #2 was not stabilized yet after 1.5hours but was quite
close to saturation and we turn off stimulus pulse.
Temperature trend for all 4 RTDs (inside enclosure), when
Dewar filled with LHe, is similar to LN2 (Fig. 4). Increase
of the piezo temperature during 1.5 hours test led to
increase of the piezo stroke, presented in Fig. 2B.
Amplitude of the geophone raised when piezo temperature
(Fig. 5B).

OPERATION OF THE PIEZO AT LN2
We started our test when Dewar was filled with liquid
N2. After temperature of the large copper disc was
stabilized at T=77 K we subjected piezo #2 to several
different tests when piezo run with continuous sinewave
stimulus pulse for several hours. Figure 4 shows changes
of the temperature of all 4 RTDs mounted inside vacuum
enclosure when piezo run for 5 hours with sinewave
f=100 Hz and Vpp=100 V (from 0 V to 100 V).
Temperature of the centre of the piezo#2 increased by
T~100 K and the top of the stainless-steel capsulation on
for piezo#2 on T~45 K. At the same time centre of the
piezo#1 changed on just T~2 K, that is just confirmation
of the poor thermo-conductivity of the piezo-ceramic
stack.
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factor (typical value 5-20 %) [7]. Table 1 has value of the
power Pav calculated for each test at the maximum piezo
temperature.

Figure 5: Test of the piezo warm-up, when piezo run with
sinewave stimulus pulse with parameters: f=100 Hz and
Vpp=100 V. (A) Temperature of all 4 RTD sensors inside
enclosure, (B) Response of the geophone, mounted on the
piezo.

Figure 7: Piezo warm-up (from T=20 K) versus frequency
of sinewave stimulus pulse (f). Amplitude of the sinewave
Vpp =50 V.
Table 1: Summary of the Six Piezo Tests, When Piezo Run
with Sinewave Stimulus Pulses with Different Frequencies
(f) and Amplitude (Vpp)
f, Hz
100
100
200
300
100
100

Figure 6: Piezo warm-up (from T=20K) versus amplitude
of sinewave stimulus pulse (Vpp). Frequency of
the sinewave f=100Hz.
Table 1 summarized described above tests. In addition
we added in Table 1 values of the piezo capacitance and
dissipation factor (Fig. 3) for the maximum temperature
that piezo reached during test.
Figure 6 presents results of the several tests when we
measured piezo temperature changes keeping the same
frequency of the sinewave stimulus pulse f=100 Hz and
for Vpp values: 20 V; 50 V; 75 V and 100 V. Before
starting any new test (with new Vpp) we let piezo to cool
down back to 20K. On the Fig. 7 presented piezo
temperature when amplitude of sinewave kept Vpp=50 V
but frequency of the stimulus sinewave changed
(f=100 Hz; 200 Hz and 300 Hz).
The thermal active power Pav generated in the actuator
can be estimated as follows:
Pav=C*Vpp2*f *D
(1)
where C is piezo capacitance, Vpp (V) is amplitude, f is
frequency of piezo stimulus pulse, and D is dissipation
TUP084
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Vpp, V
20
50
50
50
75
100

C,uF
1.8
1.8
2
2
2
3.5

Dis. factor
0.022
0.025
0.026
0.027
0.026
0.047

Pav, mW
1.2
9
21
32
23
140

 T, K
0.1
2
7
13
10
90

Piezo temperature change (T from T=20 K) versus the
calculated thermal active power for all six tests from
Table 1 presented in Fig. 8.
Important to note that value of the C and D that presented
on the Fig. 3 (and these values consistent with vendors
datasheets) are measured for small signals. For high Vpp (or
high electrical field), the product C*D is typically 7 to
10 times higher [7]. It could be meant that values of the
thermal active power Pav generated in the piezo-actuator
that calculated using formula (1) and presented in Table 1
could underestimated, especially at large amplitude (Vpp).

Figure 8: Piezo warm-up (temperature raised from
T=20 K) versus calculated power Pav (formula 1).
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LHe consumption, kg
Power calculated from
LHe consumption, mW
Power calculated from
formula Pav= /4
2
[C*D*Vpp *f

100Hz@100Vpp

100Hz@75Vpp

Using liquid level we monitored LHe consumption when
we run piezo at different amplitude Vpp. Considering that
static losses (when no driving signal on the piezo) was near
0.13 L/hour we can estimated amount of LHe consumed
during couple tests: 1) piezo run at 100 Hz@75Vpp and 2)
100 Hz@100Vpp (Fig. 6). Summary of the both tests
presented in Table 2. Power deposited inside enclosure,
estimated from amount of boiled LHe and Pav calculated
from formula (1) different in factor 6 to 12, that is
consistent with statement in the reference [7].
Also, we conducted several piezo tests to evaluate piezo
heating for bipolar sinewave stimulus pulses (Fig. 9). We
do not observe any differences in piezo heating between
unipolar and bipolar stimulus pulses (Fig. 9). When piezo
run at f=100 Hz and Vpp=50 V with three different wave
form: sine, square and triangular (Fig. 10).
Table 2: Power Generated by Piezo

Test duration, Hours
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Figure 10: Piezo driven at f=100 Hz and Vpp=50 V with
three different wave form: sine, square and triangular.

CONCLUSION
Longevity of the piezo-actuators when operated at high
dynamic rate inside cryogenic/insulated vacuum
environment need to be address in the initial stage of the
tuner design.
We demonstrated that PI piezo-actuator when operated
at high rate (100 Hz) and at Vpp close to nominal voltage
(Vpp=100 V) will be quickly heated above T=100 K (from
T=20 K when idle).
When piezo-actuator operated at high amplitude (Vpp)
energy deposited inside piezo-ceramics will be large than
predicted by formula (1). As results center of the piezostack could be quickly overheated that will significantly
decrease piezo-actuator longevity.
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OPERATION OF AN SRF CAVITY TUNER
SUBMERGED INTO LIQUID HELIUM*
Y. Pischalnikov†, D. Bice, A. Grassellino, T. Khabiboulline, O. Melnychuk, R. Pilipenko, S. Posen,
O. Pronichev, A. Romanenko, Fermi National Accelerator Laboratory, Batavia, IL, USA
Abstract
There are several projects is going at FNAL that required
to tune bare (undressed) SRF cavities when they submerged into superfluid Helium. We have used LCLS II
tuner [1] mounted on the special mechanical structure to
tune single cell 1.3 GHz cavity.
To precisely control the resonance of 1.3 GHz SRF cavities during testing at the FNAL’s Vertical Test Facility, we
install for the first time a double lever tuner and operate it
when submerged into the liquid He bath. Both active components of the tuner: electromechanical actuator (stepper
motor) and piezo-actuators are operated inside superfluid
helium. Accuracy in controlling the SRF cavity resonance
frequency will be presented. Specifics of the tuner operation when submerged into liquid He will be discussed.

INTRODUCTION
Compact double lever tuner [1] designed for LCLS II
project has been selected for tuning bare (undressed) single
cell 1.3 GHz cavity when submerged into superfluid
(T=1.55 K) Helium. Special cage designed to mount tuner
around cavity (Fig. 1). Cage manufactured from aluminum.
One cavity flange (bottom) was attached to strong back
plate of the cage. Tuner compressed/tuned cavity by applying forces on the top flange of the cavity.

Figure 1: Picture (and schematics) of the tuner and single
cell 1.3 GHz cavity assembled in the cage.
Schematics and design specifics of the tuner presented
previously [1]. Operational characteristics of the tuner
mounted on Helium Vessel when it served the dressed
___________________________________________

* This manuscript has been authorized by Fermi Research Alliance LLC
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1.3 GHz nine cell elliptical cavity measured and presented
in several publications [1,2]. Standard operational environment for tuner is insulated vacuum and temperature of
the stainless-steel frame and active components is typically
near 20 Kelvins.

WARM TUNER TESTING
According to ANSYS simulations single cell 1.3 GHz
cavity has value of frequency change vs cavity compression 2.3 MHz/mm and stiffness ~23 kN/mm.
LCLS II tuner that we used in our experiment has stiffness near 20 kN/mm. This tuner was optimized to serve 9cell 1.3 HGz elliptical cavity with stiffness just
3 kN/mm. Stiffness of the tuner close to the stiffness of the
cavity will lead to low efficiency (below 50%) of slow&
piezo tuner, but it was an issue for our experiment.
First test of the tuner was done at room temperature. We
run stepper motor and monitor cavity frequency with network analyzer (NWA). At the first cycle we re-tuned cavity
on ∆F = 160 kHz or ~ ∆X = 70 um. Compressing warm
cavity to 70 um brought cavity to non-elastic deformation.
During second cycle we limited range of slow tuner to 100
kHz (or ∆X = 45 um) (Fig. 2). Based on the kinematics
scheme of the slow tuner for 1 step of the motor must deliver 5nm compression of the cavity, if all stroke will be
delivered to cavity. The compression of the 1 cell cavity
on 5nm must change frequency on ~10 Hz. From the results presented on the Fig. 2 we can calculate slow tuner
sensitivity (when cavity/tuner warm) ~3.3 Hz/step. Efficiency of the warm cavity/tuner system is ~33%.
To evaluate response of the cavity on the piezo-tuner DC
voltage up to up to V = 90 V applied to the both piezoactuators (Fig. 3). Cavity frequency was measured with
NWA. The sensitivity of the warm piezo-tuner was measured ~260 Hz/V. Taking into account that stroke of the
warm piezo-actuator is ~ 0.3 um/V and of the cavity detuning sensitivity is 2.3 kHz /um we could estimate piezotuner efficiency ~38%.

TUNER TESTING INSIDE SUPERFLUID
HELIUM
Slow Tuner Measurement
During assembly of the tuner on the cavity/frame both
piezo actuators were pre-loaded by slightly compressing
cavity. We were expecting additional preload of the cavity/tuner system during cool-down process. Cage (Fig. 1)
made from aluminium that contracted during cool-down
more than Nb cavity. Cold (at T=1.4 K) cavity detuning
with slow tuner presented on the Fig. 4. Slow tuner tuned
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will be reached ~8 kN. This excessive force could damage
piezo-actuator.

Figure 4: Tuning sensitivity with the slow tuner (cold,
T=1.4K).
Figure 2: Warm slow tuner response.

Figure 5: Slow tuner short range response (cold, T=1.4K).
Figure 3: Piezo tuner response (warm measurements).
On the Fig. 5 presented results of the measurements of
the short-range slow tuner response. Motor run in the range
of the +/-1000 step with 100 steps increments. As measured
previously Phytron electromechanical actuator has backlash ~30 steps [1]. Expected slow tuner hysteresis must be
~150-200 Hz. If experiment required control of the cavity
resonance in the level of 1 Hz it could be accomplished
with piezo-actuator in addition to slow tuner.
During other experiment requirement for slow tuner
range was large. Slow tuner must be able to tune cavity on
∆F ~1.4 MHz. Slow tuner was able to retune single cell 1.3
GHz cavity ∆F ~1.4 MHz, but during this experiment both
piezo-actuators was replaced with stainless-steel block.
Otherwise forces on the each piezo-ceramic stack will be
reached ~8 kN. This excessive force could damage piezoactuator.
During other experiment requirement for slow tuner
range was large. Slow tuner must be able to tune cavity on
∆F ~1.4 MHz. Slow tuner was able to retune single cell
1.3 GHz cavity ∆F ~1.4 MHz, but during this experiment
both piezo-actuators was replaced with stainless-steel
block. Otherwise forces on the each piezo-ceramic stack
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Fast/Piezo Tuner Measurement
There is limited experience of the piezo-ceramic actuators operations when submerged into superfluid Helium.
One the major concerns was HV breakdown when piezo
submerged at superfluid Helium and operated at significantly high voltage [3].
Even we are planning to operate our piezo-actuators below 10 V we tested piezo up to 50 V. So far, we do not
experience any problems when we operated piezo-actuator
submerged into superfluid Helium up to 50 V. On Fig. 6
presented response of the cavity when DC voltage up 10 V
(with 1 V increment) applied to both piezo-actuators. Piezo-tuner sensitivity, when operated inside superfluid Helium, is 55 Hz/V. Per specifications of the PI P-885.51 piezo-actuator warm piezo stroke is ~0.3 um/V. At temperature near T = 2 K piezo stoke will decrease to ~0.03 um/V
that must deliver ~70 Hz/V if piezo-tuner will have 100%
efficiency [4]. Estimated piezo-tuner efficiency is ~75%.
We measured piezo-tuner sensitivity versus preload on
the piezo-actuators. Preload on the piezo increased by tuning (compressing) cavity with slow tuner. We do not observe any changes in piezo stroke versus preload up to
4,5 kN per piezo (Table 1).
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Figure 6: Piezo-tuner sensitivity (cold, T=1.4K).
Table 1: Piezo-Actuator Sensitivity Versus Piezo Preload

Force[kN] dF[kHz]
1
0
2.25
250
3.4
500
4.5
700

Hz/V
54.6
55
56
56

Microphonics Measurements
To evaluate level of the microphonics we used Digital PLL
(Phase Lock Loop) system deployed at at the FNAL’s Vertical Test Facility (VTS). Changes of the cavity frequency
recorded with high rate logger recorded during several seconds intervals. Shift of the cavity frequency during 10 second interval and FFT of this signal presented on the Fig. 7.
There are several lines in the noise spectrum in Fig. 7. Very
likely that narrow peak around 60 Hz is contributed by 110
V AC power line. Measured level of microphonics on the
cavity was ~3 Hz (rms) (Fig. 8).

Figure 7: Cavity detuning caused by microphonics. Top:
cavity frequency detuning during 10 second interval. Bottom: Spectrum of the microphonics (FFT of the top signal).
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Figure 8: Cavity detuning histogram. 10 seconds of the
data (Fig. 7). The 60Hz narrow line deleted from data.
We conducted one more cavity vibration test. We excited
mechanical vibrations in cavity by slightly tapping on the
VTS Top Plate with small wooden block. Vibrations transferred to the cavity, that hanging on the several 6-8 meters
long metal rods below Top Plate (Fig. 9). Cavity detuning
measured with the same VTS Digital PLL system. On the
Fig. 10(A) and (B) presented cavity vibrations in time domain. And on the Fig. 10(C) is FFT of these signals.
Even we hit Top Plate quite gently, peak cavity detuning
reached ~1000 Hz. When cavity microphonics recorded
(Fig. 7) peak detuning was less than 12 Hz. It was interesting to compare two spectrums: microphonics and external vibration generated by intentional hits on VTS Top
Plate (Fig. 11). First observation that main resonances lines
concentrated in the range of 20-50 Hz in the both tests. Second observation that there is no strong narrow line near
60Hz in the spectrum from wooden blocks hits. This is
providing us with more confidents that 60 Hz line in cavity
microphonics is come from 110 AC noise in our DAQ.
We conducted one more cavity vibration test. We excited
mechanical vibrations in cavity by slightly tapping on the
VTS Top Plate with small wooden block. Vibrations transferred to the cavity, that hanging on the several 6-8 meters
long metal rods below Top Plate (Fig. 9). Cavity detuning
measured with the same VTS Digital PLL system. On the
Fig. 10A and Fig. 10B presented cavity vibrations in time
domain. And on the Fig. 10C is FFT of these signals.
Even we hit Top Plate quite gently, peak cavity detuning
still reached ~1000 Hz. When cavity microphonics recorded (Fig. 7) peak detuning was less than 12 Hz. It was
interesting to compare two spectrums: microphonics and
external vibration generated by intentional hits on VTS Top
Plate (Fig. 11). First observation that main resonances lines
concentrated in the range of 20-50 Hz in the both tests. Second observation that there is no strong narrow line near
60 Hz in the spectrum from hits by wooden blocks. This is
providing us with more confidents that 60 Hz line in cavity
microphonics is come from 110 AC noise in our DAQ.
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CONCLUSION
The first Tuner designed for operation inside insulated
vacuum environment successfully operated inside superfluid He (T = 1.4 K).
Both actuators: electromechanical (Phytron LVA 52LCLS II-UHVC-X1) and piezo-ceramic (PI P-844K075)
worked well. Piezo-actuator didn’t experience any HV
breakdown up to 50 V. We do not test piezo above 50 V.
Tuner range (with piezo-actuators installed) is ~ 800 kHz
and limited by allowable preload on the piezo. Without piezo-actuators (replaced with stainless-steel rods) tuner
range is ~1.6 MHz.
Level of the microphonics on the single cell 1.3 GHz
cavity, installed at FNAL VTS facility, was ~3 Hz (rms).
Main resonances were in the range of 20-50 Hz. Using piezo-tuner with active compensation could suppress microphonics below rms = 1 Hz [5].
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Abstract
The design of a prototype of the frequency tuning system (FTS) for superconductive coaxial half wave resonators
(HWR) developed for the Nuclotron-based Ion Collider fAcility (NICA) injector is presented. The proposed system is
based on mobile plungers placed in the technological holes
in the end caps of the resonator. The FTS allows controlling
the penetration depth of plungers, which is monotonically
related to the resonant frequency shift of the cavity. The
results of numerical simulations of the resonant frequency
for a wide range of plunger parameters are presented and
discussed. The most important parameters for effective frequency shift are estimated.

INTRODUCTION
The present communication is devoted to aspects of Frequency tuning system (FTS) design for half wave coaxial superconductive cavities, which are developed for the
Nuclotron-based Ion Collider fAcility (NICA) injector.
These cavities comprise the 𝛽 = 0.21 accelerating section [1] and are operating at frequency 324 MHz. The model
of the HWR is presented in Fig. 1.

The cavity in Fig. 1 was designed in a classical coaxial
half-wave configuration [2, 3]. In the middle of the cylinder
resonant cavity in the opposite sides there are locating 2
beam ports, input power, and antenna ports. At the end cups
of the resonator, there are 4 technological holes of diameter
𝐷 = 30 mm used for the chemical polishing of the internal
surface of the cavity during the manufacturing process.
Frequency tuning system (FTS) is an important and essential part of the design of superconductive cavities used
for particles acceleration. It should contain slow and fast
tuners and operate at cryogenic conditions. The slow tuner
subsystem is necessary due to the complexity of the HWR
manufacturing process. Additionally, the slow tuner allows
compensating the changes of HWR properties after cooling
down and vacuuming. The fast tuner subsystem is used to
minimize effects related to microphonics, helium fluctuations, Lorentz force etc.
The real-time frequency tuning and control may be organized in different ways. The most common and popular
principles are:
(a) elastic mechanical deformation of cavity [4]. Applying
mechanical force to the beam ports it is possible to change
their distance to the central inner conductor and correspondingly shift the resonant frequency of the cavity.
(b) the mobile plunger in the electric field region [5]. The
main part of this type of FTS is the capacitive plunger located
in the electric field region of the HWR, usually perpendicular
to the beam axis.
(c) the mobile plunger in the magnetic field region. This
type of FTS was realized in practice for tuning of quarter
wave resonator [6].
Traditionally the principle (a) is used for frequency tuning of HWR. The disadvantage of this type of FTS is the
complexity of the design because FTS must operate in ultrahigh vacuum conditions, at a temperature near to 4.2K and
effectively provide fast and slow tuning frequency. In the
present communication, we propose to apply the concept (c)
for the case of the coaxial half wave cavities and estimate
the most important parameters for effective HWR frequency
tuning.

FTS DESCRIPTION
Figure 1: 324 MHz HWR cavity model.
∗
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The technological holes in the end caps of the resonator
are used for effective chemical polishing of the internal niobium surface. After the polishing process, they are closed
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for further operation in vacuum. We propose to use them for
HWR resonant frequency control by placing mobile plungers
inside. By varying of plungers penetration depth inside the
cavity volume it is possible to change the effective distance
between HWR end caps and themselves tune the frequency.
Due to symmetry reasons, we start with 2-plungers FTS
configuration presented in Fig. 2.

Figure 3: The two-port configuration for HWR electromagnetic response simulation.
pendent of the rounding radius 𝑟. In all presented below
simulation results, the parameter 𝑟 was taken equal to 0.1
mm.

Figure 2: Concept of the Frequency tuning system based on
mobile plungers in the end cups holes of HWR.
In Fig. 2 the plungers (1) are fixed on flexible bellows
(2), which can be deformed by applying force from motor
outside the cryostat using a system of levers (3). Due to
three cylindrical guides (4), the possible movement of the
bellows and plungers is limited only by the direction along
its axis.
Fast frequency tuning works in series to the slow one and
realized by using piezoactuators (5) suitable for operation in
UHV conditions and cryogenic temperatures. The piezoactuators are installed on the bellow end flange, so its force is
directly applied to the plunger. The similar configuration
was used in [7] for frequency tuning of Tesla-type cavities.

THE ELECTROMAGNETIC RESPONSE
SIMULATION
The HWR electromagnetic response simulation was carried out using CST Studio Suite 2016. The two-port configuration was chosen. The ports were located at the end
of input power pipe and the antenna pipe. Inside of input
power and antenna pipes were placed central conductors
(Fig. 3) with diameter, corresponding to 50 Ohm characteristic impedance.
In considered FTS the most important parameters affecting the resonant frequency are plunger diameter 𝐷, plunger
edge rounding radius 𝑟, and plunger penetration depth beyond the face plane Δ𝐿 (Fig. 4). Preliminary calculations
immediately showed that the frequency is practically indeSRF Technology - Ancillaries
tuner

Figure 4: The most important parameters of FTS plungers.
Results of typical simulation of the amplitude of transmitted trough HWR signal 𝑆21 without plungers (dashed line)
and with plungers of diameter 𝐷 = 29.6 mm and various
penetration depth Δ𝐿 (solid lines) are presented in Fig. 5.
From Fig. 5 we can clearly see the monotonic dependence
of resonant frequency on plungers penetration depth. In case
of Fig. 5, the frequency sensitivity is equal to Δ𝜈/Δ𝐿 ≈ +24
kHz/mm.
Another important parameter of plungers is their diameter
𝐷. Results of simulation of 𝑆21 with plungers of fixed length
and varied diameter are similar to in Fig. 5. Generally, the
increase of 𝐷 leads to increase of resonant frequency.
To obtain a general overview we varied Δ𝐿 in the range
from -3 to 4 mm and 𝐷 in the range from 8 to 30 mm and
calculated resonant frequency. The results are presented in
Fig. 6.
Thus, the analysis of Figs. 5-6 shows that the use of two
plungers allows to monotonously changing the frequency
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no plungers

-10

-15

mechanical systems, which deform reversibly the HWR
by applying the force on the beam ports. The numerical
simulation of FTS with a wide range of parameters shows
monotonous dependence of the resonant frequency of the
HWR on plungers penetration depth. The proposed concept
will be proved during the manufacturing process of niobium
HWR cavities [1] for NICA project.
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Figure 5: The simulated frequency dependencies of 𝑆21 of
HWR without plungers (dashed line) and with plungers of
diameter 𝐷 = 29.6 mm and various penetration depth Δ𝐿
(solid lines).
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DEVELOPMENT AND PERFORMANCES OF SPOKE CAVITY TUNER
FOR MYRRHA LINAC PROJECT
N. Gandolfo, S. Blivet, P. Duchesne, D. Le Dréan, IPNO, CNRS-IN2P3, Université Paris Sud,
Université Paris Saclay, Orsay, France
Abstract
In the framework of the Multi-purpose hYbrid Research Reactor for High-tech Applications (MYRRHA)
100 MeV linac construction, a fully equipped prototype
cryomodule is being developed. In order to control the
resonance frequency of the cavities during operation, a
tuner has been studied with the specific requirements:
high degree of reliability and high tuning speed. This
paper reports the design consideration and the first performances measurement in vertical cryostat test at an
early stage of the prototyping phase.

INTRODUCTION
Main purpose of the tuner is to bring the cavity at the
nominal resonant frequency of 352.2 MHz, and to maintain it during beam operation. As a project requirement,
an additional purpose is to be able to detune the cavity of
100 times bandwidth quickly [1,2] (within a second), but
also to retune it quickly. Finally, another challenge is to
enhance the reliability of the tuner. In order to meet this
point, the selected tuner design is essentially coming from
the ESS double spoke tuner design which is shown in
Fig.1 and has already been extensively tested [3-5] and
improved during the ESS prototype phase.

Figure 2: Adapted prototype tuner for MYRRHA single
spoke cavity.

MECHANICAL DESIGN
The tuner applies a pulling action on the cavity beam
flange in order to control the resonant frequency. This
action results in a concentration of the stress around the
iris side of the cavity end cup as shown in Fig. 3.

Figure 1: ESS Prototype tuner.
As shown in Fig. 2, an ESS prototype tuner has been
adapted in order to fit on a MYRRHA single spoke prototype cavity for a vertical cryostat test to get preliminary
results on the motor and piezo actuators performances
during a cold test (cavity at 2K). During this test, cavity
mechanical resonant modes were observed by both piezo
and will be used to build a numerical model for control
system loop simulation [6].
Figure 3: Mechanical stress analysis.
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Simulations on the 3D model of the cavity were made
and the data obtained are summarized in Table 1. The
maximum allowable stress is defined to a conservative
value of 320 MPa. It is reached when applying a displacement of 0.872 mm on the cavity beam flange and
corresponds to an ultimate frequency range of 158 kHz.
In order to achieve this, the tuner must generate and handle a force of 13.1 kN.
Table 1: Cavity Parameters for Tuning
Parameter
Frequency sensitivity
Max stress sensitivity
Stiffness

JACoW Publishing
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Unit
kHz/mm
MPa/mm
kN/mm

Value
180
367
15

Slow Tuner Design
The Fig. 4 describes the kinematic model of the slow
part of the tuner. A double lever mechanism acted by a
linear actuator gives significant motion reduction to move
precisely. The linear motor itself is made from a stepper
motor, a planetary gearhead and a MoS2 coated roller
screw.

few µm). The cavity motion obtained is then around 48%
from the piezos displacement (when both piezo are used).

Figure 5: Displacement field simulation result.
Two different piezo have been installed on the tuner.
One is manufactured by Noliac [7] while the other one
from Physik Instrument (PI) [8]. Specifications are summarized in Table 3. Due to asymmetric design of the tuner, the piezo mounted on P1 position (closest to the motor) is more efficient by around 20%.
Table 3: Piezoelectric Actuators Specifications
Specification
Manufacturer
Reference
Dimensions
RT Stroke
RT Blocking
force
RT Capacitance
Max voltage

Unit

mm^3
µm
N

P1
Noliac
NAC5022
72x10x10
115.5
4200

P2
PI
PICMA
90x10x10
94
3800

µF
V

13.9
200

32
120

VERTICAL COLD TEST
Motor Displacement
Figure 4: Slow tuner part kinematic diagram.
The kinematic parameters have been optimized in order
to satisfy the fast detuning requirement and are resumed
in Table 2. The cavity bandwidth of 160 Hz requires controlling the stepper motor with micro stepping method in
order to improve the resolution of the system.
Table 2: Tuner Kinematic Parameters
Parameter
Motor resolution
Gearhead ratio
Roller screw pitch
Lever arm ratio
Motion resolution
Frequency resolution

Unit
Step/rev
mm
µm/step
Hz/step

Value
200
6.25:1
2
20
0.08
<14.5

From the initial position where the tuner is still not
connected the cavity, successive 0.1 mm steps, equivalent
to 1250 motor steps, are achieved until 1.5 mm. At each
step, while the cavity is in self-excited loop, its resonant
frequency is read using a frequency meter. As presented
on Fig. 6, the measured tuning sensitivity is 101.5
kHz/mm and is closed to the half of the cavity sensitivity.
While it is assumed that deformations are almost equally
shared between the cavity and the tuner, it was known that
the cavity suffers from fabrication issue. Because of some
weld joints are missing, it was not possible to precisely
correlate the measurements and the simulations.

Fast Tuner Design
Piezo actuators have been kept in the design in order to
compensate microphonics and also to provide assistance
to the slow tuner for the fast detuning and retuning scenario (described in the introduction). They can act independently so it improves the reliability of the system by
redundancy. The Fig. 5 shows a displacement field simulation result obtained for a given piezo motion (typically
TUP087
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In order to satisfy the fast detuning scenario (14 kHz in
1 second), the tuner must reach a speed of 9.375 turn/s.
Several tests have been done to verify this by releasing
the cavity at this speed. As shown in Fig. 7, some tests
were successful but not all of them. Some explanations
commensurate with this result like the fact that the tuner
screw used for the cold test was a ball screw coming from
a previous ESS tuner prototype which was already showing large friction torque at low temperature. However,
during previous test at 300K and 77K of the tuner, this
test was succeed while respectively lowering the current
down to 0.36 A and 0.6 A. There are some rooms to optimize the mechanical design and also the motor control
parameters like rising current up to 1.2 A (nominal), modify acceleration profile and micro stepping resolution).
More tests will have to be performed then.

Figure 7: Slow tuner fast detuning tests.

Static Piezo Tests
DC Scans are made by smoothly applying successive
voltage steps and measuring the cavity frequency at each
step. Measurements put on Fig. 8 shows significant less
amplitude response on P2 than on P1. After investigations, it appears that P2 was damaged and was already
damaged before its installation in the vertical cryostat.
The main consequence is a reduction of stroke, 46 µm
instead of 106 µm (measured at room temperature). At
low temperature, capacitances have been measured respectively at 3.87 µF and 3.80 µF for P1 and P2. The
tuning range observed on P1 even with unipolar mode has
been measured and is superior to 1.5 kHz and will grant
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some operation margins if compared to the expected LFD
[9]. However, for same reason mentioned about the tuning
sensitivity, these tests have to be performed again on a
properly manufactured cavity for verification.

Figure 8: Piezo DC scan test.

Dynamic Piezo Tests
For the dynamic tests, cavity frequency response is
measured using a cavity resonance monitor (CRM) system [10].
Transfer function have been measured by sending a
blank noise signal on a piezo, acquiring its own signal and
the CRM output, and then comparing them by using FFT
based signal processing libraries. Results of this measurement are shown on Fig. 9.

Figure 9: Transfer function from P1 to cavity (in blue) and from P2 to cavity (in red).
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Low frequencies (<100 Hz) peaks are mainly identified
as measurement noise. Static gain measurements have
been respectively measured to 7 Hz/V and 4 Hz/V for P1
and P2. Two mains modes have been located at 303 Hz
and 572 Hz. These measurements will be reconstructed as
a numerical model and implanted into the control loop
system simulation in order to define the optimal controller
parameters for the low level RF (LLRF) strategy.
Pure delay measurement has been made. It is defined as
the time between the beginning of a piezo action (voltage
step on the piezo amplifier) and the beginning of the cavity frequency rising. It is equivalent as the travel time of
the acoustic wave from the piezo actuator to the cavity
through the different mechanical parts of the tuner. In
order to measure it, a step signal is generated on a piezo,
and the CRM output is acquired at the same time. As
shown on Fig. 10, the delay value observed is 0.64 ms.
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Figure 10: Cavity response to a voltage step on piezos.

CONCLUSION
An upgraded tuner from ESS prototype phase has been
tested at low temperature with a MYRRHA spoke cavity.
Slow tuner measurements were done and shown that it
succeed to tune the cavity but still also needs some optimizations to fulfil the fast detuning requirement all the
time. Piezo actuators have been tested and validate the
design for the rest of the prototyping phase. Mechanical
modes of the cavity have been identified and will be useful to improve the simulation model of the control loop
system. Future works are already planned for testing a
consolidated tuner prototype with an accelerated lifetime
test at 77K temperature.
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FRIB LS1 CRYOMODULE’S SOLENOID COMMISSIONING*
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Abstract
The Facility for Rare Isotope Beams (FRIB) is a heavy
ion accelerator that produces rare isotopes for science. To
achieve the high beam quality of FRIB’s linear accelerator
(linac), the superconducting solenoid packages are employed for beam focusing and steering in the cryomodule.
The solenoid packages will generate a maximum 8T focusing field along beam direction and 0.124 T bending field
for beam steering. A total 74 solenoid packages have been
produced and the first segment linac (LS1) of FRIB have
completed commissioning and beam acceleration. In this
paper, the cryomodule’s solenoid commissioning and the
performance of the LS1 linac are introduced. The lessons
learned during the testing will also be presented.

INTRODUCTION
The Facility for Rare Isotope Beams will be a powerful
scientific facility for making discoveries about fundamental nuclear physics and exploring applications for society
by way of experiments on harvesting rare isotopes, which
are produced through high speed heavy ions striking a target [1].
All kinds of species ions from proton to uranium can be
accelerated to 200 MeV/u by a paperclip shaped superconducting linac, which is expected to have completed construction by 2021. The first section of linac (LS1) has successfully completed assembly, commissioning, and accelerating a few species to > 20 MeV/u at 2019 [2].
In particle accelerators, the application of superconducting solenoids can provide higher focusing gradients. As the
existing cryogenic system for superconducting cavity in
FRIB, integration of the solenoid with the cavity in the cryomodule is the most practical option. With development
over recent years, the technology of combining the steering
field with the solenoid in one package is mature. The FRIB
solenoid package structure took this configuration and the
coldmass of the package is shown in Fig. 1.
There are two transverse steering fields and focusing solenoid field in beam direction in one solenoid.
There are two types of cryomodule installed in LS1:
three 0.041 cryomodules and eleven 0.085 cryomodules.
Two types of solenoid package are used in the LS1 linac:
two 250 mm solenoid packages are installed in a 0.041 cryomodule [3] and three 500 mm solenoid packages are integrated in a 0.085 cryomodule. And each of 0.29 and 0.53
cryomodules in LS2 and LS3 only include one 500 mm
type solenoid package.
___________________________________________

* Work supported by the U.S. Department of Energy Office of Science under Cooperative Agreement DE-SC0000661 and the National Science
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Figure 1: The solenoid structure of FRIB.
The two types of solenoid packages shared most of the
same features.

SPECIFICATION
The FRIB beam optical requirements have given clear
definitions on the solenoid package’s basic parameters [4].
The detailed data is show in Table 1.
Table 1: Solenoid Package Parameters
0.041 Cryomodule
Aperture
Solenoid integrated square
Strength
Length
Maximum magnetic field
Steering magnetic field

40 mm
13.6 T2m

0.085, 0.29 and
0.53 Cryomodule
40 mm
28.2 T2m

250 mm
8T

500 mm
8T

0.12 T

0.12 T

Steering integrated fieldstrength
Solenoid Current
Steering Current

>0.03 Tm

>0.06 Tm

90 A
19 A

90 A
19 A

Figure 2 shows the 0.085 cryomodule layout of FRIB. solenoid packages (4.5 K) and cavities (2 K) are in separated
helium cooling lines. The liquid helium to the solenoids is
supplied from the bottom inlet and flows out to the top 4.5
K header, which is shown as blue pipes. The cavities are
cooled from the 2 K helium header as show in green pipes.
Cavities are surrounded by local magnetic shields to protect exposing the earth shield and the strong fringe field to
the solenoid packages.
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Figure 2: 0.085 Cryomodule layout of FRIB.
valve control will deduce the lead voltage and lead can
SYSTEM INTEGRATION
temperature. The current supply’s water flow and temperTo make the solenoid package work in the tunnel, a few ature reading will be delivered to the control PLC for proother systems needed integration with cryomodule, such as tection too. The cryomodule insulation vacuum and beam
the current supply, cryogenic, and control system. The as- line vacuum are also monitored during solenoid operation.
sembly and integration of LS1 has been conducted in two
stages, the first stage included the three 0.041 cryomodules
and the second stage the eleven 0.085 cryomodules.
The basic schematic related to solenoid integration is
show in Fig. 3. The cooling circuit of the solenoid package
is a part of the cryomodule 4.5 K system. During the
cooldown, the 4.5 K liquid helium is injected from the bottom inlet of the solenoid package jacket. The helium gas is
extracted from the solenoid top outlet to the 4.5 K header.
When it is cooled enough, the liquid helium comes into the
jacket from both the inlet of the jacket and the outlet of the
4.5 K header. The only controllable cryogenic valve is for
the vapour cooling of the current leads. The helium gas
comes to the top of 4.5 K header through the lead cooling Figure 3: The solenoid’s integration schematic with current
channel to the outside of cryomodule return pipe.
supply, cryogenic and control system.
Cooling leads by cold vapour will save a few hundred
COMMISSIONING
watts off of the 4.5 K cryogenic heat load through the current leads, as one vapour-cooled lead can reduce sink heat
The commissioning of the LS1 solenoids has been conby a few watts. One solenoid package has six leads in total: ducted one by one in each cryomodule. The necessary
solenoids two, two each dipole. The vapour cooling makes checking, testing and optimization has been proceeding
it possible to reduce a lot of sink heat for all FRIB cry- during this stage. The detailed procedures are as follow:
omodule (several hundred watts). The solenoid and steering dipole leads are combined just in one cooling gas chan1. Walking through the cryomodule and visually
nel [5].
checking.
The solenoid current supply will provide 100 A maxi2. Control panel parameter setting up and checkmum current and 6 V maximum voltage. The two steering
ing.
dipoles current supply will provide maximum 20 A current.
3. Small current checking, monitoring ramp curTo achieve the maximum magnetic field, the needed current ration and interlock setting.
rent is 90 A and 19 A for solenoids and steering dipoles,
4. Ramp up to high current for thermal imaging
respectively. Each current supply has a dump resistor for
checking at the cable connection located on the
magnet protection during an open circuit.
top of the cryomodule.
There are a bunch of signals that need to be monitored
5. Ramp up to current for magnetic field polarity
during solenoid operation: the 4.5 K temperature sensor in
checking.
the solenoid, the 4.5 K header pressure, and the liquid he6. Lead flow control parameters optimization.
lium level are related to the solenoid’s cryogenic environ7. Solenoid stabilization testing for long operament. Current lead voltages are controlled to protect the
tion.
lead from burning out. Lead can temperature control is to
Magnet polarity is important for beam comissioning. A
protect icing at the helium gas return line around the top of gauss probe is used to measure the fringe field outside the
the can during operation. The vapour lead cooling gas
TUP089
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cryomodule for each solenoid/dipole during ramp-up current. The fringe field pattern of the solenoid and steering
dipoles are different and they are carefully checked for
confirming the polarity. During the testing, a few mixed up
cable connection were noticed and corrected.
The solenoid lead is cooled by the helium gas vapour
from 4.5 K header. The gas flow is controlled by two parallel valves, a manual one connected to the gas cooling line
and an automatic one on the bypass line. Lead voltages and
lead can temperature are the indicator parameters to control
the automatic valve. The model is: lead voltages go up, turn
down the valve (increases the gas flow in the gas cooling
line); lead can temperature goes up, turn up the valve (decrease the gas flow in the gas cooling line). The automatic
valve control is balanced by these two factors. During testing, a few parameters are adjusted to make the valve much
more fit to the temperature and voltage’s changing. The
typical example of adjusting the lead flow valve control is
shown in Fig. 4 for the CB10 cryomodule.

Figure 4: The CB10 solenoid’s commission details.
The pressure difference between 4.5 K header and warm
return pipes causes the cold helium gas flow through the
current lead. The 4.5 K header pressure of CB10 shows that
it has been pressurized about 0.1 bar during the testing. Under normal pressure, it doesn’t cool the leads enough for
full current operation. The valve spring force needs to be
adjusted after pressurized. As we can see from the Fig. 4,
the lead can temperature dropped to near 240 K because
the spring force of the valve can’t support valve turn off.
To simplify all cryomodule controls, all LS1 cryomodule’s 4.5 K pressure has been increased 0.1 bar from the
cryogenic system.
One of the CB11 solenoid current supplies was shut
down during change the setting current due to an internal
unstable current supply. The details are shown in Fig. 5.
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Figure 5: The CB11 solenoid’s commission details.
As shown, the current supply turns off and on in a short
time. When it’s off, the protecting diode becomes open.
Current in the solenoid goes through the diode and the
magnet stored energy is consumed in the helium. The current reading from current supply shows a sharp drop from
42 A. The helium level drops about 1%, which corresponds
to the vaporizing helium of 5 L. It’s roughly equal to most
stored energy of solenoid (13 KJ) that has been consumed
in the liquid helium.
In the beginning, the dump resistor located in the current
supply was used to discharge the stored energy. Considering the vapour cooling lead has a weak point for the open
circuit, adding a circuit loop, even without the lead, is necessary. So a pair of diodes in opposite directions was added
to the solenoid in parallel within the helium vessel. This
design change will protect the solenoid even in the worst
case, but most stored energy will be consumed in the liquid
helium. The 4.5 K helium volume is enough to handle the
small amount of stored energy. This current supply was replaced at the end of testing.
During the commissioning testing, a few of the interlock
parameters were optimized. The cooling water pressure
jumping of the current supply caused a few of the cryomodules to shut down operation. A delay time was added
to avoid such false alarms shut downs.
The cryomodule position alignment actually exceeded
expectations, most of the steering dipoles needed no ramp
up to the design value (design maximum current 19 A, actually less than 5 A). To prevent error, all steering dipole
current is limited to 5 A, from the point of the protecting
cavity by steering beam.

PERFORMANCE DURING BEAM COMMISSON
The first section of the FRIB driver linac LS1 has been
commissioned and beam has been accelerated to > 20
MeV/u, which meets the requirement. All the LS1 solenoids have been ramped up during the beam commissioning to supply sufficient focusing and steering magnetic
field. The solenoid only uses 72% (65A) of the full current
capability to focus the beam. The steering dipoles only use
15% of the full current. The typical current (CB01) is
shown in Fig. 6 during beam commissioning. No quench
events happened due to the solenoid. One failed power supply and one helium level monitor have been quickly replaced. The solenoid vapour cooling lead shows very stable
TUP089
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Figure 6: CB01’s solenoid ramped current during beam commissioning.
automatic control, there is no need of operator adjustment
at all.

CONCLUSION
All the LS1 solenoid packages have completed the necessary commissioning and configuration. During the beam
commission for LS1, all solenoid packages showed stable
and repeatable control. This testing shows that the solenoid
packages are ready for supporting future nuclear experiments. The lessons learned and procedure experiences are
valuable for future LS2 and LS3 commissioning.
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Abstract
The superconducting radio frequency (SRF) portion of
the Facility for Rare Isotope Beams (FRIB) linear accelerator consists of 46 cryomodules of 6 different types. Each
cryomodule contains a coldmass consisting of a string of
SRF resonators. There are four different types of resonators; a Beta=0.041 quarter wavelength resonator (QWR), a
Beta=0.085 QWR, a Beta=0.29 half wavelength resonator
(HWR), and a Beta=0.53 HWR. In total there are 324 SRF
resonators in the FRIB linear accelerator. This paper provides a summary of experiences from the assembly of all
FRIB coldmass types in a clean room environment.

INTRODUCTION TO THE FRIB COLDMASSES
All FRIB coldmasses consist of a set of similar major
components. Though these components may vary in size or
shape, their role on the finished coldmass will be the same.
Below is a detailed introduction to each of the major coldmass components.

Beta=0.53 variety consist of entry, middle, and exit segments joined to together to form one complete coldmass.
Beta=0.041, Beta=0.085 matching, and Beta=0.53 matching coldmasses consist of only one segment. The
Beta=0.29 coldmasses consist of 2 joined segments.
Each cart is assembled outside of the cleanroom. After
assembly the cart is checked for square and levelness, its
fasteners are torqued to specification, and a rail piece is installed to it. The assembled cart and rail are then cleaned
and rolled into the cleanroom.

Coldmass Rails
All of the coldmass beamline components are supported
by a stainless steel rail. An example of this rail is shown in
Fig. 2 below. Each rail piece is made from plate, bar, and
tube welded together to form a rigid structure with built-in
cooling channels.

Coldmass Carts
Each coldmass is built upon a rolling cart (Fig. 1). The
cart allows the coldmass components, and completed coldmass, to be moved as needed through the assembly process
without the use of overhead lifting equipment.

Figure 1: A Beta=0.085 coldmass with its three cart segments encircled.
The carts are a bolted aluminum structures with casters on
which to roll, and levelling pads to support the coldmass
rail. Typically a cart assembly will have four legs and support only one rail piece. A cart and rail together are referred
to as a segment. Coldmasses of the Beta=0.085, and
*

Work supported by the U.S. Department of Energy Office of Science
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Figure 2: Beta=0.085 matching coldmass with its single
rail segment indicated.
The rail is a part of the bottom-up alignment scheme of
the cryomodule [1]. After a completed coldmass is brought
out of the cleanroom the entire coldmass will be lifted off
of the cart and placed onto the vacuum vessel base. The
rails have precisely located pads and hole features which
are used to ensure alignment of the coldmass beamline
components.
The rail fabrication sequence was carefully planned to
produce a quality part. After welding, each rail segment is
heat treated to remove stress from the welding, and reduce
residual magnetic field. The precision pads and hole locations are machined only after heat treatment, so that they
will not shift during the heat treatment. Each rail segment
will undergo a visual inspection, leak check of the cooling
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channels, magnetic field inspection, and coordinate measurement machine (CMM) inspection before it is accepted
for use.

Coldmass Hood Assembly
The coldmass hood assembly (Fig. 3) is the part which
allows the beamline of the coldmass to pass through the
vacuum vessel of the cryomodule. There is one hood assembly on each end of the coldmass beamline. The large
stainless steel plate of the hood forms a seal with the cryomodule vacuum vessel, while vacuum components and a
gate vale are connected to a vacuum chamber which is built
into the hood.
Figure 4: A Beta=0.041 coldmass with its two solenoids
circled.

SRF Resonators (Cavities)
The SRF cavities (Fig. 5) of the coldmass are the primary
driver of the FRIB linear accelerator. There are a total of
324 cavities in the FRIB linear accelerator. The cavities are
fabricated primarily from sheet niobium, and have a titanium helium vessel.

Figure 3: A Beta=0.29 coldmass with its exit side hood assembly circled.
The hoods are thoroughly cleaned before and after they
enter the cleanroom because they form a part of the beamline vacuum envelope. A gate valve and cold cathode gauge
are installed to every hood type. An ion pump or burst disc
is also installed, depending on whether the hood is at the
entry or exit side of the coldmass. After the vacuum components are installed to the hood it is leak checked and its
vacuum components’ function are verified before it is accepted for use on a coldmass.

Solenoids
Four of the six FRIB coldmass types contain superconducting solenoids for beam focus and steering. The
Beta=0.041 coldmass (Fig. 4) has two solenoids. The
Beta=0.085 coldmass has three solenoids. The Beta=0.29
and Beta=0.53 coldmasses each have one solenoid. Neither
of the matching type of coldmasses contain a solenoid.
Solenoids for the FRIB coldmasses are provided by a
supplier. The supplier performs all fabrication to FRIB
specification, as well as performing leak checking, and
cold test and field mapping. The solenoids undergo a thorough inspection and cleaning before they are brought into
the cleanroom. Because they constitute a part of the beamline vacuum envelop they are cleaned again inside the
cleanroom. Finally, the solenoid’s alignment armature is
installed and then the solenoid can be installed to the coldmass.

TUP092
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Figure 5: A Beta=0.53 coldmass with its 8 cavities circled.
Once received from the supplier, each cavity will undergo over 50 process steps before it can be certified for
use on a coldmass [2]. These process steps include; visual
inspection, leak checking, borescope inspection, ultrasonic
cleaning, buffered chemical polish (BCP) etching to remove fabrication imperfections, CMM inspection, machining for alignment, hydrogen degassing at 600°C, BCP etching for fine tuning, high pressure rinsing (HPR) with ultrapure water (UPW). After drying overnight the cavity, and
all of its components, would be inspected by a surface particle counter, assembled to a cryogenic test insert, and have
its SRF performance measured at 4K and 2K [3]. Only
when a cavity has successfully passed all of these processing steps will it be accepted for use on a coldmass.

Fundamental Power Couplers (FPCs)
Each cavity on an FRIB coldmass has a FPC to supply driving RF power to the cavity. FPCs for QWR cavities were
assembled at FRIB, while HWR FPCs (Fig. 6) were assembled and conditioned by a supplier.

SRF Technology - Cryomodule
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Cavities certified for coldmass use proceed directly to
coldmass assembly, without being high pressure rinsed after removal from the test insert. For QWR cavities, the FPC
is installed in the cleanroom after testing and prior to installing the cavity to the coldmass rail. For HWR cavities,
the cavity is installed to the rail and then the FPC is installed to the cavity. This difference in procedure was required due to FPC size and fit within the coldmass assembly.
FRIB cryomodule installation is planned to proceed in
an order matching that which the beam will follow through
the linear accelerator. This allows accelerator commissioning activities for lower Beta cryomodules to start sooner
and proceed while higher Beta cryomodules are still being
assembled and tested [4]. As seen in Figure 7, not all coldmasses were assembled in order of their Beta. This mixing
was borne of a desire to prove out each module type as
early as possible. This is why, for example, the first
Beta=0.085 coldmass was finished more than a year before
the last Beta=0.041 coldmass. Often there were multiple
different coldmass types in various stages of assembly at
the same time. This is evidenced around June 2017 when
3 different coldmass types were completed in just over
30 days.

Coldmass Inspection
Upon completion of each coldmass assembly, an inspection meeting was held to allow stakeholders to check over
the assembly before it gets pumped to ultrahigh vacuum.
This inspection meeting is held inside the cleanroom,
hosted by the coldmass assemblers, and attended by cryomodule design and assembly personnel (Fig. 8). During
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the inspection, attendees review the coldmass using a
checklist of ~25 characteristics which have the potential to
cause problems if they were not completed properly during
assembly. Some key items of the inspection checklist are;
verification that sub-components have been leak checked
prior to coldmass assembly, and that all required fasteners
are present and properly tightened.

Figure 6: A Beta=0.53 matching coldmass with its 4 FPCs
indicated.

FRIB COLDMASS PRODUCTION
The first FRIB coldmass to be completed was a
Beta=0.085 coldmass completed September 30th, 2015.
Since that date coldmass production has averaged one
coldmass per month for the following four years.

Figure 7: Plot showing the number of coldmasses completed at a given date. Markers on the plot are color coded based
on which type of coldmass was completed on that date.
SRF Technology - Cryomodule
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CHALLENGES AND LESSONS LEARNED
Leaks

Figure 8: Members of the FRIB team at the coldmass inspection for the last Beta=0.29 coldmass.
Despite a thorough inspection, seven of the forty-eight
coldmasses completed so far have required repair work
prior to being assembled into a cryomodule. All but one of
those repairs were due to an unacceptable leak being found
after the coldmass was evacuated.

PERFORMANCE DURING
BUNKER TEST
After each coldmass is assembled into a cryomodule it
undergoes a full system test before it is approved for installation into the FRIB linear accelerator [5]. These tests are
done inside a radiation shielding test bunker. The systems
verified during this test include; the cavities, the FPCs, the
solenoids, cryogenic instrumentation and valves, alignment, and vacuum systems.
To date, 37 of the 46 cryomodules needed for FRIB have
completed their bunker test. Contained within those 37 cryomodules are a total of 252 superconducting cavities. Of
these 252 cavities only 12.3% (31 cavities) had any measured field emission at operating gradient during their bunker test. Figure 9 plots the field emission level, at operating
gradient during bunker testing, for all cavities currently
tested in FRIB coldmasses. Note that the operating gradient
of each cavity type is different. The specified operating
gradient for Beta=0.041, Beta=0.085, Beta=0.29, and
Beta=0.53 cavities are 5.1, 5.6, 7.7, and 7.4 MV/m, respectively.

Figure 9: Chart showing field emission levels at operating
gradient of cavities with measured field emission during
bunker testing.
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Leaks were one of the most common causes of repair
work during the assembly of FRIB coldmasses. Leaks happened on all sorts of parts, including; flanged connections
made during the coldmass assembly, in custom fabricated
components made by contracted suppliers (i.e. cavities, solenoids, FPCs, hoods), and even commercially available
items.
A common method for helium mass spectrometry leak
checking is to mask the area of the suspected leak with
tape, then slowly pull the tape back while spraying helium
to precisely find the leak location. This method can be very
effective. However, occasionally residue from the tape will
clog the leak path such that the leak no longer appears at
all. This can trick operators into believing that the leak was
never there in the first place. A thorough wiping with acetone will remove the residue and make the leak reappear.

Beamline Gate Valves
FRIB beamline gate valves were challenging for several
reasons. The gate valves arrived from a supplier in several
batch shipments. Only after several of the gate valves had
been installed to coldmasses was it noticed that some of the
valves had a tendency to slip, or drop, open. After much
communication, and a visit to the supplier, it was determined that one of the linkages in the gate assembly was not
appropriately tailored to the variation expected in each
valve. Around the same time it was determined that the
EPDM o-rings used in the gate valve should be replaced by
a specific grade of o-ring which would be vacuum degassed at FRIB. To fix these problems many gate valves
were sent back to the supplier for linkage and o-ring replacement. Additionally seven tested cryomodules needed
to be purged from ultra-high vacuum so that their gate
valves could be replaced.
As a result of these challenges, a thorough cleaning, adjustment, and characterization procedure was developed.
Once received, each gate valve would be cleaned, have its
open and closing speed adjusted, leak checked, and have
particle counts taken during operation.

Information Availability
During coldmass production emphasis was placed on ensuring that assembly information was readily available to
assemblers. The two most valuable pieces of assembly information were the coldmass mechanical assembly drawing and the coldmass assembly work instruction. The mechanical assembly drawing is a single sheet print depicting
the coldmass and all of its subcomponents and their quantities. A laminated copy of this drawing was brought into
the cleanroom and posted in the coldmass assembly bay.
The work instruction defines the tools, process, and order
required to properly build the coldmass. Tablets were used
in the cleanroom so that assemblers could always have a
copy of the work instructions at their fingertips.
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Having this information readily available was beneficial
because it helped the assembler to correctly select the parts
to be used, and orientation of installation, for whichever
type of coldmass was being built at that time.

CONCLUSION
FRIB coldmass production began in mid-2015 with the
completion of the first Beta=0.085 production coldmass.
Since that time, coldmass production has proceeded steadily for four years towards completion of all FRIB coldmasses.
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SUMMARY OF FRIB CAVITY PROCESING IN THE SRF COLDMASS
PROCESSING FACILITY AND LESSONS LEARNED*
E. Metzgar†, B. Barker, K. Elliott, W. Hartung, L. Popielarski, G. Simpson, D. Victory, J. Whaley
Facility for Rare Isotope Beams (FRIB), Michigan State University, East Lansing, MI 48824, USA
Abstract
Baseline coldmass production for the linear particle accelerator at the Facility for Rare Isotope Beams (FRIB) is
nearing completion. This paper will review the processing
of cavities through the FRIB superconducting radio frequency (SRF) coldmass production facility focusing on
chemical processing and high-pressure rinsing. Key processing data will be compiled and correlations between
processing variables and cavity RF testing results will be
examined.

SUMMARY OF CAVITY PROCESSING
Superconducting radio frequency (SRF) cavity production for FRIB began in November of 2014. With ten
beta=0.53 half-wave resonator (HWR) cavities left to certify for the project at the time of writing, the run of production is nearing completion. Cavities undergo many processes before being assembled to a coldmass. The focus of
this paper will be on the chemical etching and high pressure rinse processes.
A total of 1135 processes for 349 unique cavities were
performed in the chemical etching facility (summarized in
Fig. 1). This consumed 87 barrels or approximately 16500
liters of 1:1:2 buffered chemical polish and removed 600
kilograms of material from cavities. A total of 504 high
pressure rinse processes were performed and are summarized in Fig 2.
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Figure 2: Bar chart summarizing high-pressure rinse processes for FRIB cavities.

PROCESS IMPROVEMENTS
Continuous process improvement is critical to the success of any project. Either unforeseen problems arise from
the translation of conceptual designs to real world applications, or ideas for improvement become apparent when
processes are put into practice. Many changes were made
to the chemical and high pressure rinse processes to improve cavity performance.

Improvements to Chemical Etching Process
Acid Injection Quill Alteration One issue that plagued
both HWR type cavities early in production was the presence of divots that formed on short plates after bulk etch
processing. An example of these divots can be seen in
Fig. 3.
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Figure 1: Bar chart summarizing chemical etching processes for FRIB cavities.
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Figure 3: Borescope image of an etching feature that
formed during the bulk etching process due to the close
proximity of the end of the acid quill to the short plate.
Cavities - Fabrication
cavity processing

SRF2019, Dresden, Germany

All etching processes of FRIB cavities utilize etching
quills inserted into the cavities to guide acid flow around
the cavity space [1]. These quills are installed to the rinse
ports of HWR’s and extend into the cavity space stopping
close to the short plate. The lengths of these quills were
designed based on cavity 3D models/ manufacturing drawings. In practice, cavity fabrication variances resulted in
the lengths between the short plates and the rinse ports to
differ from cavity to cavity. If this distance was significantly shorter than drawings, upon quill installation, the
ends of the quills would come close enough to the short
plate to affect acid flow patterns which resulted in features
such as those seen in Fig. 3.
This was a significant issue that had potential adverse
effects on cavity testing performance. The fix for this issue
was to simply shorten the quills and having operators verify that the quills were not making contact with the short
plate upon quill installation to the cavity.
Acid Vapor Residue Reduction Another improvement
of the chemical etching process related to the reduction of
acidic vapour residue. It was noticed during borescope inspections of cavities being reworked due to failed vertical
tests that a localized white, cloudy surface may be contributing to increased field emission. An example of the
acid vapour residue can be seen below in Fig. 4.

Figure 4: An example of acid vapour oxidation seen after a
bulk etch process.
It was posited that this acid vapour residue may be forming in the time between the end of the acid etching step of
the etch process and before the cavity fills with ultra-pure
water during the initial rinsing step. Further investigation
needs to be performed to determine the nature of this residue (niobium oxide, phosphate, salt, etc.).
In an attempt to remedy this issue, procedural steps were
changed to reduce the time that residual acid remained on
cavity surfaces. The first step was to drain the acid as
quickly as possible by draining all acid through the outlet
set of etching quills. The acid drains more quickly out of
the outlet set of quills than the inlet set of quills due to
larger holes in the quills and the presence of weep holes at
the quill base. Secondly, when the cavity is approximately
half full of ultra-pure water during the cavity rinsing step,
the cavity is rotated 180 degrees to rinse the top half of the
cavity. These steps reduced the duration of the cavity surfaces being exposed to residual acid by almost half.
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Qualitatively, improvement was seen during borescope
inspection after etch processes. There was noticeable reduction in the amount of oxidation seen on cavity surfaces.
Improvement has also been noted during vertical testing in
the form of reduced conditioning times.

Improvements to High Pressure Rinse Processes
Total Organic Carbon (TOC) Measurement In March
of 2016 a robot was installed to high pressure rinse cavities.
This was a significant upgrade from the manual system
previously employed to perform high pressure rinses, the
benefits of which were discussed previously [2]. This high
pressure rinse system has proved very reliable with less
than six weeks of down time in three years, has not damaged a single cavity during processing, and has also proved
to be flexible so making changes have had little impact on
employee resources.
One key change that was made to the process to increase
reliability was the addition of TOC measurements. In November 2017, there was a string of four cavity tests that
failed due to high field emission at operating gradient. It
was found that seals inside the high-pressure rinse pump
failed earlier than expected which resulted in either oil or
debris from the seals breaking down to contaminate the ultra-pure water being pumped to cavities. In addition to the
failed cavity tests, there were several more cavities that
were processed, assembled and ready for vertical testing
that would need to be reprocessed. The deterioration in water quality was not seen in liquid particle count (LPC)
measurements which, up to that point, was the only quality
control check for the rinse process. Testing of the contaminated water yielded TOC measurements of 1000 ppb
which is the maximum value of the TOC analyser. For reference, typical TOC measurements seen after cleaning and
recertification of the system are under 200 ppb. This added
quality control test will prevent cavities from being rinsed
with contaminated water in the future and reduce downtime related to cleaning the system if the issue is caught as
early as possible.
Rinse Process Changes Many changes have been made
to the process over the course of production. Some examples include increasing the rinse time, reducing the speed
of the wand moving through the cavity, changing the speed
at which the wand arm rotates, changing the hole pattern
on the nozzle, changing the port rinsing order, and altering
the start and end points of the wand path through the port.
All of these changes were made with simple programing or
equipment changes. Many of these changes were made in
response to poor cavity test results and were made based
on intuition (ex. more rinsing means cleaner cavity surfaces) and were validated with data after several processes.
One example that improved the quality of cavity rinsing
was the addition of a pre-final etch high pressure rinse. The
goal of this added rinse process was to ensure that rinsing
of the cavities after the degreasing process was thorough
and consistent. There was some concern that residual Micro-90 degreasing agent (used in the ultrasonic cleaning
process) remained in the cavity even after low pressure
TUP093
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Figure 5: Scatterplot comparing LPC (0.3 um counts/ml)
data collected at the end of final rinse processes during final cavity processing before and after the pre-etch HPR
process was implemented.
1200

No Pre-etch
HPR

1000
800

With Preetch HPR

600
400
200
0
12/1/2017

6/19/2018

there is a very large data set that can be analysed to determine if there is a correlation between niobium concentration of acid during final etch processes and cavity test performance. Four different cavity vertical test quality indicators were examined: field emission onset, field emission at
operating energy gradient, quality factor at the operating
energy gradient, and the maximum energy gradient. It is
acknowledged that there are many variables that can affect
testing results, but if there is a correlation it is likely that it
would appear due to the quantity of data. Cavity test data
was split into the separate cavity types (beta=0.085 QWR,
beta=0.29 HWR, and beat=0.53 HWR). Select graphs for
the beta=0.53 HWR test quality parameters can be seen below in Figs. 7 .. 9. Correlation data is presented for three
cavity types in Table 1. Beta=0.041 data is omitted due to
the small data set.

rinsing. Figure 5 and 6 show the quality control data collected at the end of high pressure rinse processes over time.
There is an obvious reduction in both LPC’s and TOC
after the addition of a pre-final processing light etch. This
data supported adding the extra rinse step to the normal
cavity production router. Intuitively, cleaner cavities will
result in better performing cavities. As of the writing of this
paper there was not enough test data to perform a statistical
analysis.

FINAL ETCH NIOBIUM CONCENTRATION VS TESTING RESULTS
It has been reported elsewhere that the final etch of a superconducting cavity should be performed with BCP containing less than 20 g/L of niobium [3]. The concern is that
higher niobium concentration can increase the formation of
non-water soluble niobium phosphates on cavity surfaces.
Final etching processes at FRIB have been performed without regard to niobium concentration of the acid. Anecdotal
experience at FRIB led to the belief that niobium concentration had no impact on cavity performance over the
course of FRIB baseline production. With a total of 420
final etching processes that were followed by cavity tests,
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Figure 9: Quality factor data for all beta=0.53 cavity vertical tests.
Table 1: Final Etch Acid Concentration versus Test Data
Correlation Summary
Cavity Type/ Test Parameter

Correlation
Coefficient

Beta=0.085 QWR
Field Emission Onset
0.16
X-rays at Operating Gradient
-0.02
Quality Factor at Op. Gradient
0.00
Maximum Field
-0.01
Beta=0.29 HWR
Field Emission Onset
0.05
X-rays at Operating Gradient
0.06
Quality Factor at Op. Gradient
0.01
Maximum Field
-0.12
Beta=0.53 HWR
Field Emission Onset
0.12
X-rays at Operating Gradient
-0.02
Quality Factor at Op. Gradient
-0.01
Maximum Field
0.05
As the correlation data shows, there is no relationship between any test data and the niobium concentration of the
acid. This is significant because this shows that acid does
not need to be changed prior to these processes which improves operational flexibility and reduces acid costs.
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Baseline cavity production for the FRIB particle accelerator is nearing completion. To date, more than 1100 etching processes have been performed on 349 unique cavities
and over 500 high pressure rinse processes have been performed. This has provided production staff at FRIB valuable experience that has been leveraged to help improve processes. The chemistry acid injection quills have been altered and procedural changes have improved cavity surface
quality. Increased data collection and added rinse steps
have improved rinsing reliability and quality. Additionally,
all of these processes have provided a plethora of data that
can be used to test certain notions regarding cavity processing and either confirm them as correct or offer an alternate view on such topics. For example, based on production data and test results, there is no correlation between
niobium concentration in BCP and cavity vertical test data.
It is the hope of the authors that insights such as this will
prove beneficial to others in future projects.
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IMPROVEMENTS TO LCLS-II CRYOMODULE TRANSPORTATION
N. Huque, E. F. Daly, P. Owen, Jefferson Lab, Newport News, USA
J. Holzbauer, B. Hartsell, Fermi National Laboratory, Batavia, USA
Abstract
The Linear Coherent Light Source (LCLS-II) is currently being constructed at the SLAC National Laboratory.
A total of 35 cryomodules (CMs) will be fabricated at Jefferson Lab (JLab) in Virginia and Fermi National Laboratory (FNAL) in Illinois and transported via road to SLAC.
A shipping frame with an inner bed isolated by springs was
designed to protect the CMs from shocks and vibrations
during shipments. Successful road testing of the JLab prototype CM (pCM) paved the way for production CM shipments. The initial production shipments lead to several catastrophic failures in beamline vacuum in the cryomodules.
The failures were determined to be due to fatigue in Fundamental Power Coupler (FPC) bellows due to excessive
motion during shipment. A series of instrumented CM shipping tests and component tests were undertaken to develop
a solution. A modified spring layout on the shipping frame
was tested and implemented which reduced shocks on the
CMs. FPC coupler bellows restraints were tested on a
shaker table and on a CM during shipping; they were able
to reduce bellows motion by a factor of three. The updated
shipping system is currently in use and has successfully delivered fourteen cryomodules to SLAC from JLab and
FNAL.

INTRODUCTION
LCLS-II CMs are transported to SLAC by road from
JLab (~3,000 miles) and FNAL (~2,000 miles). The transportation system uses a flatbed trailer fitted, with air-ride
suspension, and a shipping frame that uses wire isolator
springs to reduce shock loads on the CM [1]. The system is
based on that which had been used by DESY to transport
100 XFEL CMs from Paris to Hamburg (~500 miles). Short
distance test runs were conducted using the JLab pCM to
Bristol, VA, and FNAL; the pCM successfully completed
the tests, and the system was deemed ready for production
shipments.

+/- 0.1 mm was recorded during the practice trips. This was
likely due to the shipping caps being incorrectly installed
prior to the shipment.
Further inspection after the cold mass was taken out of
the vacuum vessel found ruptures in the FPC bellows on
cavities 4 and 5. It is not known whether this occurred on
the initial trip to SLAC or when the CM was traveling back
to FNAL.
A short 750-mile road test was conducted using J1.3-07
which did not have any vacuum issues. A series of alterations were made to the shipping system configuration prior
to the shipment of the next CM (F1.3-05) to SLAC. This
CM also had a failure in the cavity 1 FPC bellows in a manner similar to F06. The bellows were identified as the primary source of failure for both CMs.

FAILURE MODE DESCRIPTION
The FPC bellows in question is attached to the FPC
flange on the cavity on one side and the FPC main body on
the other side. The 5K heat intercept flange is attached to
the cavity side of the bellows and the 50K intercept shroud
is attached to the other side. The central section of the FPC
(containing the shroud) is relatively free to move in the vertical (Y-axis) and beamline (Z-axis) directions; it is only
supported at the vacuum vessel and at the cavity.
The bellows were found to have ruptured in the 3 o’clock
and 9 o’clock positions relative to the bellows central axis
(Fig. 1) [3]. This region of failure implied that repetitive
motion in the horizontal plane lateral to the bellows axis
(and parallel to the beamline axis, Z) caused the failures.
Material analysis of the dismantled bellows also indicated
fatigue failure.

Initial Failures
In November 2017, the first LCLS-II CM (F1.3-06) arrived at SLAC from FNAL with its beamline vented to atmosphere. As the vacuum gauges on the beamline were not
actively logged, there was no way of determining exactly
when the vacuum was lost. An initial inspection found that
several of the SHCS on the Beam Position Monitor (BPM)
feedthroughs had been shaken loose during the trip, breaking the aluminum gasket seal. It was discovered that the
SHCSs were Grade-2 Titanium instead of the specified
Grade-5 Titanium. Alignment measurements found that the
upper cold mass (UCM) supports had shifted 1.7 mm during the trip; the amount of movement allowed as per the
specifications is +/- 0.2 mm [2], and nothing over
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Figure 1: Ruptured bellows from F1.3-06.
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No information regarding the motion of the bellows was
available from the F1.3-06 trip; only shock sensors on the
shipping frame were installed, and no high shocks were
recorded. The F1.3-05 shipment had Slam Stick-X (SSX)
units installed to measure the motion of the bellows. A sensor was installed on both the 5K intercept and the 50K
shroud; the relative motion of the 50K shroud to the 5K
intercept was equated to be the motion of the bellows. The
bellows were found to be moving +/- 2.6 mm from the
mean position, with a peak frequency of 15 Hz. Modal
analysis confirmed that the FPC bellows had a natural frequency of 15 Hz, which was being excited by the road
transportation.

BELLOWS FATIGUE TESTING
Bellows assemblies identical to those used in the FPCs
were put through cyclic testing at Brookhaven National Laboratory (BNL). The results were compared to predicted
fatigue life derived from the Expansion Joint Manufacturers Association (EJMA) guidelines, shown as the solid line
in Fig. 2. The results showed the bellows fatigue life was
close to that predicted by literature, but could not explain
why the bellows on the two cryomodules failed at low cycles.
It has also been theorized that cycling the bellows at cryogenic temperatures may have weakened their fatigue life
at room temperature. All failed bellows were exercised in
this manner via a stepper motor. Tests were conducted to
prove this hypothesis but were inconclusive due to defective testing samples.
A separate 3,000 mile cryomodule road test was conducted with the outer FPCs removed from a cryomodule
and the bellows held in place by threaded rods. The dashed
line in Fig. 2 shows the measured displacement and cycles;
the bellows remained intact. Though removing the FPCs in
this manner was considered impractical, it was shown that
keeping the bellows’ lateral displacement below +/- 2.0mm
would not result in failure.
1.E+08
1.E+07

Cycles

1.E+06
1.E+05
1.E+04

At the time that the issues with the FPC bellows were
discovered, each of the partner labs had eight cryomodules
fully assembled and awaiting shipment to SLAC. A fullscale retrofit of the bellows would mean each CM would
need to be partially disassembled and reassembled, which
would be both time-consuming and expensive. As such, a
restraint mechanism would be required that could be installed on CMs that were already complete; the following
criteria would need to be met:
• Restraints would need to be installed through the tuner
access ports, without requiring any further disassembly
• The restraints should restrict movement in the vertical
and beamline directions (Y and Z axes) but allow the
bellows to compress in its axial direction (X-axis).
• For safety, no metallic components would be used for
the restraint installation to avoid accidentally damaging the bellows
• Testing on a shaker table and then a CM road trip
would be conducted to ensure that the restraints would
limit motion of the bellows to an acceptable level.

RESTRAINT DEVELOPMENT AND
TESTING
Five restraint designs were shortlisted for possible use
on CMs. Each was first tested on a shaker table to determine its performance and reliability. A summary of the designs is given in Table 1.
The Partial M-Mount, E-Clamp and Delrin E-Clamp
made use of the G10 Shipping Support which was already
a part of the FPC design. The support only restricted motion in the downward vertical direction; the three restraints
would extend this to the beamline axis and upward vertical
directions. The M-Mount replaces the G10 and is attached
via the same M6 screws which held the G10 in place. Both
versions of the M-Mount make use of a zip-tie to aid in
vertical restraint. The E-Clamp uses a Quick-Grip ratcheting clamp to compress the Neoprene with a maximum
force of 150lb. The Sliding Shroud Support (SSS) made
use of threaded holes in the 50K shroud and 5K intercept.
The cylinders attached to each side may slide in the bellows
axial direction but are restrained in the axial and vertical
directions.
Table 1: Comparison of Restraint Materials and Clamping
Mechanism

1.E+03
1.E+02

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP094

0

2

4

6

8

10

Peak-to-Peak Lateral Displacement (mm)

Figure 2: Bellows testing cycles to failure.

BELLOWS MOTION RESTRAINT
The shipping failures and analysis established that the
FPC bellows were the CMs’ weak point. A restraint mechanism would be developed for future shipments which
would aim to limit the motion of the FPC bellows in the
beamline axis (Z-axis).

SRF Technology - Cryomodule
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Partial M -Mount
E-Clamp
Sliding Shroud
Support
Delrin E-Clamp
M -Mount

Material
Neoprene
Durometer 60
Neoprene
Durometer 60
Stainless
Steel/Brass
Delrin
Neoprene
Durometer 60

Clamp
Zip-Tie
Quick-Grip
Clamp
Threads
None
Zip-Tie
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Prior to testing, each of the restraints (apart from the
SSS) were installed on a completed CM through the tuner
port. The SSS was excluded as a further degree of disassembly would have been required for its use.

Shaker Table Testing
A coupler assembly was set up on a custom shaker table
at SEG (Fig. 3) [4]. The coupler was fixed at points representing the connections to the vacuum vessel and the cavity. The table itself was capable of oscillating with an amplitude of +/- 2.0 mm and a frequency of up to 30 Hz. Tests
would be conducted at 7.5 Hz and 9.0 Hz to avoid going
through the couplers’ resonant frequency of ~15 Hz.
Accelerometers were installed on the base of the shaker
table, the 5K intercept, and the 50K shroud. The relative
motion of the bellows was measured using two laser distance indicators pointed at the spool next to the bellows and
the 5K intercept; the motion of the bellows was calculated
by taking the difference between the movement of the
spool and 5K intercept. The coupler was rotated 90 degrees
along its central axis during the installation on the shaker
table. The vertical motion of the table corresponded to the
bellows motion in the beamline direction (Z-axis). The
coupler was pumped down to 10-7 torr and a vacuum gauge
was attached to indicate any loss of vacuum.
Each of the restraints was tested at the two frequencies
and the bellows displacements were compared to a baseline
test in which no restraint was used.

Figure 3: An FPC set up on the shaker table at SEG.

Shaker Table Testing Results
The displacements for each of the restraints are shown in
Table 2. The Partial M-Mount was measured at 7.1 Hz instead of 7.5 Hz. The final selection criteria included both
the performance of the restraints and the ease of installation
in a completed cryomodule. Table 3 shows a ranking of the
restraints’ performance and the relative ease of installation;
a score of 1 represents the best and 5 represents the worst.
Despite being the best performer, the installation process
for the SSS was deemed too intensive to be a practical solution. The E-Clamp and Partial M-Mount were chosen for
further testing. There was a suspicion that the Quick-Grip
clamp on the E-Clamp may come loose during a prolonged
journey. As such, it was tested further at 9.0 Hz for 24
hours; the Quick-Grip clamp remained in place and did not
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loosen. The Partial M-Mount was re-tested at 9.0 Hz for 5
hours to test the stability of the zip-tie; it too passed with
no degradation. Both the E-Clamp and Partial M-Mount
were selected to be tested on a CM.
Table 2: Comparison of Measured Bellows Displacements
During Testing
Restraint
Partial M -Mount
E-Clamp
SSS
Delrin E-Clamp
M -Mount
Baseline

7.5 Hz
+/- 0.4 mm
+/- 0.1 mm
+/- 0.05 mm
+/- 0.05 mm
+/-0.2 mm
+/- 1.2 mm

9.0 Hz
+/- 0.1 mm
+/- 0.2 mm
+/- 0.15 mm
+/- 0.4 mm
+/-1.0 mm
-

Table 3: Ratings of the Restraints’ Performance and Ease
of Installation on a Scale of 1 – 5
Restraint
Partial M -Mount
E-Clamp
SSS
Delrin E-Clamp
M -Mount

Performance
3
2
1
4
5

Installation
2
3
5
1
4

SHIPPING FRAME SPRING
CONFIGURATION TESTING
The original spring configuration of the springs (Fig. 4)
on the shipping frame was thought to be too stiff to be
providing enough cushioning to the CM. During initial
testing with the JLab pCM, the total number of springs had
been brought down from the maximum of 36 to 32.
The original shipping frame design had assumed the inner isolated frame to be rigid. This did not prove to be the
case, and it was found that large deflections of the frame
under the weight of the CM were further degrading the
ability of the springs to soften shocks.
The new proposed spring configurations would have the
springs concentrated near the points of attachment to the
cryomodule, negating the effects of the flexible inner
frame. A series of tests were conducted using configurations of 8, 10 and 12 springs. The new spring configurations were designed to lower the acceptable shocks on the
CM from +/- 1.5g in all directions to 0.3g in the X-axis
(lateral), 1.0g in the Y-axis (vertical), and 0.3g in the Z-axis
(beamline/longitudinal); only shocks below 50 Hz were
considered in the analysis, as those with higher frequencies
were considered harmless to the CM. In addition, the resonant frequency in the Z direction should be significantly
lower than the natural frequency of the FPC bellows
(15 Hz), while being higher than the natural frequency of
the air-ride suspension (1.5 – 2.0 Hz)
A series of tests were conducted at JLab using a concrete
dummy CM with each of the three spring configurations
[5]. SSXs and a SAVER9X accelerometer were used to
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measure the shocks and vibrations during the short trips
from JLab to Richmond, VA (~100 miles). The 8-spring
configuration was found to best reduce the shocks; the natural frequency of the system was 6.5 Hz in the Z-axis.
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defines the number of times the bellows made such a movement in the given hour. The amplitude for which there were
10 movement events is taken as the reported result in the
following analysis.
Cumulative Cycle Amplitude Statistics
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Figure 4: Helical isolator springs used on shipping frame.

C7 5K - C7 70K Cumulative Cycle Amplitude Distribution

CRYOMODULE ROAD TESTING

Cryomodule Road Testing Results
The tested CM returned from the 3,000 mile trip with no
loss of beamline vacuum. The bellows displacement results
in the Z direction from the SSX units on the couplers are
shown in Fig 5. Cavity 4 had the E-Clamp and Cavity 6 had
the M-Mount; a reading from when no restraint was used,
and with 32 springs, is also given for comparison.
The graphs in Fig. 5 represent a random one-hour interval taken near the end of the trip; the horizontal axis defines
the peak-to-peak bellows movement and the vertical axis

SRF Technology - Cryomodule
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Cycle Amplitude Statistics
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• Beamline vacuum was not compromised
• The motion of the bellows was below +/- 2.0 mm
• The natural frequency in the Z-axis of the bellows system with the restraints was higher than the resonant
15 Hz
• The shocks on the CM were below 0.3g, 1.0g and 0.3g
in the X, Y and Z directions

4

Z

10

Cycles per Hour > Peak to Peak Amplitude

The broken coupler bellows on F1.3-05 were replaced
to allow the CM to be used as a test bed for the new shipping restraints. Cavities 1 – 4 would have the E-Clamp installed and cavities 5 – 8 would have the Partial M-Mount.
The CM installed on the 8-spring shipping frame would
travel ~3,000 miles from Newport News, VA to Nebraska
and back, which represents the distance between SLAC
and JLab.
SSXs were installed on the 50K shroud and the 5K intercept on each cavity. Additional SSX unites were installed
on the shipping frame on either side of the springs. A
SAVER9X accelerometer was set up to record triggered
shocks on the Inner Frame, Outer Frame and the cavity 2
coupler waveguide. Vacuum gauges logged the beamline
vacuum throughout the trip and transmitted the readings
live during the trip. The following was defined as the criteria for success:

X

10

10

10

3

2

1

0
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1

2

3

4

5

6

Peak to Peak Cycle Amplitude (mm)

Peak to Peak Cyclic Amplitude (mm)

Figure 5: Peak-to-peak bellows motion with 8-springs on
Cavity 4 with the E-Clamp (top), Cavity 7 with the Partial
M-Mount (middle) and with 32 springs and no restraint
(bottom).
Cavity 4 had a motion of +/- 1.2 mm while cavity 7 had
+/- 0.35 mm. Without the restraint, the movement of cavity
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4 was +/- 2.6 mm. The cyclic movement of the bellows on
each cavity and the resonant frequencies of each bellows
system is shown in Table 4.
Table 4: Bellows Motion and Natural Frequencies During
F1.3-05 3,000 Mile Road Test
Cavity
1 (E-Clamp)
2 (E-Clamp)
3 (E-Clamp)
4 (E-Clamp)
5 (M -Mount)
6 (M-Mount)
7 (M-Mount)
8 (M-Mount)

Motion - 10 count
(+/- mm)
0.60
0.70
1.05
1.25
0.85
0.35
0.55

JACoW Publishing
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Frequency
(Hz)
33.0
40.0
30.0
40.0
37.0

A sensor on Cavity 5 shook loose during the trip and did
not provide accurate data. No discernible resonant frequency peak could be calculated for cavities 2 and 4; this
may be due to the quick-grip clamp used on the E-Clamp
interfering with other components inside the CM. All the
cavities showed a reduction in bellows movement below
the +/- 2.0 mm goal, and a resonant frequency raised above
the 15 Hz excited during transportation. Due to its better
performance and unobtrusive presence in the CM, the MMount (Fig. 6) was selected for future CM shipments.

Table 5 shows the bellows motion on the CMs shipped
from JLab and FNAL; all are below the outlined spec. Table 6 shows the highest shocks on the Inner and Outer
Frames for the JLab shipments and the level of shock attenuation achieved by the new spring configuration. The
highest shocks were seen in the vertical (Y-axis) direction,
and are presented here.
Table 5: Bellows Motion (10 counts per hour) During Cryomodule Trips from JLab to SLAC
Cryomodule (Cavity)
F1.3-05 (C1)
F1.3-05 (C6)
J1.3-10 (C6)
J1.3-12 (C1)
J1.3-12 (C6)
J1.3-14 (C1)
J1.3-14 (C6)

Bellows Motion (+/- mm)
0.95
1.4
0.95
0.60
0.70
0.85
0.95

Table 6: Comparison of Highest Vertical (Y-axis) Shocks
on CMs Shipped from JLab to SLAC
CM
J1.3-04
J1.3-08
J1.3-10
J1.3-13
J1.3-14
J1.3-12

Outer
Frame (g)
3.14
2.82
3.06
3.68
3.01
1.82

Inner
Frame (g)
1.26
0.64
0.88
1.03
0.56
0.50

Attenuation
(%)
59.9
77.3
71.2
72.0
81.4
72.5

SUMMARY

Figure 6: Partial M-Mount installed on a coupler with a ziptie.

PRODUCTION CRYOMODULE
SHIPMENTS
Since the successful road testing with F1.3-05, a further
14 CMs have been delivered to SLAC from JLab and
FNAL using M-Mounts and the reduced spring configuration. There have been no failures in beamline vacuum due
to shipment.
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Early failures in CM shipments to SLAC were attributed
to excessive motion in the FPC bellows, which lead to fatigue failure and venting of the beamline vacuums. A removable restraint was developed that could lessen the amplitude of the bellows motion, while also increasing the
system’s natural frequency to one not excited by the road
transport. The restraints were designed with the aim of retrofitting them on CMs that had been fully assembled and
tested. The spring configuration of the shipping frame was
also changed to lower the shocks on the CMs during shipment. After successful testing on a shaker table and an already vented CM, the restraints were put in service for all
production CM shipments. Sixteen CMs have been shipped
from JLab and FNAL to SLAC to date with no failures
from shipping.
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LESSONS LEARNED ASSEMBLING THE SSR1 CAVITIES STRING FOR
PIP-II∗
D. Passarelli† , D. Bice, M. Parise, T. Ring, G. Wu, Fermilab, [60510] Batavia, IL, USA
Stéphane Berry, CEA, [91190] Saclay, France
PROCEDURES AND CLEANROOM

Abstract
The string assembly of the prototype Single Spoke Resonator type 1 (SSR1) cryomodule for PIP-II at Fermilab was
successfully completed. Lessons learned from the preparation, assembly and the quality control activities of the final
fully integrated assembly will be presented.

INTRODUCTION
The prototype SSR1 cryomodule (CM) is currently being
assembled at Fermilab in the framework of PIP-II project
and it is the baseline for the design, assembly and testing of
the SSR1, SSR2, LB650 and HB650 CMs composing the
SRF section of the linac [1–3].
The cavity string assembly of the prototype SSR1 cryomodule (see Fig. 1) consists of eight single spoke resonators
type 1 (SSR1) with vacuum end coupler, four superconducting (SC) solenoid and beam position monitor (BPM) subassemblies, with ultra high-vacuum gate valve subassemblies
terminating the beamline at each end. All those beamline
components had to pass a series of quality inspections prior
to being processed in the cleanroom: visual inspection, geometrical check using coordinate measuring machine, leak
checks before and after three thermal cycles (cooldown using liquid Nitrogen, warmup in air) and visual inspections of
sealing surfaces. In addition, the eight cavities with vacuumend coupler were successfully prepared, assembled, and
tested in the Spoke Test Cryostat (STC) at Fermilab [4] [5],
and the four SC solenoids were cold tested and qualified
in the Vertical Test Stand (VTS) at Fermilab, prior their
integration in the string assembly.
Cavity-to-cavity edge welded bellows

End-pipe
subassembly

S111
S104
S109

S113
Beam
axis

S114

S112
S110
S106
End-pipe
subassembly

Plate
Post

Solenoid

Rail

BPM

Solenoid-BPM-bellows subassembly

Figure 1: Layout of the proto SSR1 string assembly.

∗
†

Step-by-step operating procedures were written and reviewed by subject matter experts to check that all best
practices were considered. Also, critical steps were troubleshooted and verified by performing dry-runs before the
final execution of the string assembly [6]. SRF technicians
were trained to familiarize the details of the process. An
electronic traveler was developed and used to assure the
correct application of the procedure during the assembly.
The SRF cleanroom located in the Lab 2 building at Fermilab was used to perform the preparation and integration of
the prototype SSR1 cavities string assembly from November
2018 through January 2019. Figure 2 shows the layout of the
cleanroom that comprises of Prep suite class 1000 (ISO 6),
Gowning suite class 100 (ISO 5), Inspection suite class 100
(ISO 5), Assembly suite class 10 (ISO 4). The Lab 2 cleanroom suites were tested for compliance with standard ISO
14644-1, Part 1 and testing was performed as outlined in
standard ISO 14644-2, Part 2 before starting the activities.
Also, four SSR1 cavities were prepared (high pressure rinsed
and assembled) in that cleanroom and successfully qualified through STC testing to demonstrate the readiness of the
facility and the effectiveness of the procedures.

Nitrogen Purging Line
The Nitrogen purging line system for the SSR1 cavities
string was designed and assembled to guarantee a flow of
6 L/min at beam pipe flanges of the cavity and to prevent
pressure build up inside the cavity of more than a few millibars (specification: < 50 mbar) during assembly.
The system used two mass flow controllers to control and
measure the total volume of nitrogen into the two system
manifolds. Each manifold had a bypass vent with a mass
flow meter on the vent. The flow through the cavities string
could then be calculated by the difference between the inflow
and the flow out the bypass vent. The bypass vent would flow
approximately 0.25 L/min when the cavity string was open,
and 6 L/min would be flowing through the string or the connecting cavity. As a connection would be made and sealed,
all nitrogen would flow out of the bypass vent keeping the
internal pressure in the string below 2 mbar. LabView was
used for control and data collection. The system used electric and mechanical valves along with differential pressure
transducers and switches to protect the cavities from, loss
of nitrogen pressure, electrical power loss, unsafe opening
of valves if pressure in string was too high or low, etc.

Work supported by Fermi Research Alliance, LLC under Contract No.
DEAC02- 07CH11359 with the United States Department of Energy
donato@fnal.gov
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Figure 2: Layout of the SRF cleanroom at Lab 2.

ASSEMBLY SEQUENCE
Figure 2 summarizes the flow of parts from entering the
cleanroom to being integrated in the string assembly. The
blue line represents the path of components for subassemblies and tooling, while the solid red line shows the path of
the SSR1 cavities. Several stations from 1 through 9 can
be identified: 1, here the components receive the hand-held
High Pressure Rinse; 2, Ultrasonic (US) cleaning station;
3, components are dried using ionized nitrogen guns and
bagged if needed; 4, in the inspection suite parts are left
to dry overnight. Small parts are positioned under the laminar flow hood equipped with High-efficiency Particulate
Air (HEPA) filters. Also, here parts are visually inspected
and wiped with alcohol before being entered to the assembly suite; 5/5A, storage areas for the subassemblies/tooling
components and cavities respectively; 6, components are
dry cleaned using ionized nitrogen and Quality Check (QC)
is performed using a particle counter; 7, subassemblies and
string tooling are assembled in the assembly prep station;
8, leak check and venting area with access to the vacuum
cart; 9, string assembly area is where cavities and the other
components are positioned on the rail system and then assembled.

Cleaning
The preparation phase started entering tooling and equipment for string assembly [7] to the assembly suite class 10
after being cleaned: ultrasonic bathed and/or high pressure
rinsed, and carefully wiped and inspected in the inspection
suite class 100.
Parts and hardware for subassemblies (four solenoidBPM-bellows subassemblies, three cavity-to-cavity edge
welded bellows, two beam pipe end subassemblies) went
through the same cleaning path as well. Attention was given
to the three cavity-to-cavity edge welded bellows that were
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fully extended using the adjusting cages before being high
pressure rinsed and dried.
The eight SSR1 cavities were received after being fully
qualified with high-power coupler in the Spoke Test Cryostat.
Prior to enter the assembly cleanroom their exterior was
hand-held high pressure rinsed in the prep suite, and dried,
inspected and wiped in the inspection suite.

Preparation of Cavities and Subassemblies
The RF volume of the SSR1 cavities was kept under vacuum throughout the testing phase until they were ready to be
positioned on the rail posts for the integration in the string
assembly. They were slowly back filled with Nitrogen to
atmospheric pressure by means of the vacuum cart equipped
with mass flow controller. During the venting phase, an
assessment of the vacuum level was done but an explicit leak
check was not conducted. The position of each cavity in the
string assembly (see Fig. 1) was decided based on the combination of two qualifying figure of merits measured during
STC testing: quality factor Q0 at 10 MV/m and gradient of
the onset radiation due to field emission. The cavity having
the highest Q0 at 10 MV/m and the lowest gradient of the
onset radiation due to field emission is considered the best
performing cavity and it is located downstream.
Following the operating procedure, parts and hardware
kits for subassemblies and tooling were pulled out from the
storage area to start their preparation (see Fig. 3).
Then, the four solenoid-BPM-bellows subassemblies and
two beam pipe end subassemblies were “particle free” assembled, dry cleaned, leak checked (Fig. 4 and dry cleaned
again by blowing with ionized nitrogen until a total count
of particles > 0.3 µm is less than 10 for 1 sample volume
of 1 standard cubic foot. Those subassemblies were found
leak tight at the first attempt with a minimum detectable leak
rate of 2 · 10−10 mbar·L/s. To minimize the generation of
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Cavity-to-cavity edge
welded bellows

surfaces of all cavities, subassemblies, tooling positioned in
the assembly area were dry cleaned by blowing with ionized
nitrogen until a total count of particles > 0.3 µm is less
than 10 for 1 sample volume of 1 standard cubic foot (see
Fig. 5). To expedite this cleaning phase, all potential sources
of particles (i.e. blind holes, low surface finishing, etc.), not
explicitly needed to perform the Ultra High Vacuum (UHV)
connections, were masked by using cleanroom tape.

Figure 3: Several parts for subassemblies and tooling.
particles and to maintain the quality of the sealing surfaces,
rubber O-rings with a custom Teflon spool were used at both
ends of the subassembly to connect the blank-off flange and
the flex hose going to the vacuum cart. The same type of
sealing along with a 5 mm thick Al disk (because lighter
than the regular stainless steel blanks) were used to cap the
ends of the subassemblies during positioning and staging on
the rail posts.
The three cavity-to-cavity edge welded bellows mounted
fully extended on the adjusting cage were dry cleaned, leak
checked and dry cleaned before being assembled onto the
cavity string. Long-term storage of the components was
avoided.
Using a laser tracker the geometrical axes of cavities and
solenoids were aligned to the “ideal beam axis” in order to
minimize unwanted loads on hydroformed bellows and ultra
high vacuum flanged connections. Using reference surfaces
machined on the cavities and solenoids, it was ensured that
all the beamline components had the same angular alignment
(clock) along the beam axis.

Figure 4: Leak check of subassemblies.

String Assembly
Sixteen “particle free” connections had to be performed
after all cavities and sub-assemblies were positioned and
aligned on the rail system. The assembly was performed
starting from upstream and following the sequence of connections to complete the assembly with the latest connection
downstream.
Two purging lines were used to actively protect the RF
volume of cavities from migration of particulates: one was
mounted on the first cavity upstream (S106) and the other
one was moved downstream from cavity to cavity (from S110
through S111) as the assembly was progressing. Anytime
that a “particle free” connection had to be made, the exterior
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Figure 5: Dry cleaning by blowing with ionized nitrogen.
A local alignment check of mating flanges was performed
before removing blanks from cavities and subassemblies to
assess that holes patterns matching (see Fig 6). If corrections had to be made, each subassembly (and not cavity) was
moved accordingly by adjusting their aligning/supporting
tooling system. Never a cavity or solenoid was adjusted
rotating it around the beam axis to avoid unwanted torsion
momentum on bellows during future alignments of beamline components. Rotatable flanges were properly set in the
subassemblies to match the cavities hole pattern.

Figure 6: Checking the alignment of flanges: cavity and
beam pipe end subassembly (left), cavity and solenoid-BPMbellows subassembly (right).
Once the flanges are aligned with each other, and Nitrogen
purging lines were turned on, a local series of dry cleaning
were performed to allow the removal of studs and cleaning of blind holes until the blank off flange along with the
Al gasket was removed from the cavity beam pipe flange.
Sliding the post of the downstream mating part on the rail
system the flanged connection was made using new hardware and Al sealing. All beamline components were staged
and positioned on the posts of the rail system with the exception of the cavity-to-cavity edge welded bellows. They
were manually positioned on their first connection with the
cavity upstream while held fully extended with the adjusting
cage. The circularity of the Al gaskets was slightly modified
to allow them to stay in the groove of the flange during the
assembly. A specific torque procedure was used to properly
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crash the Al sealing in the flanged connection using Silicon
Bronze set screws in blind Stainless Steel threaded holes and
Stainless Steel washers and nuts (see Fig. 7). A maximum
torque of 300 in-lbf (33.9 Nm) was applied to the stainless
nuts while the set screws were held with an Allen wrench.

Figure 7: Positioning of the Al sealing in the flange groove
(left), tightening bolts of a flanged connection (right).

Final Inspections
Upon completion the full string assembly was visual inspected. Torque was verified on all bolted connections as
follows: cavity beam pipe flanges: 300 in-lbs; solenoidBPM-bellows subassemblies: 250 in-lbs; cavity side flanges:
250 in-lbs.
The leak check of the entire beam volume was performed
as follows:
1. String beamline volume evacuated at 80 mbar·L/s using
a custom skid with Scroll and turbo pumping system,
RGA, MFC, and He source;
2. Rough leak check done at ∼ 1 · 10−7 Torr;
3. Final Leak check was performed at ∼ 1 ·

10−8 Torr;

• Warmed RGA at least 3 hours
• Checked calibration prior to leak check using 2 ·
10−10 mbar·L/s calibrated leak
• String sprayed with Helium gas
• Vacuum-end couplers then checked individually,
bagged and isolated
• Entire string covered for He saturation as in Fig. 8.
During first leak check cycle, two ceramics of the vacuumend coupler mounted on cavities S109 and S111 were found
leaking at 4.6 · 10−8 mbar·L/s and 2.5 · 10−8 mbar·L/s respectively. It was decided t slowly venting the entire string
beamline (at 250 sccm) and replace the two vacuum-end
couplers.
Leak check procedure was repeated again and no leak was
found above 2 · 10−10 mbar·L/s (specification). The string
assembly base pressure was 2.3 · 10−7 Torr at the final leak
check. The helium background was at 2.7 · 10−10 mbar·L/s.

LESSONS LEARNED
The step-by-step procedure was written and revised multiple time before freezing it for the final assembly. Several
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Figure 8: Final leak check of the full assembly.
dry-fit activities were performed to troubleshoot the entire
process. However, during the execution of the final assembly
several issues were found. The high level communication
among the teams (SRF techs, designers, engineers, scientists) involved in the activity played a strategic role to overcome the challenges presented by those activities where each
single detail matters.
The electronic traveler collecting all the results and notes
at each step of the assembly was extremely useful to track the
progress. Also, it will serve as starting point to define possible improvements for future optimization design activities.
Below some of them are reported:
• Design beamline components shall satisfy not only the
final operational requirements but all scenarios presented in the lifetime cycle of the sub-assembly (i.e.
manufacturing, assembly/disassembly, transportation,
handling, testing, etc.);
• Blind and threaded holes to be avoided to interconnect
beamline components;
• The beam pipe flanges of the cavity shall be extended
in order to be “exposed” to the air laminar flow. It is
currently “hidden” by the helium vessel wall;
• Improve the surface finishing and avoid hidden areas
to facilitate wet and dry cleaning;
• Flanges with slotted holes in place of rotatable flanges
might be easier to handle and assemble;
• Edge welded bellows in place of hydroformed bellows
would relax the alignment requirements;
• Simplify shapes and complexity of tooling to minimize
particle generation during assembly.
The cleaning, handling and assembly of edge welded bellows had been considerably less complicated than expected
and predicted during design phase. Unless issues will be
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found during CM testing with beam, it is definitely an option
to consider for future CM design.
Viton sealed gate valves were used at the ends of the
cryomodule beamline. SSR1 cryomodule design is full segmented as well as the other CMs for PIP-II. The gate vales
are at room temperature and Viton seal becomes a good
alternative compared to all metal gate valves. Viton sealed
gate valves showed much less particle counts during actuation. The radiation hardness of Viton seal is enough for
machine’s lifetime. One disadvantage is the Viton seal is
prone to helium permeation. To help with high precision
leak check, Viton sealed gate valves need to be isolated from
surrounding air while under nitrogen purging or connected
to another metal sealed isolation valve. SSR1 cryomodule
beam line leak checking initially suffered high helium background until the valves were bagged and flushed with boil-off
nitrogen.
The nature of failure that led to open a leak in the ceramic
of the vacuum-end coupler is unknown but it most likely due
to mishandling during testing and/or inter-facilities transportation. However, an explicit leak check should be performed on all cavities prior to venting them to atmospheric
pressure to verify their leak tightness with a minimum detectable leak rate of 2 · 10−10 mbar·L/s. Also, the design of
such couplers should be made more robust to improve their
reliability throughout the entire life cycle.

CONCLUSION
The string assembly was successfully completed and leak
check in January 2019, see Fig. 9. The lessons learned will
be used to feedback future design and assembly activities
in order to improve the quality of the end result. The final
assessment of the work presented in this proceeding will be
made based on CM testing results.
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Abstract
Optimization of Fermilab string assembly procedure and
infrastructure has yielded a significant improvement of
cryomodule particulate counts. Late production of LCLSII cryomodules were tested at CMTF at Fermilab and
showed little to no x-ray up to administrative limit. The paper describes the field emission measurement instrumentation, field emission results of Fermilab’s LCLS-II cryomodules, clean room infrastructure upgrade and procedure optimization.

INTRODUCTION
LCLS-II cryomodule production is shared between Fermilab and Jefferson Lab. Fermilab’s string assembly procedure closely follows the XFEL cryomodule assembly.
All cavities are vertically tested with a low power unity
coupler. Once accepted, cavities are transported to a cryomodule assembly facility. Cavities are kept under vacuum
and undergo careful cleaning of external surface in three
stages from a clean room preparation area, ISO-4 clean
room and ISO-5 clean room.
Once in a clean room coupler assembly area named as
workstation 0 (WS0), a cavity is connected to a vacuum
system through the cavities pumping manifold that was
previously attached to the cavity’s beam pipe at the power
coupler side. The cavity is then vented to allow the removal
of the unity power coupler and the assembly of a high
power coupler.
Cavities then are connected one by one with inter cavity
bellows, the gate valve sub-assembly and magnet spool
lines. This is named workstation 1 (WS1).
The entire string assembly is evacuated, and leak
checked. It is then back filled with filtered boil off nitrogen
to proceed to next workstation 2 (WS2).
At the end of the cryomodule assembly at workstation 5
(WS5), beam line is once again evacuated to conduct another leak check. At this time, cryomodule beamline space
is kept under vacuum and transported to a test facility until
accepted and then transported to a partner lab for installation.
At the beginning of the cryomodule production, each of
the first six cryomodules had several cavities that experienced field emission onset field degradation.
___________________________________________

* The work is supported by Fermilab which is operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the
United States Department of Energy.
† genfa@fnal.gov
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Two clean room audits were conducted. One internal audit was during F7 assembly and one external audit was during F9 assembly.
After several infrastructure and procedural improvements, the Fermilab built cryomodules have seen field
emission dramatically improved with many cryomodules
showing no detectable x-rays.

FIELD EMISSION INSTRUMENTATION
The Cryomodule Test Facility at Fermilab has unique instrumentation of radiation detectors [1]. There are eight
wall mounted detectors closely matching the locations of
eight cavities in cryomodules. Each is approximately two
meters from cavity location in a cryomodule. On each of
cryomodule ends, there is one detector. Three additional
detectors are located further away from cryomodule and
are used for safety purposes and not for cryomodule x-ray
measurement. There are two more x-ray detectors that are
not permanently attached, and they are usually placed near
the cavity locations where x-ray is detected highest from
permanently attached detectors.
The eight wall mounted detectors allow the x-ray measurement for field emission that tends to create radiation
sideways compared to those mounted on the ends of the
cryomodule that measure the x-ray generated by axially accelerated field emission electrons. The measurement details and results were reported earlier [2].

STRING ASSEMBLY IMPROVEMENT
Two audits were conducted at Fermilab that carefully investigated both infrastructure and procedures for potential
improvement. The audit covered cavity related infrastructure and procedures exhaustively that included cavity preparation after acceptance tests to beam line connection at the
cryomodule test facility.
Following six steps are important to maintain a high
quality and to minimize the particulate contamination to
the cavities.
1. Preparation and cleaning of cavity after vertical tests.
2. Inspection and cleaning of beam line components.
3. Power coupler assembly at WS0
4. String assembly at WS1
5. Beam line evacuation and leak checking at WS5
6. Cryomodule installation at test cave
In addition to the audits, purging and evacuation parameters were re-evaluated to ensure the particulates movement in the cavity string was minimized.
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Infrastructure
The Fermilab string assembly procedure or coupler assembly required the cavity to be purged at a mass flow rate
of 1 liter per minute. In a previous configuration, Nitrogen
purging, and cavity evacuation was merged at the one end
of a long-corrugated vacuum hose. The other end of the
vacuum hose joins the cavity end. This was adopted to simplify the connection of the cavity side as shown in Figure
1.

Figure 1: Nitrogen purging and evacuation merges at the
beginning of the corrugated vacuum hose.
Unfortunately, this configuration under estimated the
particulates that could potentially be generated in the corrugated hose. In the event of purging mass flow, higher
mass flow would increase the particulates movement.
In a simple measurement, it was found there are nonnegligible particle counts that come from the corrugated
vacuum hose as the nitrogen purge was at nominal 1 liter
per minute. When the corrugated hose was disturbed, the
particle count flared up. This was not a surprise since a corrugated vacuum hose is notoriously hard to be cleaned and
remove the particulates.
It was concluded it would benefit to relocate the nitrogen
purging to the cavity side of the corrugated vacuum hose
as shown in Figure 2.

Figure 2: Nitrogen purging is relocated at the cavity side
of corrugated vacuum hose.
In this configuration, nitrogen purging does not go
through long corrugated vacuum hose. The section after the
nitrogen filter is considered much easier to clean. The
downside is the parts that are connected to cavity were
TUP096
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more complex. The particulates in this configuration was
tested and no particulates were recorded even at higher
mass flow of nitrogen purging.

Procedural Improvement
Most of the audit recommendation focused on procedures.
In parts preparation, particulates blowing time was increased to ensure the particle counters have at least three
averaging cycles after the particle counts reach zero. The
nitrogen ionization tool was reduced to 90 psi which provided the best ionization according to manufacturing specification.
The string assembly back fill rate was reduced to below
0.25 liter per minute at WS1. This was much reduced from
earlier one (1) liter per minutes. This is much different
from the purging rate. Calculation showed previous rate of
back fill was 10 times that typically experienced in vertical
test preparation where abundant data was available to indicate a high risk of particulates contamination when the
mass flow exceeded 0.25 liter per minutes. For the same
reason, the WS5 evacuation mass flow was also reduced to
0.25 liter per minute.
The coupler installation at WS0 required an evacuation
and leak checking after coupler was installed. This step was
skipped to reduce the evacuation and back fill cycle. The
risk was estimated to be low for a coupler vacuum joint to
leak after a string assembly is completed. One cryomodule
after the audit did experience a coupler sealing problem
which ended up with a cavity in a completed string assembly being replaced with a fresh cavity. That cryomodule
unfortunately did experience the elevated field emission.
The cavity string pressure data is now recorded in traveler at the WS1 and WS5. Nominal back-fill pressure was
set at 796 torr. The vacuum hose at WS5 was reduced to
780 torr before vacuum cart vacuum space was connected
to string vacuum space. This is a midpoint between 796 torr
and 760 torr. A few cryomodules have experienced string
pressure variation between 758 torr and 822 torr due to
temperature and other factors. 780 torr was considered low
risk based on the string pressure uncertainty.
Helium injection into vacuum vessel was then increased
during leak checking in WS5 to ensure a minimum 5 torr
of helium partial pressure. This was to ensure that sufficient helium had a chance to go through the vacuum vessel
and cover any vacuum joint.
There were many small details to be improved throughout the string beam line activities. They were not considered high risks and were not discussed here.

CRYOMODULE TEST RESULTS
Fermilab has completed the testing of 18 cryomodules.
Field emission for all these cavities were plotted in Figure
3. All cavities were tested and field emission free unless
indicated otherwise.
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Figure 3: Field emission onset gradients for all 18 Fermilab built cryomodules. The blue dots on the axis indicated no xray was detected for that cavity. Red dots indicated the field emission for that cavity reduced the cavity performance.
For LCLS-II cryomodules, 50 mR/h x-ray from any detectors is considered the safe operation specification. Any
cavities that generated 50 mR/h would be considered performance limited at its measured gradient up to the administrative limit of 21 MV/m. To simplify the discussion, all
Fermilab cryomodules were simplified by F and followed
by cryomodule numbers such as F1 represents F1.3-01.
The first internal audit was conducted during F7 assembly. Procedural improvement was implemented in F7 assembly and the benefit was immediate. F7 was the first cryomodule that there was no x-ray detected throughout up to
administrative limit. The second audit was conducted during F9 assembly. Most of the audit recommendation was
implemented starting at F11 assembly.
These are recorded events for all the cryomodules. F2
experienced uncontrolled beam line pressure change due to
unfamiliarity with the gate valves that resulted gate valves
not being fully closed. F5 had a cavity high order mode
feedthrough replaced at cavity location one at work station
3 with non-ideal clean room setup. F9 experienced a minor
leak that resulted two extra cycles of evacuation and backfill. F10 coupler #6 cannot achieve leak tightness and the
cavity had to be extracted from the completed string assembly and replaced with a new cavity.

4 liters per minutes. This was identified to be a future upgrade.
Since the WS0 evacuation and back-fill were dramatically improved, the risk of particulates contamination is
much reduced. We recommend bringing back the cavity/coupler leak check as we have seen the risk is too high
in cryomodule F10.
Another important recommendation was to conduct
WS0 work at WS1 location that could potentially reduce a
few cycles of right-angle valve operations and connections
during previous WS0/WS1. This will be implemented in
future after the evacuation configuration is improved.

DISCUSSION

We were grateful the partner lab managements in LCLSII project that gave us the opportunity to conduct a careful
audit and implement the improvement in the middle of important cryomodule production. The result did not disappoint.
We also thank many LCLS-II team members for their
hard work and support.

The nitrogen purging rate was once proposed to be increased to 3 liters per minute. This was not adopted due to
the complexity to adjust the flow control at Fermilab facility. The back fill after leak checking requires the back-fill
mass flow to be 0.25 liter per minute. Future upgrade may
need to rebuild the nitrogen distribution system to allow
easy adjustment.
One may argue that the backfill rate is contradicted to
the purging rate. In our experience, the backfill takes
longer hours compared to short period of purging when
cavities are joined. The particulates movement is assumed
to be proportional to the duration of turbulent nitrogen
flow.
The evacuation rate at WS1 is still to be improved. The
current configuration limited the evacuation mass flow at
SRF Technology - Cryomodule
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CONCLUSION
The audits were extremely useful and the improvement
of Fermilab infrastructure and assembly procedures indicated a field emission free cryomodule can be reliably
achieved up to 21 MV/m in a CW measurement mode.
With additional improvement implementations planned
in future, we are confident the field emission in LCLS-II
type cryomodule can be eliminated that will be beyond the
state of art of cryomodule assembly.
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Abstract
The superconducting (sc) heavy ion Helmholtz LInear
ACcelerator (HELIAC) is under development at GSI. As a
first step, the cw-Linac demonstrator was has already been
built as the first part for the proposed cw-LINAC@GSI. A
superconducting CH-cavity, embedded by two superconducting solenoids has been successfully tested with beam
in 2017/2018. The sc CH-structure, designed at GoetheUniversity Frankfurt, is the key component and offers a variety of research and development possibilities. As a next
step the first cryostat of the HELIAC, the so called Advanced Demonstrator, will be tested in the same testing environment at GSI. Therefore, the testing area at GSI will be
reconstructed, a bigger concrete bunker as well as the connection to the cryo plant is under development. The cold
string of the former demonstrator was assembled in a rehabilitated clean room at GSI. For future clean room assemblies a fully equipped clean room is under preparation at
Helmholtz-Institute Mainz. The mechanical suspension,
composed of hanging components on crossed steel ropes,
is a reliable concept to prevent the maximum displacement
during cool down. The cryogenic systems as well as all
other mechanical tasks has been specified and are going to
be built. These measures and in particular the future Advanced Demonstrator preparation will be presented.

PREVIOUS BEAM TESTS AT THE
DEMONSTRATOR
In 2017/2018 the first test with beam of the cw Demonstrator comprising the Crossbar-H-mode (CH) -Cavity
(CH0) [1] embedded by two superconducting solenoids,
was successfully accomplished [2,3]. The design goal has
been exceeded and a maximum accelerating gradient of
Eacc= 9.6 MV/m at Q0=8.14×108 has been achieved [4]. In
the new ISO4 class clean room at GSI the cavity was assembled together with the solenoids, as well as the power
coupler and three piezo tuners. The entire cold string was
assembled in a suspended frame by a crossed stainless steel
rope suspension (see Fig. 1). All parts were aligned to the
beam axis within a total tolerance less than 0.1 mm applying a laser tracking system. The 5 kW Rf-power coupler
was conditioned in less than one day;the three piezo tuners
were carefully aligned to their needed position by micro
___________________________________________
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foil and measuring with digital calliper gauge. Four limit
switches are hindering the tuner to move outside the limits
of ±1mm, to prevent deformations or material cracks of the
niobium tuning bellow inside the cavity. After closing the
cryostat and its alignment on axis, the cold-warm transitions and the nearest beam pipe were heated under vacuum
to increase the vacuum pressure and to remove oxygen
from all surfaces as far as possible. Finally, the cryostat was
cooled down and the first tests with beam started.

Figure 1: Sectional view of Demonstrator cryostat with the
two 9 T superconducting solenoids and the CH0 cavity
suspended in a support frame.

ADVANCED DEMONSTRATOR
As the next expansion stage on the way to HELIAC, a
standard cryostat comprising the CH0, CH1, and CH2 cavity [5], two solenoids and a superconducting rebunchercavity (see Fig. 2.), mounted together on a support system
consisting of eight crossed nuclotron suspensions for each
component ,similar to the warm support frame of the Demonstrator suspension. The Advanced Demonstrator cryomodule will be the first part of the HELIAC, which consists of four 5m long cryomodules. The Advanced Demonstrator will be tested with beam in the area, where the Demonstrator was tested before. In straightforward direction
of the GSI High Charge State Injector (HLI) (see Fig. 3).
For this, the concrete bunker has to be extended and a new
helium infrastructure is going to be completed supplying
4K liquid helium and 80K helium gas to the new Advanced
SRF Technology - Cryomodule
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Demonstrator cryostat. Another milestone is the commissioning of the new high power RF couplers, which must be
easily replaceable in case of damage. A newly designed
coupler with similar ceramic windows in a CF 100 flange
is under development [6]. The ceramic windows can be replaced simultaneously if damaged. A prototype of the coupler will be available until end of 2019 aiming for an early
testing of ceramic windows under vacuum and under low
temperature (< 77K) conditions.

Figure 2: Standard cryomodule layout; the 5m long Advanced Demonstrator cryostat comprises three CH cavities,
a rebuncher cavity, and two sc solenoids.
The cryostat is already ordered, delivery by CRYOWORLD (Netherlands) is scheduled for the year 2020.
The cavities CH1 and CH2 are already fabricated by Research Instruments, Germany. First RF-testing has been already accomplished. After welding of the helium jacket
and final leak testing, the cavities will be delivered at the
end of 2019. The sc solenoids are in procurement, as well
as the sc rebuncher.

Figure 3: The Advanced Demonstrator testing area in
straightforward to the GSI HLI.
The cryostat has four sufficient service ports in particular for laser tracking alignment and maintenance work.
The components are mounted together within a distance of
150 mm; they are euipped with Aluminium sealing flanges.
Every nuclotron suspension have to be adjustable. Inside
cryostat the support frame rests on three attachment points
at the bottom of the cryostat. This construction is sufficiently rigid, to prevent the suspended frame from unwanted movements. All superconducting components will
be cooled by liquid helium at a temperature of 4K. The cold
helium return gas has to cool the frame as well as some
other components as the power couplers. A long cryogenic
supply line is under construction to supply the liquid helium and the cold gas from the neighbouring liquid helium
plant to the Demonstrator testing area at GSI. The concrete
bunker is already extended and needs to be prepared with
SRF Technology - Cryomodule
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electric and pneumatic lines, rf pipes, nitrogen gas pipes,
and analogue and digital cables. For reasons of cleanliness,
the inner walls of the bunkers must be plastered and appropriately painted. Besides the bunker ground floor has even
to be cleanable. Table 1 lists the design parameters of the
Advanced Demonstrator.
Table 1: Design Parameter of the Advanced Demonstrator
Max A/Q
Resonance frequency
Injection energy
Output energy
Total length
CH cavities
SC solenoids
SC rebuncher

MHz
MeV/u
MeV/u
m
#
#
#

6
≈216.816
1.4
2.1-2.9
≈5
3
2
1

FUTURE HELIAC LAYOUT
The future variable beam energy HELIAC (3.6-7.5
MeV/u) consists of four standard cryomodules. It should
consist of a total of twelve CH cavities, eight sc solenoids,
and four sc rebuncher cavities (see Fig. 4) [7,8]. The total
length is about 20m. It is planned to install the accelerator
in the neighbouring hall segment of the existing HLI /STFhall). To provide cw beam operation at the HELIAC RFQ
and IH cavity have to be upgraded in the near future. The
total lenght of the concrete radiation protection shelter will
be about 40m. The ground floor of the STF hall has to be
prepared to hold the load of the radiation protection shelter.
Also the whole infrastructure supply has to be planed carefully.

Figure 4: HELIAC accelerator layout.

OUTLOOK
The CH1 and CH2 cavities are about to be tested in 2019.
A complete string of dummies will be manufactured for
cleanroom assembly, alignment, and cold testing of the Advanced Demonstrator in 2020. The final beam tests will
start in end 2020/ early 2021. After successful testing the
preparation for the future HELIAC will start immediately.
The Advanced Demonstrator testing area will be used for
future HELIAC cryomodule testing The clean room environment at HIM serve the assembly of each module under
clean room condition, and a final RF-testing in the located
rf testing bunker [9].
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PARTICULATE SAMPLING AND ANALYSIS DURING REFURBISHMENT
OF PROTOTYPE EUROPEAN XFEL CRYOMODULE*
N. Krupka†, C. Bate, D. Reschke, S. Saegebarth, M. Schalwat, P. Schilling, S. Sievers,
DESY, Hamburg, Germany
Abstract
The cryomodule PXFEL3_1 is one of three prototype
cryomodules for the European XFEL. In preparation of
the series module assembly it was used for the qualification of infrastructure and personnel at CEA Saclay. After
transport and tests at DESY the cryomodule was stored
for several years. Last year we decided to refurbish this
module with new cavities for the installation in the
FLASH accelerator.
During the disassembly of the cavity string in the clean
room at DESY we took several particulate samples for
analysis. Optical and laser optical microscopy give us an
insight on the quantity and type of the particulates. We
expect to get hints where the particulates come from and
how they are transported through the cavity string during
transport and operation.

INTRODUCTION
Inspired by the work at Thomas Jefferson National Accelerator Facility [1] we decided to probe the cavity string

of PXFEL 3_1 for particulate contamination during disassembly in the clean room.
0.3 µm
3.0 µm

0.5 µm
5.0 µm

1.0 µm
10.0 µm

100
10
1
0
10:00

10:30

11:00

Figure 1: Typical particle count (measured in 1 minute
interval) during the disassembly of a bellow between two
cavities.

Figure 2: Cavity string in the DESY SRF clean room. The yellow spots represent the positions where the samples have
been taken.
___________________________________________
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The assembly and disassembly of cavity strings takes
place in the ISO 4 part of the DESY SRF clean room,
which has an area of 53 m² integrated in the almost
120 m² ISO 5 area [2]. The velocity of the laminar air
flow on working height is about 0.55 m/s. During the
disassembly we monitor the working area by particle
counter. Figure 1 shows a typical particle count over one
hour during the disassembly of a bellow between two
cavities.
To prevent particulates from entering the open connections the cavity string is flushed from both ends with
filtered N2 with a rate of about 10 l/min.
During disassembly three flanges on each cavity are
opened and can be probed. Both beam tube flanges (long
side (L) and short side (S)) and the main coupler flange
(MC). The HOM and pick-up couplers remain untouched.
In sum we collected 25 samples, 8 x 3 from the cavities
plus one from the quadrupole of the BPM quadrupole unit
(BQU). The yellow spots in Fig. 2 represent the positions
where the samples have been taken.
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Figure 3: Swabbing contaminations from cavity main
coupler port.

SAMPLE TAKING, PREPARATION
AND ANALYSIS
The probing of the cavity string should be quick and as
clean as possible. The only retreatment step foreseen for
the cavities from PXFEL3_1 before their further use for
another accelerator module was a high pressure water
rinsing (HPR) process [3]. Additionally we wanted to use
mainly tools, materials and facilities which were already
available.
For the daily particulate count to monitor the quality of
the HPR processes we use an optical microscope inside
the clean room [4]. This microscope was also chosen for
the analysis of the samples from the cavity string.
As the analysis of the samples taken with Millipore
Isopore filters from the HPR is automated, it was obvious
to use these filters also for the probing of the cavity
string. The filters are made of polycarbonate and have a
pore size of 2 µm. They have a diameter of 47 mm and a
thickness of 23 µm. The computer analysis scans a
25x25 mm² area of the filter in bright field and in dark
field with a magnification of 50.
First we tried to swab the contamination with
“cleanfoam swabs” from the cavity surface onto the filter
discs (Fig. 3). With this method we could not detect any
particulates on the filters. As we expected to find at least
some particulates, we tried another method. We placed the
filter discs with plastic tweezers inside the cavities and
pressed them directly onto the surface. This way we were
able to transfer particulates from the surfaces to the filter
discs for analysis (Fig. 4). Unfortunately we have no
assumption of what fraction of particulates can be removed from the surface of the cavity with this method.
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Figure 4: Insertion of a filter disc with plastic tweezers.
Table 1: Particulate Count of the Different Spots
Cavity
Position
1 (AC124)
2 (Z138)
3 (Z135)
4 (Z134)
5 (Z104)
6 (Z101)
7 (Z97)
8 (Z140)
Sum
BQU

Beam tube
long side
1
2
1
2
1
0
5
0
12
16

Sample from
Beam tube
short side
0
4
4
1
0
2
0
1
12
-

Main
Coupler
9
13
3
2
1
44
15
4
91
-
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Table 2: Material and Number of Gathered Particulates from PXFEL3_1
Cavity
Position
1 (AC124)
2 (Z138)
3 (Z135)
4 (Z134)
5 (Z104)
6 (Z101)
7 (Z97)
8 (Z140)
Sum
Origin

Copper
0
1
0
0
0
15
2
0
18
gaskets,
coupler

Aluminium
0
0
0
0
0
0
0
0
0
gaskets

Number of particulates
Organic
Niobium
NbTi
1
1
0
9
1
0
4
0
0
1
1
1
0
0
1
14
5
6
2
8
1
1
1
1
32
17
10
personnel
cavity
flanges

Table 3: Size Distribution of Gathered Particulates
Particulate
size in µm
Less than 6
6 to 12
12 to 18
18 to 24
24 to 30
30 to 36
36 to 42
42 to 48
48 to 54
54 to 60

AC124
MC
2
4
2
0
0
1
0
0
0
0

Sample from
Z97
6 hours of
MC
final HPR
1
5
4
10
2
3
4
4
2
2
0
2
1
1
0
1
1
0
0
0

The automated scan of the filters gave us the particulate
count only. The identification of the material of single
particulates has to be done manually. For this process we
use well-known reference samples and profit from the
experience gained by the daily quality control of meanwhile more than 2800 filters from the HPR cycles during
the last 18 years.
Tables 1 and 2 give an overview of the particulates we
found. The first table shows the particulate count on the
25x25 mm² area of each sample. In the second table the
particulate count is summed up for the single cavities but
shows the distribution of different materials. Table 3
shows the size distribution of the particulates for the sample taken at the main couplers of AC124 and Z97. For
comparison the result of the count of an HPR filter of the
last 6 hours of the final 12 hour rinse is added.
As the analysis with the optical microscope only gives
us two dimensions of the found particulates, we investi-
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CuNiSi
1
0
2
1
0
4
8
2
15
nuts

undefined
7
8
2
1
1
2
2
0
23

Sum
10
19
8
5
2
46
20
5

gated one filter further with a 3D laser scanning microscope (LSM). The LSM is routinely used to scan the 3D
surface geometry of replica and has a lateral resolution of
1 μm [5]. We used the LSM to determine the size of the
particulates in all three dimensions. An example average
organic and non-organic particulate is shown in Fig. 5.

RESULTS
Most samples had a very low amount of particulates in
the range of up to 15, with one outlier of 44. There was no
difference to be seen between the samples from the both
beam tubes of the cavities. The samples from the main
coupler areas showed much more particulates, including
the outlier.
Most materials are of known origin. The copper particulates can be explained with the couplers and the
CF-gaskets used at the angle valves. Niobium and NbTi
originate from the cavity itself and the nuts we use are
made in CuNiSi. The organic particulates are probably
introduced by the personnel, but could also be residues in
the ultra-pure water. Most interesting of course are the
“undefined” particulates which will be further analysed.
The particulate sizes found during disassembly are in
accordance to the particulates typically removed with the
HPR process of the cavities surface. We used the LSM to
determine the size of the particulates in all three dimensions, found on the filter.
The copper particulate from Fig. 5(a) has a diameter of
approximately 50 µm and a height of about 5 µm and thus
has a relatively flat appearance as can be seen from the
profile measurement. The organic particulate in Fig 5(b)
measures more than 60 µm in height and therefore exceeds the laser focus capability to get the exact full
height. It seems to pile up on the filter as can be seen
from the profile.
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Figure 5: LSM analysis of (a) a Copper and (b) an organic particulate.

CONCLUSION
During the disassembly of PXFEL3_1 we probed a cavity string for the first time for particulate contamination
inside the cavities. In total we took samples at 25 spots in
the string and analysed the samples. As we expected, the
count of particulates is quite low and most of the particulates are of known materials. The 23 particulates of undefined material will be further analysed. A scanning electron microscope (SEM) analysis will be applied and used
to determine metallic materials. As the SEM we use has
no automated particulate recognition, this method will
only be used for selected single particulates, which could
not be identified by the optical microscope.
For the next disassembly process we aim for an improved probing method. Mainly we want to make sure
that we transfer nearly every particulate on the surface to
the sample.

REFERENCES

[2] M. Schalwat, K. Escherich, N. Krupka, A. Matheisen,
„
B. Petersen, A. Schmidt, N. Steinhau-Kühl, Update of the
DESY Infrastructure for Cavity Preparation“, Proc. 15th Int.
SRF’11 Conf., Chicago, IL, USA, July 2011, pp. 401-411.
[3] A. Matheisen, R. Bandelmann, K. Escherich, N. Krupka, H.
„
Morales Zimmermann, A New High Pressure Rinsing System Established at DESY”, in Proc. 14 th Int. SRF0'9 Conf.,
Berlin, Germany, Sept. 2009, pp. 794-796.
[4] N. Krupka, K. Escherich, M. Habermann, K. Harries, A.
„
Matheisen, B. Petersen, Quality Control Update of Cleanroom for Superconducting Multi Cell Cavities at DESY”, in
Proc. 12th Int Workshop on RF Superconductivity (SRF’05),
Ithaca, NY, USA, July 2005, pp. 483-485.
[5] A. Navitski, E. Elsen, B. Foster, R. Laasch, D. Reschke, J.
„
Schaffran, W. Singer, X. Singer, Y. Tamashevich, R&D on
Cavity Treatments at DESY Towards the ILC Performance
Goal“, in Proc. 16th Int. Conf. on RF Superconductivity
(SRF’13), Paris, France, Sept. 2013, pp. 240-243.

[1] C. E. Reece, J. Spradlin, O. Trofimova, and A.-M. Valente-Feliciano, “Standardized Beamline Particulate Characterization Analysis: Initial Application to CEBAF and LCLS-II
Cryomodule Components”, in Proc. 18th Int. Conf. on RF
Superconductivity (SRF’17), Lanzhou, China, pp. 647-650
doi:10.18429/JACoW-SRF2017-TUPB106

TUP099
704

SRF Technology - Cryomodule
cryomodule assembly

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP100

THERMAL LOAD STUDIES ON THE PHOTOCATHODE INSERT WITH
EXCHANGEABLE PLUG FOR THE bERLinPro SRF-PHOTOINJECTOR
J. Kuehn∗ , N. Al-Saokal, M. Buerger, M. Dirsat, A. Frahm, A. Jankowiak, T. Kamps, G. Klemz,
S. Mistry, A. Neumann, H. Ploetz, Helmholtz-Zentrum Berlin für Materialien und Energie, Germany
Abstract
For the operation of an SRF photoinjector a wellfunctioning and efficient cooling system of the photocathode
is necessary. A test experiment was set up of the photocathode cooling system based on the original components, which
we call thermal contact experiment (TCX). We present the
results of our thermal load studies on the photocathode insert
with exchangeable photocathode plug. The goal was to test
all components before they are installed in the cold string of
the bERLinPro SRF-Photoinjector to ensure the operation
of very sensitive semiconductor photocathodes. The tests
include the investigation of the cooling performance, the
thermal load management and the mechanical stability of
the photocathode insert.

in the RF-filter with respect to the back wall of the half cell
cavity, because the position of the cathode is very critical
for the operation. The position of the photocathode should
be about 1 mm behind the back wall of the cavity to avoid
its overheating and contamination of the cavity. A laser distance measurement system has been set up up to investigate
the photocathode position in detail inside the photoinjector.

INTRODUCTION
Since 2012 the Helmholtz Zentrum Berlin is working on
the Berlin Energy Recovery Linac Prototype as one of its
future projects led by the Institute of Accelerator Physics
and the Institute of SRF - science and technology [1]. An important milestone was achievd by the commissioning of the
SRF photoinjector and the first electron fired from a copper
photocathode in 2018 [2, 3]. After the decommissioning of
the SRF photoinjector for the refurbishment of the gun cavity it was found that the photocathode insert was damaged
due to high thermal load based on RF losses during operation. Based on our experience the plug holding mechanism
was improved and had to be tested. Our study is motivated
to ensure a safe operation of the bialkali antimonide semiconductor photocathodes and to avoid the contamination
of the SRF cavity of the photoinjector when bERLinPro is
commissioned.

Figure 1: Cross section of the SRF photoinjector showing
the cavity geometry together with the cathode section [5].

Thermal Load Estimation
Simulations by A. Neumann (HZB Institute of SRF - science and technology) have been carried out to determine
the heat load on the cathode plug from RF-power losses
inside the gun module. It has been found, that if the cathode
position is about 1 mm behind the back wall, losses of about
5 W can be expected. During operation of the photoinjector
the photocathode is illuminated with a 515 nm photocathode
laser. For the 100 mA high current goal of bERLinPro and
an assumed photocathode quantum efficiency of about 1%,
a laser power of 25 W is needed. In total a heat load of about
30 W was estimated for the high current scenario with a
retracted photocathode.

SRF PHOTOINJECTOR

THERMAL CONTACT EXPERIMENT

Inside the module the cathode insert is cooled by 80 K
gaseous helium. For bERLinPro it is foreseen to run the
SRF photoinjector with Cs-K-Sb photocathodes as electron
source. A few nanometer thick films of this material are
grown on a polished molybdenum plug inside the photocathode production system, which the is transported under UHV
conditions to the SRF photoinjector via a vacuum suitcase.
At the photocathode exchange system on the gun side, the
plug is mounted on the cathode insert, which is then moved
carefully from room temperature into its final position inside
the RF filter at 80 K [4]. Fig. 1 shows the cross section
of the SRF photoinjector. The cathode insert carries the
photocathode plug, which has to be aligned very precisely

Based on the design of the SRF-photoinjector shown in
Fig. 1 a test experiment has been set up to study the thermal
contacts in Fig. 2.

∗
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Figure 2: Three interfaces: a - plug/insert, b - insert/RF-filter,
c - RF-filter/cooler.
In this experiment a modified cooling unit for liquid nitrogen has been used because of the easier handling in the
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Figure 3: A photograph of the assembled 7111 cathode insert for the SRF photoinjector and the exploded drawing.
laboratory compared to the 80K gaseous helium cooling
system which is integrated in the cryo feedbox of the gun
module.

Photocathode Insert
The design of the bERLinPro photocathode insert is based
on the development for the SRF photoinjector operated at
HZDR-ELBE facility. In Fig. 3 an assembled insert is shown
together with it exploded view. The outer shape is the same
as at HZDR, but for the plug holding and exchange mechanism the inside is more complex. For instance the force of
the spring plates has do be carefully adjusted to achieve on
one hand good thermal contact of the plug on the insert and
on the other hand the release of the plug the the manipulator
of the cathode exchange system has to work smoothly.

Experimental Setup
In Fig. 4 the 3D drawing of the experimental configuration is shown. Compared to the photoinjector cold string the
cooling is done by filling the cooler with liquid nitrogen. In
total eight PT100 sensors are used to measure the temperature at the plug, on the cathode insert, the RF-filter and at the
cooler. The sensors were mounted as close as possible next

Figure 4: 3D-drawing of the thermal contact experiment.
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to the interfaces. In this configuration it is possible to study
the thermal gradient in detail from the plug to the cooler
when the system is heated. A plug-adapter has been used
for a Lake Shore 100 W cartridge heater. The motion of the
insert due to cooling and heating has been observed with a
distance sensor (Micro-Epsilon capaNCDT6200) mounted
in front of the insert. In Fig. 5 a photograph of TCX-setup
is shown on the left. In the center there is an image showing
the experiment inside the vacuum vessel and the photograph
on the right shows the distance sensor. An example for the
measurement is presented in Fig 6. The colored lines represent the signals for the temperature sensors and the black line
shows the signal from the distance sensor. In this experiment
the power of the heater was raised to about 30 W after the
system was cooled down. One can clearly follow the motion
when the system is cooled down and that the insert moves
when it gets warm. The insert motion is reversible when the
system is cooled down again.

RESULTS
In this study we tested two inserts (7110 and 7111) and
two RF-Filters (Gun1 and TCX) with each other and tried
to tune the thermal contact with the force of the bayonet
spring and the plate springs inside the insert. The design of
7110 and 7111 is similar. The Gun1 RF-Filter was part of
the cold string during the SRF-photoinjector commissioning
with a copper photocathode plug and the TCX RF-Filter
was the spare part that we had in house. Both inserts were
manufactured with respect to the angle of the cone of the
RF-filter.
In Fig. 7 the plug temperature is plotted for different power
values in order determine the limit of each insert/RF-filter
combination. For this experiment the room temperature was
set as the limit for the final plug temperature. We found that
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Figure 5: Overview of the TCX-setup: (left) Vacuum chamber, (center) Insert inside the RF-filter with heater and sensors
and position marker for distance measurement, (right) distance sensor.

Figure 6: An example plot of the thermal contact measurement procedure. First the experiment is cooled down with liquid
nitrogen until the equilibrium is reached. The movement of the cathode insert can be followed via the signal from the
distance sensor (black). After the equilibrium is reached, the power of the heater was raised until room temperature is
reached at the plug, which also causes movement in the opposite direction.
a heat load about 30 W is necessary to heat the plug up to
room temperature and this is similar for all insert/RF-filter
combinations.

and cooled. In total the insert has moved about 100 µm
when a heat load of about 30 W was applied. With respect to

Heat Transfer Coefficients
Based on the temperature differences at each interface
for different power levels the heat transfer coefficients were
calculated for each transition. The heat transfer coefficients
for the configurations shown in Fig. 7 are plotted in Fig. 8.
Even if the observed plug temperatures are similar the heat
transfer coefficients for the plug/insert interface differ from
about 6500 W/Km2 up to 9900 W/Km2 .

Insert Motion
In Fig. 9 the insert motion measured with the distance
sensor is plotted depending on different power levels. It was
observed, that the insert moves reversible when it is heated

SRF Technology - Cryomodule
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Figure 7: Different plug temperatures at different powers for
two inserts and two RF-filters.
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the cathode position inside the photoinjector the plug moves
towards the cavity back wall when it gets warm.

Identification of Pairing
For safety reasons an additionally 20% offset was defined
which results in an acceptable heat load of 25 W inside the
gun for the photocathode plug. After finishing all tests in
the configuration as the insert has been used inside the gun
with respect to the plate springs and the bayonet springs. In
order to lower the temperature at the plug when 25 W heat
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load are applied the forces of the plate springs (TF) and of
the bayonet spring (D) were increased. Fig. 10 shows the
results of varying the plate springs and the bayonet spring
for the inserts 7110. It was observed that for insert 7110
and 7111 the temperature at the plug was the lowest in the
Gun1 RF-filter (about 260 K at 25 W). Insert 7110 could be
optimized by using the D252 bayonet spring (2.52 N/mm)
and a plate spring package with a force of 103 N to achieve
a similar low temperature in the the TCX-RF-filter as in the
Gun1 RF-filter with the D172 bayonet spring and a plate
spring package force of 80 N.

CONCLUSION

Figure 8: Heat transfer coefficients calculated for each thermal contact.

Based on our measurements we can narrow down the
working window for the SRF photoinjector with respect to
laser power and RF power losses to avoid the overheating
of the cathode insert and loss of the semiconductor cathode.
The cathode insert in its latest design can handle a thermal
load of about 30 W and the plug exchange mechanism is still
working after several iterations of heating and cooling. With
the goal of operating bERLinPro in the first stage at a lower
current, we expect that we can use the cathode insert without
any damage due to operation and harm for the gun cavity. We
are planning to pursue the experiments with the 80 K He(g)
cooling system to get closer to the operating conditions of
the SRF photoinjector. This experiment helps us to optimize
our cathode section components after manufacturing in more
detail.
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LCLS-II CRYOMODULES PRODUCTION EXPERIENCE AND LESSONS
LEARNED AT FERMILAB*
T. Arkan, J. Blowers, C. Ginsburg, C. Grimm, J. Kaluzny, T. Nicol, Y. Orlov, K. Premo, R. Stanek,
G. Wu, Fermi National Accelerator Laboratory, Batavia, IL, USA
Abstract
LCLS-II is a planned upgrade project for the linear coherent light source (LCLS) at SLAC. The LCLS-II Linac
will consist of thirty-five 1.3 GHz and two 3.9 GHz superconducting RF continuous wave (CW) cryomodules that
Fermilab and Jefferson Lab are currently producing in collaboration with SLAC. The LCLS-II 1.3 GHz cryomodule
design is based on the European XFEL pulsed-mode cryomodule design with modifications needed for CW operation. Two prototype cryomodules had been assembled and
tested. After prototype cryomodule tests, both laboratories
have increased their cryomodule production rate to meet
the challenging LCLS-II project installation schedule requirements of approximately one cryomodule per month
per laboratory. To date, Fermilab has completed the assembly and testing of eighteen 1.3GHz cryomodules. Fermilab
has successfully shipped nine cryomodules to SLAC and
will continue to ship approximately every two weeks. The
first 3.9 GHz cryomodule assembly is scheduled to start in
June 2019. Production readiness verifications are currently
in process. This paper presents LCLS-II 1.3GHz cryomodule assembly and production experience, emphasizing the
challenges, mitigations, and lessons learned.

INTRODUCTION
The LCLS-II main linac 1.3 GHz cryomodule is based
on the XFEL design, including TESLA-style superconducting accelerating cavities, and with modifications to accommodate CW (continuous wave) operation and LCLS-II
beam parameters [1]. Fermilab has completed the assembly
of eighteen cryomodules (CM) and all eighteen cryomodules have been tested at the Cryomodule Test Stand
(CMTS) at Fermilab. F1.3-1 is the prototype CM that was
assembled with a 6-month duration at the Cryomodule Assembly Facility (CAF) and tested at CMTS to shake down
the established infrastructure, to develop assembly travelers and to assess the needed manpower resources [2]. F1.32 through F1.3-4 were assembled in a pseudo-parallel assembly mode to ramp-up the production throughput. During the ramp-up phase, we hired and trained additional
manpower, refined assembly travelers, and developed
manufacturing bill of material (MBOM aka parts kits).
Starting from F1.3-5, peak production throughput of 1 CM
per 4 weeks is reached [3]. As we are nearing the completion of the 1.3GHz cryomodule assembly, we were able to
maintain a relatively stable hands-on technician workforce
since the halfway point of the production despite some expected and unexpected turnovers. Production and quality
culture are embedded well to the team using the established

and proven cryomodule assembly facilities infrastructure
and QA/QC systems in the laboratory. We had experienced
several challenges during the production and all these challenges are mitigated. Challenges that we experienced are
product and/or process related. Process related challenges
were minimized during natural improvement of production
and quality culture as the production progressed. Product
related challenges were also mitigated but they became
major cost and schedule drivers for the project. The aggressive schedule for the LCLS-II project caused us to follow
a nonstandard very fast product life cycle process. Production of the cryomodules started before the prototype cryomodule was tested in CMTS and transported. The XFEL
cryomodules were tested at DESY where they are installed
in the linac tunnel. The LCLS-II cryomodules are first to
be cold tested and then shipped to another laboratory for
installation to the linac tunnel.

CHALLENGES & MITIGATIONS
Field Emission
During testing of the F1.3-1 through F1.3-3 at CMTS
[4], we experienced excessive field emission (FE). The FE
specification requires the onset of measurable field to be
above a gradient (Eacc) of 14 MV/m for all cavities. Starting from F1.3-5, we started to increase quality oversight
during cavity string assembly in the cleanroom, and the FE
problem started to improve significantly. During the F1.37 cavity string assembly, the cavity beamline vent procedures were optimized. F1.3-7 is the first cryomodule tested
with no measurable FE. During F1.3-9 cavity string assembly, an external expert audit was conducted by Stephane
Berry from CEA/Saclay. Audit recommendations (infrastructure and assembly processes improvements) are
mostly implemented to achieve consistent FE performance
[5]. F1.3-17 is the latest cryomodule tested at CMTS. Figure 1 shows the FE performance of the tested cryomodules
at CMTS [6,7].

Microphonics
During F1.3-1 testing, microphonics detuning exceeded
the specification [8]. Thermal acoustic oscillations (TAO)
in the cryogenic valves internal to the cryomodule were
found to be the main culprit. Design and assembly modifications to reduce microphonics were immediately introduced during F1.3-2 assembly. During F1.3-2 testing, microphonics problems were reduced but the cavity at string
position #1 still did not meet the requirements of the
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LCLS-II project. Additional design and assembly modifications were done for F1.3-3 through F1.3-7. These modifications reduced the microphonics detuning. F1.3-7 is the
first module where all the cavities met the microphonics
requirements [3]. The most significant modifications are
shown in Figs. 2-4. Most of these modifications were later
retrofit to earlier cryomodules F1.3-1 through F1.3-6.

Figure 1: Field Emission Performance.
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Fasteners Improvement
During the testing for F1.3-3, the cavity at string position 3 experienced end group heating [4]. Further diagnosis
was done at CMTS after warm-up by accessing the thermal
intercepts for the high-order mode (HOM) for this end
group via the access ports on the side of the vacuum vessel.
There are 7 access ports on the opposite side of the fundamental power coupler (FPC) ports which are designed
mainly for tuner access. These access ports have proven to
be very useful for repairing several other problems and
eliminated the needed to pull the cold mass off the vacuum
vessel for many repairs. The thermal intercept clamp installed on the HOM connector was installed with indium
and torqued to specified value in a specified sequence, but
a bad thread on the fastener caused a false torque reading
and resulted in a loose thermal intercept installation during
cryomodule assembly. Corrective actions that were immediately introduced: extra QC steps such as checking the assembled thermal intercepts by wiggling the clamp and sink
and giving more attention to the torqued fasteners by peers,
lead techs and the responsible engineer.
Figure 5 shows the repair done in-situ at CMTS while F1.33 was warm but still on the test stand.

Figure 2: Better Liquid Management and Microphonics
Optimization.

Figure 5: Thermal intercept repair.

Figure 3: Wipers added to valve stem and reverse
configuration welding of the valves to reduce TAO.

Figure 4: Added bellows between gate valve-Cav#1 and
decoupled gate valve support from HGRP to reduce Cav#1
microphonics.
TUP101
710

During the assembly of F1.3-5, the RF group found
that Cav#2 HOM feedthrough center pin in broken. This
was found during the final HOM notch frequency tuning
before the lower heat shields were welded. After the RF
cable was removed, the broken pin was diagnosed. A tent
cleanroom was built. A nitrogen fogger was used to optimize the location and rotation speed of the fan filter unit.
Particle-free UHV disassembly and assembly procedures
were developed and tested on the bench with a spare cavity.
A HOM feedthrough with a broken pin was replaced and
leak checked successfully. This was a one-time incident,
and an official root cause analysis was not done. The mitigation strategy to eliminate re-occurrence is to ensure that
protective caps are installed throughout the cold mass assembly. The RF group also changed the procedure for
HOM notch frequency tuning by keeping the RF cable connected during tuning. See Figure 6.
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Figure 6: Broken HOM feedthrough replacement.
After the testing of F1.3-3, during warm-up, a beamline leak developed. This cryomodule was disassembled at
CAF for further diagnosis and to pinpoint the leak location.
The leak was located at the beam position monitor (BPM).
Three of the 4 electrical feedthrough flange connections to
the BPM body developed leaks. Fasteners which were
torqued to 12 N-m specification during string assembly
were loose. After the fasteners were tightened to 12 N-m,
two flanges stopped leaking. The remaining still leaking
flange was torqued to 16 N-m and the leak was eliminated.
Based on the findings, the root cause of the BPM leak was
deemed to be insufficient torque on the fasteners and loosening of the fasteners after thermal cycle. Corrective actions that were immediately introduced: increase the torque
for the BPM electrical flanges from 12 N-m to 16 N-m and
introduce a formal torque specification for all the cavity
string fasteners. Starting from F1.3-7, travelers were revised to specify the torque values and torque wrench use.
Due to the size of the leak observed, F1.3-3 beamline was
deemed to be contaminated and no longer particle free, so
this cryomodule was fully disassembled.
After testing of F1.3-5 and F1.3-7, during insulating
vacuum venting to atmosphere to expedite warm-up, 5 Torr
partial pressure of helium was introduced to insulating vacuum space before venting with nitrogen to atmosphere.
When helium was introduced to the insulating vacuum
space, a residual gas analyser (RGA) on the cavity string
beamline vacuum was monitored and a very small leak (E8 mbar x liter / second) was observed for both cryomodules. Based on the cryomodule internal temperature sensors, helium was introduced at 275 Kelvin which is slightly
below room temperature. When these cryomodules were
leak checked upon their return to CAF, no leaks were
found. These small beamline leaks experienced at CMTS
could not be found later during further diagnosis at CAF
on these 2 modules and they remain not well understood.

Transportation Improvement
F1.3-6 is the first cryomodule that Fermilab shipped to
SLAC for LCLS-II. F1.3-6 was tested successfully at
CMTS, and no vacuum leak during was observed during or
after the test. The shipping configuration: beamline is under vacuum (not actively pumped, not actively monitored/recorded). Warm end FPC vacuum/pumping line is
under vacuum (not actively pumped, not actively monitored/recorded). Insulating vacuum is pressurized to 4.3
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psig with boiled off nitrogen gas. During incoming quality
control checks at SLAC, it was found that the beamline
vacuum was at atmospheric pressure. Further investigation
at SLAC showed that the BPM electrical feedthrough
flange which faces down lost 2 out of 8 fasteners. One fastener was fully disengaged and fell; the other fastener was
hanging only by a thread. See Figure 7. Tuner access ports
were used to determine that some fasteners from the cavity
string position 1 tuner and cold mass upper assembly got
loose and fell during cryomodule shipping. The LCLS-II
project halted cryomodule production immediately to start
a formal investigation for the root cause of this catastrophic
failure.

Figure 7: BPM.
Two external audit teams were created focusing on design differences between European XFEL CM versus
LCLS-II CM and quality assurance/control practices followed during LCLS-II cryomodule production. At Fermilab, we started investigations to understand the root
cause of the unsuccessful F1.3-6 shipping. The first investigation was done to understand the BPM failure. We reviewed the product life cycle for this button BPM. The design is referenced to the XFEL button BPM. A closer look
revealed that XFEL drawings used to design LCLS-II BPM
were not the latest version drawings used for the actual
XFEL CMs. The fasteners that were specified to be used
on the LCLS-II BPM were not the same as those specified
for the XFEL BPM. Bench tests were performed with various configurations of BPM sub-assemblies. Test steps
were: Assemble per specification, leak check, check torque
post leak check, adjust torque as needed, thermal test,
check torque, leak check, disassemble, inspect seal. See
Figure 8 for one test setup after thermal test.

Figure 8: BPM cold shocked tested.
A few tests partially reproduced the failures (both
caused beamline vacuum leaks) experienced with F1.3-6
and F1.3-3. We have concluded from these tests that fastener type, material and specified torque used for the
LCLS-II BPM provide vacuum leak tight assemblies in the
cleanroom but do not provide long-term reliability for cavity string beamline vacuum integrity.
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The second investigation was made to improve cold
mass assembly fasteners’ reliability. Starting with F1.3-1,
a fasteners spreadsheet was created by the CM design
group. This spreadsheet specifies critical (structural, thermal connections) fasteners installation procedures. The upper cold mass assembly (UCM) is fabricated at an industrial vendor. The fasteners installation specifications are
shown in the drawings and fabrication specification document. When the first UCM arrived from vendor, some
loose hardware was observed during incoming QC. The
vendor was contacted to correct this problem for future deliveries. We did not experience any loose hardware for future deliveries. Based on the recommendations from quality assurance/control practice audit, we have revised the
fasteners spreadsheet to include all (not only critical) fasteners. The goal is to ensure at least two means of locking
to a fastener (such as Loctite and torque). We also contacted the UCM vendor to increase QA/QC procedures and
documentation during fasteners installation for the UCM
assembly.
F1.3-6 is then returned to Fermilab for disassembly
and further investigation of the beamline failure. Cryomodule is partially disassembled for thorough beamline leak
check mostly to better understand the BPM leak and assess
if there are any other leaks in the beamline. During leak
check, we were able to pump down to a marginal vacuum
level, first attempt was done to tighten the BPM fasteners
to fix the big leak so we can pump down to a good vacuum
level and conduct planned leak checks. To our surprise, the
marginal vacuum level did not get better, further investigation with an audio amplifier scope, we found a leak on
Cav#4 cold end couplers bellows. We removed this cold
end coupler and replaced it with a blank flange. The marginal vacuum level did not improve. We then found another leak on Cav#5 cold end coupler bellows. After removing this leaky coupler, we were able to pump down and
conduct the leak check. No other leak was found including
the BPM, though because we had to tighten the BPM fasteners at the beginning of the leak check, we probably fixed
the small leak therefore after cold end couplers bellows big
leaks were eliminated, BPM leak was not present.
The disassembled cold end couplers showed that the convolutions of the bellows were damaged for both couplers
and caused the catastrophic beamline failure for F1.3-6.
See Figure 9.
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an autopsy on the F1.3-6 couplers, we found that the G10
coupler support parts experienced some scoring and G10
dust was found on all the supports. See Figure 10.

Figure 10: G10 coupler supports friction dust and scoring
points to excessive motion during cryomodule shipping.
The vacuum vessel removed from F1.3-6 was inspected for damage and some unusual wear marks were
found inside the vacuum vessel (Figure 11). These wear
marks indicated that the cold mass moved and shifted inside the vacuum vessel during cryomodule shipping.

Upstream sliding support

Downstream sliding support

Figure 9: First convolution of the bellows is broken.
A new investigation was started to understand the root
cause of these bellows convolutions failures. Looking at
the fundamental power coupler design [9] and performing
TUP101
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Center fixed support
Figure 11: Wear Marks on F1.3-6 Vacuum Vessel.
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These findings triggered a review of the cryomodule
assembly travelers; we changed the procedures and added
torque and multiple check-and-verify requirements to ensure that the cold mass is properly secured inside the vacuum vessel. An extensive investigation was also done by
several multi-laboratory teams to better understand the root
cause of the coupler bellows failures. These investigations
concluded that the bellows used on the couplers is properly
manufactured and properly handled during cryomodule assembly. There were no indications that anything done by
coupler vendor nor the cryomodule assembly group which
could have caused these bellows to fail during cryomodule
shipping. As part of this extensive investigation, cryomodule shipping procedures and fixtures were also investigated
to further understand the root cause of the cold end coupler
bellows failure. [10] Simulations, shaker table tests using
actual coupler components, road tests using the concrete
dummy cryomodule with extensive and sophisticated instrumentation (such as shock logs, accelerometers, laser
displacement sensors etc.) indicated that performance of
the LCLS-II shipping end caps and shipping frame fixture
are very different from those for XFEL (the design basis
for the LCLS-II fixture). The shipping caps as designed did
not provide reliable support of the cold mass inside the vacuum. The shipping frame fixture isolation system was very
stiff; the isolation springs were not properly sized to
dampen unwanted shocks and to restrict the undesired motion. After improvements were done and approved by the
project team, F1.3-5 was used for local transport tests with
the improved fixtures and procedures. To our surprise,
F1.3-5 experienced a beamline failure during local
transport tests. In further investigation of the beamline failure, we found the same cold end bellows failure on Cav#1
cold end coupler bellows. An in-depth analysis of the data
showed that the fundamental power couplers as assembled
in the cryomodule experience motion which results in failure of the cold end coupler bellows. This was not experienced for the 100 XFEL cryomodules shipped from
CEA/Saclay France to DESY, Germany. The reason for
this is currently being investigated by DESY team with
some shaker table bench tests.
For LCLS-II cryomodules shipping, it was decided
that we need to reduce / eliminate this unwanted coupler
motion. One alternative is to remove and ship the cryomodule without warm end couplers. The beamline is under vacuum during cryomodule shipping. In order to support the
vacuum forces on cold end coupler bellows, restraint rods
also called “Berry Bolts” are used. These are shipping restraints and need to be removed during warm end coupler
assembly after shipping. Fermilab shipped the F1.3-4 cryomodule with this configuration to SLAC and it arrived
with beamline vacuum intact. Although it was expected to
be the most technically safe solution for the cold coupler
bellows, the logistics and cost of warm end coupler installation at the SLAC linac area were deemed difficult to
overcome and this scheme of cryomodule shipping was
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dropped. The JLab team developed a scheme to install temporary supports called M-mounts to the coupler. (See Figure 12). This scheme does not require warm end coupler
disassembly and provides the needed support to minimize
the motion of the coupler which causes cold end bellows
failure.
To date, Fermilab has successfully shipped seven cryomodules using the M-mounts. F1.3-12 recently suffered a
beamline loss incident at SLAC during incoming QC and
preparation for moving to the linac tunnel. During Mmount removal, accidentally, the cold end coupler bellows
convolution was cut/damaged with the diagonal cutter that
is used to cut the plastic zip tie that holds the M-mount in
place. This incident halted cryomodule shipping for a short
period. A review of the work control and planning documents, hands-on personnel training, adherence to work
control and planning documents, and generation of off-normal work control and planning documents, as needed, were
revisited at SLAC and partner labs (Fermilab and Jefferson
Lab). This prompt action resulted in resuming cryomodule
shipping to SLAC. Unfortunately, F1.3-12 is a damaged
cryomodule and has been returned to Fermilab for full disassembly.

Figure 12: M-mount installed on an LCLS-II coupler.

CONCLUSION
With the corrective actions in place and lessons
learned applied, 1.3GHz cryomodule production is nearing
completion, with 18 of 19 cryomodules assembled and
tested. Fermilab has shipped 9 cryomodules to SLAC. 8 out
9 cryomodules were shipped with M-mounts and arrived to
SLAC with beamline intact. Unfortunately, one cryomodule was damaged after safe transport.
Fermilab will start LCLS-II 3.9GHz cryomodule production in July 2019. Lessons learned from 1.3GHz cryomodules production will be directly applied to 3.9GHz cryomodules production.
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SUPERCONDUCTING HARMONIC CAVITY FOR BUNCH
LENGTHENING IN THE APS UPGRADE*
M.P. Kelly#, Z.A. Conway, M. Kedzie, S. MacDonald, T. Reid, G.P. Zinkann, U. Wienands
Argonne National Laboratory, Argonne, IL, USA
Abstract

Table 1: Bunch Lengthening System Parameters

A superconducting cavity based Bunch Lengthening
System is under construction for the Argonne's Advanced
Photon Source (APS) Upgrade. The system will reduce the
undesirable effects of Touschek scattering on the beam
lifetime by providing bunch lengthening in the longitudinal
direction by 2-4 times. The major technical components for
the
beam-driven
1.4
GHz
fourth
harmonic
superconducting cryomodule are in hand and have been
tested. These include a superconducting cavity, cw rf
power couplers, a pneumatic cavity slow tuner and
beamline higher-order mode absorbers. Initial assembly
and engineering testing of the cryomodule is underway.
Final integrated testing will be complete in 2021.
Transportation to and commissioning in the APS is planned
for 2022-23.

INTRODUCTION
The Argonne National Laboratory’s Advanced Photon
Source (APS) is entering the construction phase of a major
upgrade of the synchrotron that involves replacement of
the present storage ring with an ultra-low emittance design
based on a multi-bend achromat. The small transverse
beam size means that Touschek scattering will be the
dominant effect on the storage ring beam lifetime.

Parameter

Value

Unit

Operating temperature

2.1

K

R/Q

104

Ohm

Quality factor (min. 2.1 K)

6x109

External QL range

2x105-2x107

Nominal QL

6x105

Offset frequency

10

kHz

Cavity resonant frequency

1408

MHz

Beam induced voltage

1.25

MV

Detuning angle

83

degrees

Cavity loaded bandwidth

2.35

kHz

Beam loss power (QL=6x105)

25

kW

Cavity wall loss power

2.5

W

Peak surface E-field (@1.25 MV)

24

MV/m

Peak surface B-field

49

mT

To mitigate this effect, a single beam-driven 4th
harmonic bunch lengthening cavity will be used to increase
the rms bunch length to about 110 ps. The resulting beam
lifetime will be about 3.5 hours for a 200 mA electron beam
current distributed among 48 bunches [1].
Table 1 shows the basic design parameters which have
evolved since the initial conception [2]. The cavity will
operate at 2.1 K while providing an equivalent potential of
1.25 MV with reasonable losses into the liquid helium bath.
The detuning angle of the rf field with respect to the time
of arrival of the beam is 83 degrees (7 degrees from zero
crossing) and is determined by the offset frequency, 10
kHz above resonance, and the nominal external quality
factor of 6x105. The nominal QL implies a beam loss power
of 25 kW which will be extracted by two power couplers
and dissipated into water-cooled loads outside of the
cryomodule.

TECHNOLOGY DEVELOPMENT
Figure 1: Top-loading 2-meter long bunch lengthening
cryomodule.
_________________________
*This material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, under contract
number DE-AC02-06CH11357, and the Office of High Energy Physics,
under contract number DE-AC02-76CH03000. This research used
resources of ANL’s ATLAS facility, which is a DOE Office of Science
User Facility.
# mkelly@anl.gov
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4th Harmonic Cavity
A pair of 1.4 GHz niobium single-cell elliptical cavities
have been fabricated, with one to be used for operations
and the second as a production-ready spare. One cavity has
been fully processed, assembled and tested in the ANL
cavity test cryostat #2, while the second cavity will be
tested in 2019-2020 inside of the recently delivered
vacuum vessel shown in Figure 1.
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Figure 3: Cavity performance curves at 2 K at 4.5 K.

Figure 2: Niobium cavity subassembly (top) and
production-ready higher-harmonic cavity (bottom).
The cavity beam ports (oriented roughly horizontally in
Figure 2) are large diameter, 10 cm and 7 cm respectively,
on left and right and naturally allow the important higherorder modes to ‘flow’ out of the cavity. The two large
vertical ports oriented 180o apart are for the 20 kW nominal
fundamental rf power couplers. A small rf pickup port is
located on the cavity underside. The stainless steel helium
vessel has two ports, one on the top and the other on the
bottom, in order to facilitate cool down from room
temperature at a rate of approximate 1 K/minute.
Figure 3 shows the measured cavity performance at 2 K
and 4.5 K. The measured quality factor was close to the
original design goal at 4.5 K and it exceeds the nominal
design goal at 2 K. In the case of 4.5 K operation, the cavity
fields were gradually turned up to an equivalent
accelerating voltage of 1.1 MV over the course of several
minutes. Interestingly, almost no conditioning activity was
apparent as observed on the RF pickup signal or the test
cryostat radiation monitoring system. The maximum
voltage at 4.5 K was limited by the available 80 Watt
1.4 GHz RF amplifier.
For 2 K operation, the cavity field was turned up to
2.1 MV, also with no observable conditioning. However,
at the maximum voltage, the onset of what is believed to
be a multipacting barrier was observed as indicated by the
presence of x-rays. During these tests, the explicit choice
was made not to try to condition the barrier, since the
voltage is nearly a factor of two above the nominal design
value and aggressive conditioning is well-known to be a
possible source of Q degradation.
TUP102
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The cavity field performance at both 2 K or 4.5 K is, in
principle suitable to provide VACC of about 1 MV with no
further development. There are, however, important tradeoffs between the two cases. Since the conception of the
system in 2014, the requirements have evolved, and in
particular due to additional energy losses in the storage ring
insertion devices which were not initially considered. This
led to a desire to increase the bunch lengthening voltage
from 0.84 MV to 1.25 MV. At the higher voltage, the heat
load at 4.5 K approaches 100 Watts so that 4.5 K operation
becomes increasingly inefficient and less attractive. For
this reason the choice was made to switch to nominal 2.1 K
operation.

Higher-order Mode Absorbers
Cavity wakefields excited by the recirculating electron
beam may be resonantly excited if the beam current
spectrum drives one or more of the higher order modes
(HOMs) in the harmonic cavity. These beam induced
HOMs must be damped to avoid excessive cryogenic loads
from RF heating and multi-bunch instabilities which could
limit the practical single bunch charge. The strategy for
HOM damping in the bunch lengthening system is to damp
all possible monopole and dipole HOMs with the
conservative assumption that they are excited on resonance
by the beam. This strategy implies that we do not control
the HOM resonant frequencies with respect to the beam
harmonics.
Instead, a pair of broadband RF absorbers are positioned
just outside the ends of the cryomodule at room
temperature. These so-called beam pipe HOM absorbers
are intended to damp all relevant HOMs. This method
requires that HOMs excited in the cavity be extracted
through beam pipes. One of the cavity beam pipes is flared
to a diameter larger than the cavity iris such that the first
and most strongly interacting HOM, the TE11 mode,
propagates along the large 10 cm beam pipe. All other
monopole and dipole modes propagate similarly out of one
side or the other of the cavity, along the beam axis and into
the water-cooled HOM absorbers.
The HOM absorber material is fundamentally a lossy
ceramic hollow cylinder whose inner diameter is matched
to the envelope of the beam pipe vacuum volume. The
SRF Technology - Cryomodule
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Figure 4: Higher order mode damper assembly.
graphite-direct-sintered silicon carbide, Coorstek SC-35,
was been chosen based on experience in the Cornell ERL
Injector Cryomodule [3]. Dielectric properties of this
material, which determine the strength of HOM damping,
have been experimentally characterized. Scattering
parameters measured in a coaxial transmission line
assembled with the SiC tube show that dielectric constant
ε=45 and loss tangent, tanδ= 0.45.
The SiC tube inserted into the beam and visible in Figure
4 is itself a resonator with a broad bandwidth due to the
high loss tangent. The inner diameters are 104 mm for the
larger damper and 70 mm for the smaller and are the same
as the cavity beam pipe inner diameters. The length and
thickness are the same for both absorbers and are, 135 mm
and 5 mm, respectively.
The dimensions of the SiC tubes, which determine the
frequency range of the broadband resonance, were chosen
such that the resonance of each SiC tube occurs for
frequencies between 2 and 4 GHz. This is a favourable
situation, since essentially all of the high R/Q modes for
the harmonic cavity fall within this frequency range.

RF Power Couplers
The capability to adjust the loaded quality factor of the
bunch lengthening system provides a valuable and
independent means of optimizing the bunch lengthening
properties. As such, a pair of fundamental rf power
couplers was designed as part of the system. These will be
used to extract up to 32 kW of rf power in order to maintain
the 1.25 MV harmonic cavity voltage for a range of beam
currents and to avoid the Robinson instability.
Each coupler will nominally extract half of the power
and transport that power out of the cryomodule into a water
cooled load. The coupler design is based on a pair of simple,
rugged disc-shaped rf windows, one warm and one cold.
The 50 Ω line impedance in the windows is maintained by
tapering the center conductor, to a small diameter at the
locations of the disk-shaped rf windows.
The components of the production coupler are shown in
Figure 5 in the so-called test stand configuration where cw
rf power was injected into one coupler, transmitted through
a bridging section of coaxial line into the second coupler,
and finally to a water-cooled load. The heating in the
coupler was measured in full transmission using the
available 18 kW of rf power at 1.3 GHz for 3 hours.
Heating was measured using a series of thermometers
SRF Technology - Cryomodule
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Figure 5: Test stand configuration for a pair of fundamental
RF power couplers.
located both on the outside and inside of the transmission
line. Similar measurements were performed for several
lower levels of rf power with no problematic multipacting,
conditioning, or excessive heating observed at any power
level.

SU.MMARY
After successful development of the key technical
components, a superconducting cavity-based Bunch
Lengthening System is now under construction for the
Argonne's Advanced Photon Source (APS) Upgrade. The
system will provide a major practical benefit to the
majority of APS users by increasing the storage ring beam
lifetime by 2-4 times. The major technical components are
the
beam-driven
1.4
GHz
fourth
harmonic
superconducting cavity, a simple and robust pair of
beamline higher-order mode absorbers and a pair of
1.4 GHz cw rf power couplers. Initial assembly and
engineering testing of the cryomodule is underway. Final
integrated testing will be complete in 2021.
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PANSOPHY DATA AS USED TO DEVELOP METRICS AND EVALUATE
TRENDS ACROSS SRF PROJECTS AND FACILITIES TO FURTHER
QUALITY IMPROVEMENT INITIATIVES
M. G. McDonald, V. D. Bookwalter, M. Dickey, E. A. McEwen
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract
Pansophy, a JLAB SRF engineering data management
system (EDMS), is composed of a collection of technologies that together provide for the collection, management
and analysis of data for the production and testing of cavities and cryomodules. From its inception in 2000, when
data collection was a priority for such projects as SNS, CEBAF 12GeV upgrade, LCLS-II, and in the future the SNSPPU, the focus has turned to data analysis and reporting on
quality metrics and key performance indicators (KPIs). Reporting enhancements include monthly quality metrics,
project specific KPIs, and trending across projects. With
the use of Pareto Charts to help analyze vendor quality and
non-conformance, timelines of project and facility metrics,
project managers and subject matter experts (SME) are
able to look for trends and prepare further quality improvement initiatives for their projects.

INTRODUCTION
Pansophy is a web-based system that is composed of a
series of technologies and programs, including extensive
Microsoft Word macros, Adobe ColdFusion, JavaScript,
and an Oracle database, that collects data produced during
the manufacturing and testing of cavities and cryomodules.
Pansophy development started in 2000 with the purpose of
data collection for projects at Jefferson Lab. The first largescale project that utilized Pansophy was SNS at Oak Ridge
National Laboratory in 2004, shortly followed by Jefferson
Lab's C50R project in 2007.
Since its inception, the focus of Pansophy development
has shifted from data collection to data mining, to evaluating quality trends. The change in focus to data mining was
introduced in the second version around 2011, which was
used for projects such as C100, JLab’s 12GeV upgrade,
Renascence, FEL and other cryomodule (CM) upgrades.
Quality metrics and trending evolved during the end of the
12 GeV upgrade and further by C75, a cryomodule refurbishment, and LCLS-II. Additional quality metrics and
trends are being evaluated for future projects such as SNSPPU and LCLS-HE. Pansophy gathers parameters ranging
from receiving documents, serial numbers, leak check data,
shipping criteria, assembly locations, inspection stats, and
processing. A large amount of data is collected and archived to enable data mining into quality metrics, to ensure
traceability and to evaluate trends within and across projects. Figure 1 depicts how many travelers are instantiated
each year.
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Figure 1: Number of travelers instantiated by year.

DATA COLLECTION & MANAGEMENT
Data Collection
Quality analysis and statistics at JLab are dependent on
accurate data collection managed through our web-based
system, Pansophy, using travelers authored by subject matter experts (SME).
Travelers, the base unit of Pansophy, start as an MSWord
document housed in a template that is composed of a series
of macros defined to aid the author by simplifying the construction. The SME in a particular area lays out the process
to be completed and what data is to be collected. Once the
SME has written the traveler, it is then sent to other SMEs
for review and approval. After the SME approve and signs,
the traveler is sent to the document coordinator for processing.
A wide variety of data is collected in Pansophy including
receiving documentation that is collected in the inventory
section of Pansophy, PRIMeS, test data sent from vendors,
timestamps to document when a task was completed, file
attachments to keep track of graphical results, cryomodule
test results and cryomodule shipping documentation. Figure 2 shows how many travelers are instantiated by project,
with LCLS-II having the highest amount.

Figure 2: Number of travelers instantiated by project.
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Data Management
Data Security and History The large amount of data
collected in Pansophy calls for extensive data management. At the bottom of each traveler page is a "Submit to
Database" button. This button enters and secures the data
into the database while, simultaneously retaining it on that
page of the traveler. Each time the submit button is clicked,
a new line entry, with a modification date and modification
user, is entered into the traveler database table. Previous
entries are obsoleted, not deleted or overwritten. This allows the opportunity to view data that may have been accidentally deleted by the user and a timeline can be built
with all previous data.
Timestamps The use of timestamps helps keep track of
when a process was performed and can later be used to
measure the length of time it takes for a task to be completed. The timestamps in a traveler have a "Now" button
that the user can easily click and it will insert the current
date and time, and when immediate data entry isn't available, the user can type the date the task was performed.
Consistency To ensure consistency across projects, serial number acronyms are universally predefined, e.g., cavity serial number is always CAVSN and field probe feed
thru is FPFTSN. Serial numbers are used to ensure traceability of a part throughout the cryomodule assembly process. They are loaded into the database through PRIMeS
and attached to a specific project with a project code, i.e.,
L2PRD, so part serial numbers are unique to the project
they belong to. This system prevents the user from mistyping a serial number into a traveler resulting in a disruption
in the traceability of a part.

PRIMeS
The Production and Research Inventory Management
System (PRIMeS) is a unique inventory system that combines the features of a library system, quality control system, and job box functions.
Project parts are delivered to inventory and entered into
PRIMeS. In PRIMeS, parts are identified by project, drawing, and acronym. This is the only place where serial numbers are hand typed into Pansophy. As part of the receiving
process, the serial numbers are inserted into a data table
and made available to travelers in the form of a select box.
PRIMeS is the starting point for traceability.
PRIMeS also maintains a record of the inspection status
for parts. This ensures that only qualified parts are selected
for issue to assemblies.
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for team managers, group leaders, and project specific
managers to easily track their progress. For certain projects, such as LCLS-II, specialized reports are sent out
weekly to compare progress to the previous week. Separate
reports are created for monthly quality board meetings that
display the status of active projects.
When a user is inserting data into a traveler and there is
a part with a non-conformance, i.e., dimensional issues,
scratches, test failures, etc., the user will generate a nonconformance report (NCR). To allow for project specific
metrics to be measured, NCRs are available for each project in its project area. Together with the data collected in
travelers, NCR data allows for a vast variety of graphs, tables, and grids to be generated for incorporation into summary reports.

Reports
Project Open and closed by project shows the number
of travelers in a project exist for a specific traveler ID and
how many of those are opened and closed. This report is
also available for NCRs.
Month Travelers and NCRs open and closed by month
show how many travelers or NCRs were opened and closed
in a month.
Classification NCRs by classification is a pareto chart
that groups NCRs by their categories, i.e., scratches, dimensional, VTA RF performance, etc., to show the primary
causes of non-conformance.
Timelines The timeline chart groups the amount of time
from the instantiation of a NCR to the initial disposition,
from initial disposition to rework, and from rework to final
disposition of the part. The chart also visually color coordinates stacks by disposition, whether it be Use As Is, Reject, Return To Vendor or Hold, giving immediate feedback
to SMEs on part NCR resolution and Vendor quality.
These specific reports are shown in Fig. 3.

QUALITY METRICS & TRENDS
A metric should include a need or purpose, provide useful relevant information. Metrics should be measurable
with reasonable accuracy and reflect the true status of a
project [1]. SRF at JLab started the mining of data for
measuring quality metrics in 2014, with the majority of the
focus being on the non-conformance of parts and the timeliness, completeness, and accuracy of data collection.
Though the reports that are generated in Pansophy are
available for all users to view, they were originally created
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Figure 3: Travelers Open/Closed by Project, Travelers
Open/Closed by Month, NCR Classifications by Project,
NCR Time Lines.

Trends Across Projects
Pansophy is built to make it easy for a user to mine a
variety of data and import into Excel for analysis. A great
use of this feature is to compare results across projects. For
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example, data collected from cavity vertical RF tests across
all projects can be pulled to compare such things as field
emission (FE) onset or Qo. The closure rate of NCRs or the
number of NCRs per product or vendor gives insight for
both the current project and comparison or upfront feedback for future projects.
The total number of cavity RF tests performed is measured against the number of planned tests and opportunity
tests, with the goal of achieving a 75% completion of
planned tests. Racking the completion of panned tests gives
information on the throughput of the Vertical Test Area
(VTA) and gives insight to areas that improvements can be
made to make better use of the facility.
Additionally, facility quality metrics such as particle
counts in the cleanroom and the ultra-pure water (UPW)
system are matched against processing techniques by overlaying the timestamps in travelers. The overlaying aids in
troubleshooting through an understanding of the clean
room and UPW quality at the time assemblies were being
completed. This is beneficial to help improve both how assemblies are performed and the quality of the facility.

Lessons Learned
When a project is finishing up, project managers and
SME get together to review all of the project specific reports to see what can be improved to help the productivity
of future projects. This includes changes in the reporting
process is done in Pansophy, to technical specifications for
vendors, to how parts are serialized for congruency. The
lessons learned report completed for the 12 GeV upgrade
project [2], brought the recognition of the importance for
quality metrics. Although the LCLS-II project is still underway, work on lessons learned is already in progress.
SMEs have been providing feedback on vendor quality,
project management, and ways to further the use of Pansophy data. LCLS-II has reinforced the importance of data
collection.
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Figure 4: Pansophy timeline.
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CLOSING REMARKS
Pansophy is continuously growing to help improve the
way in which data is collected, mined, and reported. Accurate entry of data and timestamps can have a major impact
on the quality metrics being monitored. To aid in this area,
automation of data entry from test and facility equipment,
macro enabled data collection and processing, and ease of
access and usage of Pansophy are being investigated. Additional quality metrics are being vetted by the quality
board members for future projects. Lessons learned, adequate procedures, and solid data collection and reporting
will push Pansophy into preparedness for the next generation of projects. The past and future of Pansophy is demonstrated in Fig. 4.
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IMPROVEMENT OF A CLEAN ASSEMBLY WORK FOR
SUPERCONDUCTING RF CRYOMODULE AND ITS APPLICATION TO
THE KEK-STF CRYOMODULE
H. Sakai#, E.Kako, T.Konomi, K. Umemori, Y. Yamamoto, KEK, Tsukuba, Ibaraki, Japan
T. Ebisawa, A. Kasugai, QST, Rokkasyo, Aomori, Japan
Abstract

We usually encountered the degradation of the
superconducting RF cavities on the cryomodule test even
though the performances of these cavities were good on the
vertical test. In reality, the degradation of Q-values of two
cavities of cERL main-linac were observed after
cryomodule assembly in KEK [1] and STF cryomodule
also met the degradation after the cryomodule assembly [2].
Some dusts and invisible particles might enter the cavity
and generate field emission during the assembly work.
Field emission is the most important cause of this
degradation. In this paper, at first we introduce some
improvements of the clean assembly works to SRF cavity
by re-examining our clean assembly work and vacuum
work. For example, slow pumping system with vacuum
particle monitor was developed to know and control the
particle movement during slow pumping and venting. Next,
we show the application of this improved work to the STF
re-assemble cryomodule work in KEK.

INTRODUCTION OF STF CRYOMODULE
STF cryomodule was constructed to demonstrate to
establish the fundamental technology for Superconducting
RF cavities with beam operation for the ILC [3]. STF
cryomodule consists of a capture cryomodule, and a STF2 cryomodule. The STF-2 cryomodule includes twenty 1.3
GHz 9-cell TESLA-like cavities as shown in Fig. 1. The
construction of STF-2 cryomodule was completed in 2014
after authorization of high pressure gas code in Japan. As
already described in Ref. [4], vertical tests (V.T.) for
twelve cavities, cavity string assembly and low power test
during 1st cooldown were done. And high power test during
2nd cooldown in 2015 were described in Ref. [2].

Figure 1: Layout of STF-2 cryomodule. Numbering of
cavities are also described in STF-2 cryomodule.

Complicated methods were taken for cavity string and
STF-2 cryomodule assembly, because of a small clean
room and tunnel hatch in STF. We briefly summarize the
assembly work after the vertical tests and those results in
this part. First, the 4 cavities were connected in series for
string assembly in an ISO class 4 (class 10) clean room
after the vertical tests. The two 4 cavities that had been
transported into the STF tunnel were connected in a local
clean booth, and these eight cavities that constituted the
CM-1 part, as shown in Fig. 1, were completed. After
string assembly of another 4 cavities in a class 10 clean
room and installing these cavities to the cryostat CM-2a
part as shown in Fig. 1, the CM-2a was transported into the
STF tunnel and was installed in downstream of the CM-1.
Finally, CM-1 part and CM-2a part were connected in a
local clean booth as STF-2 cryomodule. And high power
test were performed by using STF-2 cryomodule.
Unfortunately, three cavities of #5, #6 and #7 as shown in
Fig. 1 degraded by heavy field emission [2]. During cavity
string connection in a local clean booth at STF tunnel,
some irregular works were done, and possibly, those
cavities might be contaminated by many dusts. The
contents of irregular works are the followings:
•
Use of a local clean booth without laminar flow
•
Sudden extra argon gas purging when the gate valve
opened.
Sudden purging was done when the gate valve opened
between #4 and #5 cavities as shown in Fig. 1. We note
that the gate valve between #8 and #9 cavity did not open.
In 2019, we planned beam operation by using STF-2
cryomodule [5]. We worried that the degradation would
occur again after opening GV between #8 and #9 due to the
poor assembly work with a local clean booth and vacuum
work as described above. It is necessary to improve our
clean assembly work not to degrade the cavity performance.
Therefore we decided to reassembly work between CM-1
part and CM-2a part in STF-2 cryomodule by improving
the local clean booth with higher specification, and
assembly techniques for cavity string connection and
vacuum work.
In this paper, we describe the improvement works of
clean work at a local clean booth and vacuum work and
show the actual application to STF-2 cryomodule by using
this improved clean work method.

____________________________________________
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IMPROVEMTS OF CLEAN ASSEMBLY
WORKS
New Local Clean Booth
In order to improve our local clean booth, we prepared
new clean bench. Figure 2 shows the schematic view of our
new local clean booth by using new local clean bench
named as KOACH [6], which should be compared with
previous clean assembly work [2].

Figure 2: (Left) the open clean bench “KOACH”. (Right)
Conceptual design of new local clean booth for STF-2
cryomodule. Yellow area is estimated to give ISO class 1
clean environment by using KOACH.
The KOACH makes ISO class 1 clean environment with
the original filter and laminar flow. A very clean area of
ISO class 1 is made by the filters facing each other even
though this clean area is not covered by some clean sheets.
This is the concept of this KOACH and some clean room
for superconducting cavity is made by this KOACH [7].
The right figure of Fig. 2 is our conceptual design for
making a local clean booth by using KOACH.
Unfortunately, we did not get the clean laminar flow on the
previous clean assembly work because the return pipe of
the crymodule obstructed making the laminar down flow at
the cavity region. Side laminar flow created by KOACH
makes clean environment at cavity region. In addition, we
found that the encountered flow kept clean at a half side of
this clean area even though the worker stood at another half
side in this clean area as shown in the right figure of Fig. 2
[8]. Therefore, the half area of this clean area fully covered
the cavity region as shown in the right figure of Fig. 2.

Slow Pumping and Venting System
Figure 3 shows the pictures of our slow pumping and
venting system. Figure 4 shows the schematic diagram of
slow pumping and venting system for a superconducting
cavity. The pumping system is similar to the pumping
system which was used on EURO-XFEL construction [9].
However, the vacuum particle monitor [10] was equipped
to measure the particulates under pumping and venting in
our system. Furthermore, all valves were manually
controlled to slowly move the gate valve. This is necessary
not to produce particulate by moving the gate valve [11].
Slow pumping and venting speed was controlled by mass
flow meter. During slow pumping, the mass flow meter
controlled the flow via the bypass line with small pipe.
When the pressure reached to less than 100 Pa, the
pumping line changed to the main pumping line with large
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diameter of 40 mm to obtain sufficient conductance and
finally the cavity vacuum was pumped by Turbo Molecular
Pump (TMP). Nitrogen gas was used for slow venting and
the diffusers were set on the slow venting line. The pressure
was measured by an ion crystal gauge. Dynamic range of
the vacuum particle monitor is from 0.3 µm to 3.6 µm. The
slow pumping speed is typically 0.6 l/min and venting
speed is 0.2 l/min.

Figure 3: Picture of slow pumping & venting system.

Figure 4: Detailed block diagram of slow pumping &
venting system with 9cell cavity and valve assign (red).

STF-2 CRYMODULE REASSEMBLY
WORKS AFTER IMPROVEMENTS
Figure 5 shows the actual configuration during the
cryomodule reassembly work between CM-1 part and CM2a part. Figure 6 shows the detailed setup of new clean
booth beside the STF-2 cryomodule with slow pumping
and venting system as shown in Fig. 5.

Figure 5: Actual configuration during the cryomodule
reassembly work between CM-1 and CM-2a.
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Figure 6: Detailed setup of clean booth in Fig. 5.
There is a bellows between CM-1 and CM-2a in STF-2
cryomodule. The vacuum of bellows was isolated by the
gate valves of CM-1 and CM-2a. Our aim of this
reassembly work is to reinstall this bellows after cleaning
up by ultra-pure water rinsing again.

Figure 9: Setup of slow pumping of bellows (left) and its
pumping results under baking (right). Brawn line shows the
vacuum pressure and other lines shows the measured
temperatures at slow pumping line. Blue line shows the
temperature at bellows.
Next, we pumped this bellows by using slow pumping
and venting system. Figure 9 shows setup and its results
during pumping by using slow pumping system. After 68
hours baking at 120 oC, vacuum pressure reached to 4 x 105
Pa.

Figure 7: Reassembly work of bellows in STF-2
cryomodule

Figure 8: (Left) Dried bellows in a clean room. (Right)
Clean work in a local clean booth by using ionized gun.
Figure 7 shows the reassembly work of bellows at new
clean booth. Around this area, all cryomodule components
except for bellows were covered by the antistatic soft vinyl
chloride film and/or plate to keep ISO class 1 environment
created by KOACH. One person supported the bellows
under the cryomodule and another person approached from
KOACH (A) side to disconnect the screws of bellows. The
flow from KOACH (B) side kept clean laminar flow at the
bellows position under reassembly work. After the removal
of bellows, this bellows and necessary vacuum
components were rinsed by ultra-sonic cleaning with ultrapure water and dried for one night in class 10 clean room
as shown in Fig. 8 (left). Finally the bellows was
reconnected to the both gate valves. During this clean
assembly work, all screws and holes of flange were fully
blown by the ionized gun as shown in Fig. 8 (right).

SRF Technology - Cryomodule
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Figure 10: (Top) Vacuum pressure and flow rate history
under baking of bellows. (Bottom left) Expanded view
when we start slow pumping (Bottom right) Expanded
view when we start slow venting. Under venting, the ICF34
valve have already closed.
We worried whether the particulates come into the cavity
or not under pumping. We measured the particulates
moving to the bellows by using the vacuum particle
monitor under pumping as shown in Fig. 9. Figure 10
shows the flow rates under slow pumping & venting. When
we started pumping the inside of bellows as shown in Fig.
9, we could pump slowly by using this slow pumping
system. Measured flow is stably controlled to 0.6 l/min by
using mass flow controller at first. It took 40 min. to 100
Pa. After reaching 100 Pa, we changed the normal pumping
by changing the GVs in slow pumping system. Finally we
reached around 10-5 Pa level as shown in Fig. 9. We note
that we could control not only pumping but also venting by
using this system. The right bottom figure in Fig. 10 shows
the measured flow under slow venting by nitrogen gas to

TUP104
723

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

bellows. Flow ratio is controlled to 0.2 l/min flow under
venting. By using this slow pumping & venting system, we
could escape the sudden purging and pumping as we
already met on the previous assembly work.
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reassembly work as described above but also for the beam
line construction beside the STF-2 cryomodule. Our
improved clean assembly work will help to escape from
severe field emission. Therefore, this slow pumping and
venting system was used for another cryomodule assembly
work [12].

SUMMARY AND FUTURE PROSPECT

Figure 11: (Top right) vacuum pressure and flow rate
history under baking of bellows. (Top left) The measured
accumulated particle counts when we start slow pumping
(Bottom left) Expanded view of top left figure. (Bottom
right) Expanded view of top left figure under changing
normal pumping and TMP on.
Figure 11 shows the results of the measured accumulated
particle counts by the vacuum particle monitor during
pumping. Unfortunately, we found that the measured
particles three times increased. First the measured dusts of
size between 0.3 µm and 0.5 µm increased by 9 counts
under slow pumping. Second, the measured dusts of size
between 0.3 µm and 0.5 µm increased by 46 counts when
we turned on TMP after changing normal pumping. We
note that we did not observe increasing event of particles
under changing slow pumping to normal pumping by
changing GVs because we slowly controlled GV. Dusts
was not produced from GV. However, dusts come from
TMP itself. Third, the sudden particle events was found as
shown in the top left figure in Fig. 11. At this time, we
fastened the flange of slow pumping line. This work made
the measured particles increased. Totally, 125 counts with
size between 0.3 µm and 0.5 µm was found when we start
slow pumping. During baking around 3 days and under
cooling down this bellows, we never found the increasing
event of particles by this vacuum particle monitor. We note
that the particle increasing was not found under slow
venting thanks to the slow flow rate of 0.2 l/min by mass
flow controller. Finally, we closed the ICF34 gate valve as
shown in Fig. 9 and opened the GVs between CM-1 and
CM-2 to complete the vacuum work.
After cooling down of STF-2 cryomodule for beam test,
we did not meet the severe field emission of these cavities.
Finally, the cavity field kept more than 32 MV/m during
beam operation, which is our target of ILC cryomodule [5].
We mentioned that this new local clean booth and slow
pumping and venting system used not only for cryomodule
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In order to reassemble the STF-2 cryomodule, we
improved the clean assembly works. New clean bench
named as KOACH was prepared and optimized to STF-2
cryomodule reassembly work. The slow pumping and
venting system was developed not to make big turbulence,
which would make the dust come into the cavity, during
pumping and venting. Furthermore, the vacuum particle
monitor was prepared to monitor the particulate movement
to the cavity. By improving these clean works, the
reassembly of the bellows between CM-1 and CM-2a was
carried out under fully clean environments, The dusts
moving to the cavity was drastically suppressed by using
this slow pumping and venting system. After the
reassembly work, we successfully achieved more than 32
MV/m average gradient of seven cavities in STF-2
cryomodule. In 2020, we plan to install new cavity to STF2 cryomoodule. These improved clean works will also help
to keep sufficient high gradient performance in STF-2
cryomodule.
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Abstract
The staged installation and commissioning of LIPAc is
ongoing at Rokkasho Fusion Institute of QST, Japan for
validating the low energy section of the IFMIF deuteron
accelerator up to 9 MeV. The LIPAc Superconducting
Radio Frequency accelerator (SRF) cryomodule is
assembled under the responsibility of the EU Home Team,
and the assembly work recently started at Rokkasho in
March 2019. To fulfil the cleanliness requirements for the
assembly process, QST took the responsibility to prepare
the infrastructure of a cleanroom and associated devices. In
this present paper, the details of the preparation work for
the cryomodule assembly made by QST will be presented.

lines, the cavity-coupler assemblies and the solenoid coils
[2].

INTRODUCTION
The International Fusion Materials Irradiation Facility
(IFMIF) is an accelerator-based D-Li neutron source which
will produce high energy neutrons at high intensity for the
irradiation of candidate materials for anticipated use in
fusion energy reactors [1]. The project is in the Engineering
Validation and Engineering Design Activities (EVEDA)
phase and continues under the Broader Approach (BA)
agreement between Japan and the EU. The missions of
EVEDA are to produce a detailed, complete and fully
integrated engineering design of IFMIF and at validating
continuous and stable operation of prototypes of major
IFMIF components.
One of the major technological challenges of IFMIF is
the acceleration of the 125 mA CW deuteron beam. Several
SRF cryomodules are required for IFMIF to accelerate
deuterons from 5 MeV to 40 MeV because of the CW and
the high current beam requirements. In EVEDA, the
validation of the low energy section of the IFMIF
accelerator up to 9 MeV is a mission and the construction
and the commissioning of the Linear IFMIF Prototype
Accelerator (LIPAc) is being carried out at Rokkasho
Fusion Institute of QST, Japan. In LIPAc, the first of these
cryomodules is being assembled and will be subsequently
installed and tested.
The LIPAc cryomodule consists of 8 Half Wave
Resonators (HWR) working at 4.45 K with 175 MHz and
RF power couplers supplied by CEA, and the 8
superconducting solenoid magnet packages supplied by
CIEMAT. As shown in Fig. 1, the cryomodule includes a
vacuum vessel, a magnetic shield and a thermal shield
cooled with helium gas. A titanium frame supports the cold
mass which includes a phase separator with cryogenic
TUP105
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Figure 1: Schematic view of LIPAc cryomodule.
In the initial plan when EVEDA was launched, the
cryomodule assembly would have been assembled and
tested at Saclay and then shipped from Europe to Japan. In
order to mitigate the risk of damaging a critical component,
like the ceramic window of the power coupler, and
contamination the cavity beam vacuum, it has been decided
to assemble the cryomodule in Japan [3]. All the
components have been manufactured and qualified in
Europe [4]. Most of the components were delivered to
Rokkasho in 2018 and beginning of 2019 where they are
currently stored awaiting to be assembled.
The cryomodule assembly must be carried out in an
extremely clean environment because the superconducting
cavity performances can be degraded by field emission
induced by particle contamination. Since no suitable space
for such a clean assembly work is available in Rokkasho,
QST took the responsibility to prepare the infrastructure of
the ISO 14644-1 class 5 cleanroom, a dedicated slow
pumping system and other ancillary equipment in 2018. In
the present paper, the details of the clean environmental
equipment prepared for the cryomodule assembly are
described.

CLEAN EQUIPMENT
Clean Room
An ISO 14644-1 class 5 clean room is required for the
LIPAc cryomodule string assembly. It was decided to
construct a clean room with a layout expressly for this
cryomodule assembly. The cleanroom consists of three
SRF Technology - Cryomodule
cryomodule assembly
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areas with a mobile unit as shown in Fig. 2. The red arrows
show the movement of a worker, while the blue ones show
the movement of the components. The actual installation
of the clean room constructed is shown in Fig. 3.

Figure 2: Layout of the clean room.
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area 1 to minimize the number of particles brought into the
clean room. It is worth noticing that the cavities, couplers
and solenoids will be packed in double sealed bags in clean
room in Europe and that the cleaning operation at
Rokkasho will consist of a rapid wiping with alcohol and
cloth.
Area 2 is used for the cavity-coupler connection and the
string assembly. In this area, the pure nitrogen line is
available mainly for flushing to maintain cavity cleanliness
whenever a flange is open. Helium gas is used to check
vacuum tightness. The pumping port connects any
component inside the cleanroom with the pumping system
which is located outside the cleanroom. The large jig and
the complete string is transported out of the cleanroom
through sheet shutters. All areas are kept at the required
level of cleanliness by the FFUs (Fan Filter Unit) vertical
(down) flow system with ULPA (Ultra Low Penetration
Air) filters. In the acceptance test when the clean room
installation was completed, particle measurement was
performed at 1 m height, which is the position of the
laminar flow limit, and no particles were observed in the
entire area. It was confirmed that the installed clean room
was suitable for the cryomodule assembly.

Clean Equipment and Pure Gas Line
To generate ultrapure water in area 1, Milli-Q Integral
MT 15XL [5] was installed. This machine is very compact
and easy to maintain. The production rate of the machine
is 15 L/hour, and the storage capacity of the tank is 100 L.
These capacities are sufficient for the washing of the small
tooling and other small parts.
Different gas lines and outlets are arranged depending on
the application of each line as shown in Fig. 2. All the gas
supply pipes are of stainless steel welded construction and
were electropolished. Two nitrogen bottles are connected
to the nitrogen line for the cavity flushing work and
switched semi-automatically by a differential pressure
valve so as to keep the gas supplied as shown in Fig. 4. The
gas outlet consists of a clean regulator, a filter and a
flowmeter to adjust the flushing flow rate.

Figure 3: Inside of the clean room.
The first area is the changing area, where the operators
change into cleanroom clothes. The next room is the air
shower room to blow dust off the cleanroom clothes.
Area 1 is used for preparing tooling and components for
introduction into the assembly area. A stainless sink and
cleaning equipment were prepared to wash small tooling
and components. A pure nitrogen gas line and an ion gun
were installed for particle blowing and drying of
components after washing. Once clean, the components
can then be introduced to the area 2. In this clean room, a
high pressure washing system is not installed because all
the components are already cleaned at CEA before
shipment to Rokkasho.
The mobile unit is used for unpacking and preliminary
cleaning of the components before the introduction to the
SRF Technology - Cryomodule
cryomodule assembly

Figure 4: Gas source handling panel and gas outlet.
In the nitrogen purge unit, a filter is installed to remove
particles larger than 0.03 µm completely as shown in Fig. 5.
Particle measurement was performed at the outlet of the
filter by a 0.1 µm particle counter with nitrogen flowing
prior to connection to the cavity, confirming there are no
particles coming from the supply network.
TUP105
727

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-TUP105

Figure 5: Particle measurement at the nitrogen purge unit.

SLOW PUMPING SYSTEM
Preparation of the Slow Pumping System
One of the possible causes of performance degradation
of the cryomodule is due to the particle contamination and
diffusion during vacuum operation. To minimize this risk,
a slow pumping system dedicated for the cryomodule
assembly was prepared.
The slow pumping system was designed by Prof. Dr.
Sakai of KEK and assembled in a class 3 super clean room
[6]. This pumping system consists of a dry rough pump, a
Turbo Molecular Pump (TMP), Mass Flow Controllers
(MFC) to adjust pumping speed, and clean vacuum devices.
A picture of the system is shown in Fig. 6. The slow
pumping system is located outside of the cleanroom and is
connected to internal components by flexible bellows via a
pumping port on the wall. For convenience of operation
during the assembly work, the control panel is installed
inside for cleanroom operators.

Figure 7: Block diagram of the slow pumping system.

Commissioning of the Slow Pumping System
Particle measurement was performed on the system in a
vacuum operation. The result is shown in Fig. 8. At the
beginning, the system was operated in slow pumping mode
and there was no particle count. At this stage MFC2 was
set at 0.6 L/min, at around 600 s in the figure, the operation
mode was switched from slow vacuum mode to main
vacuum mode, and some 0.3 µm particles were detected
due to the gate valve opening. However, an increase of the
particle number was not observed during main pump
operation. Finally, the slow nitrogen venting started at
around 3200 s and no particles were detected. At this stage
MFC1 was set at 0.2 L/min. (the MFC values were
optimized through a study conducted by KEK). The result
successfully demonstrated the clean performance of the
present pumping system.

Figure 6: Slow pumping system and operation panel.
The block diagram of the pumping system is shown in
Fig. 7. In slow pumping mode, valve 7 of the main
pumping line is closed and the pumping rate is controlled
with MFC2 as slow. In main vacuum mode, the nominal
pumping starts by opening valve 7. In slow venting mode,
nitrogen gas is supplied and the flow rate is controlled with
MFC1. Partial pressures are measured by a Q-mass
spectrometer. Also, a novel particle monitoring system that
can be used in vacuum is installed at the interface of the
cavity to visualize particles in the range of 0.3-3.6 µm. The
instrumentation was developed by Weex Company [7].
An important feature of this system is that the pumping
modes are switched automatically by the simplified control
system so as to minimize the risk of incorrect operation.
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Figure 8: Particle measurement test in vacuum.

TRANSPORTATION
Preparation of the Air Caster System
The LIPAc cryomodule is a very heavy component,
weighing more than 14 tons. In the buildings on the
Rokkasho site, there are no cranes with the capacity to lift
such a component. In order to move it safely, an air caster
load module system is utilized. The air caster is a lifting
device used to move heavy loads on a flat base. The
principle is to reduce friction by floating the component a
very small distance from the floor using compressed air [8].
This device is useful not only for the transportation of the
heavy components but also for small movements which
SRF Technology - Cryomodule
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may be required during alignment work or other assembly
activities.
Unfortunately, the exhaust air from a screw compressor
is slightly dirty and could potentially contaminate
cryogenic components. To avoid this risk, oil mist removal
filters were installed on the air supply hose satisfying
ISO8573-1:2010 class 1 clean compressed air
requirements. The transportation apparatus is shown in
Fig. 9.

Figure 11: String assembly in clean room.

CONCLUSION

Figure 9: Installation of the air caster module.

Cryostat Transportation by Air Caster System
In March 2019, the vacuum vessel was introduced into
the building housing the clean room by the air caster
system successfully as shown in Fig. 10. The air caster
devices were installed under the cryostat legs. In order to
fill gaps and make the ground flat, steel plates were laid as
seen in Fig. 9, and the caster system worked well. Working
together, ten people were able to manually move the
vacuum vessel. In the future, this air caster module system
will be used for handling of the cryostat in the assembly
area, and subsequently for the installation and alignment in
the beam line.

Figure 10: Transportation of the vacuum vessel.

ASSEMBLY
The cavity string assembly in the cleanroom started in
March 2019 under the EU Home Team responsibility. At
the moment, the cavity and coupler connection work is
ongoing as shown in Fig. 11.

SRF Technology - Cryomodule
cryomodule assembly

In order to fulfil the cleanliness requirements for the
LIPAc cryomodule assembly , QST prepared an ISO
14644-1 class 5 clean room (8.2 m x 8 m, Fan Filter Units
with ULPA filters) and associated ancillary devices,
including ultrapure water generator, pure nitrogen gas line
and slow pumping system (tested at pumping rate is
0.6 L/min and venting rate is 0.2 L/min). For transporting
the assembled cryomodule with weight larger than 14 tons,
a dedicated air caster system was used to transport the
vacuum vessel into the building successfully in March
2019. The cavity string assembly in the cleanroom started
in March 2019.

DISCLAIMER
Views and opinions expressed herein do not necessarily
reflect those of QST, Fusion for Energy, or of the authors’
home institutions or research founders.
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MECHANICAL TUNER FOR A 325 MHz BALLOON SINGLE SPOKE
RESONATOR
R. E. Laxdal, J. Keir, B. Matheson, N. Muller, Z. Yao, TRIUMF, Vancouver, Canada
Abstract
TRIUMF has designed, fabricated and tested the first
balloon variant of the single spoke resonator at 325 MHz
and =0.3. TRIUMF has also designed and built a mechanical tuner as part of the development. The tuner employs a
nutcracker lever pressing at the beam ports driven by a
scissor jack. The scissor is actuated through a tube coupling to a warm ball-screw and servo-motor located outside
the cryostat. The design and warm tests of the tuner will be
presented.

INTRODUCTION
The RISP project [1] is a radioactive ion beam project
located in Daejeon Korea. The project includes a heavy ion
linac to accelerate ions up to 238U to 200MeV/u with
400kW of beam power. The same accelerator will also be
capable of accelerating light ions with proton currents and
final energy of 0.66mA and 600MeV. The driver linac has
two sections, SCL1 and SCL2. SCL2 is comprised of two
cavity variants, SSR1 and SSR2. SSR1 is a =0.3 single
spoke balloon resonator designed at TRIUMF [2].
A mechanical tuner is required to tune the SSR1 cavity
to its operational frequency after cooldown and to maintain
the cavity frequency within the RF bandwidth as internal
and external forces act to detune the cavity. TRIUMF is
commissioned to design, build and test the mechanical
tuner.

SPECIFICATION
Cavity frequency tuning is accomplished via squeezing
the cavity at the beam pipes and adjusting the gap between
the beam port irises and the spoke. The frequency sensitivity of the cavity in this area is 467Hz/μm based on finite
element analysis (FEA). The mechanical properties of the
SSR1 cavity are given in Table 1 and form the baseline of
the tuner design. The design challenge is that the cavity is
relatively stiff and the tuning sensitivity is relatively high
so a strong tuner with high resolution is required.
The tuner is designed to provide adequate coarse frequency tuning range to compensate uncertainties in fabrication and thermal contraction during cooldown while allowing enough precision to maintain the cavity comfortably within the cavity bandwidth (60Hz) during operation
due to slow helium pressure fluctuations, Lorentz force detuning (LFD), and other slow detuning effects. Fast detuning due to microphonics is compensated by choosing sufficient bandwidth in the RF coupler set-up although the
tuner design allows a piezo to be included in the warm
drive shaft for potential active compensation.
The mechanical tuning range is primarily determined by
the range of the resonant frequency uncertainty due to
cooldown. This uncertainty has been chosen as <180kHz.
TUP106
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Other detuning compensation requirements including detuning for switched off cavities are well within the above
range. This together with the spring constant of the cavity,
14kN/mm, sets the gross specifications for the tuner
strength shown in Table 1. The resolution of the tuner is set
by the requirement that the tuner is capable to adjust the
frequency in the center of the bandwidth. A resolution of
1.5Hz is chosen which corresponds to 2.5% of the bandwidth.
The cavity will operate at 2K in superfluid helium at a
pressure of 31mbar. The typical stability of the pressure in
helium bath should be ≤ ±0.3mbar. The expected sensitivity to helium pressure fluctuations is ~10Hz/mbar for an
expected detuning of ≤ ±3Hz. These tend to be slow variations and should be easily compensated by the tuner.
Table 1: SSR1 and Tuner Design Parameters
Parameter
SSR1 rf frequency
Cavity bandwidth
Tuning sensitivity
Tuning force
Spring constant
Coarse tuning range
Displacement range
Maximum Force
Resolution
Position resolution

Value
325
60
467
33
14
180
0.39
5500
<1.5
<3.2

Unit
MHz
Hz
Hz/μm
Hz/N
N/μm
kHz
mm
N
Hz
nm

CONCEPTUAL DESIGN
TRIUMF has past experience and success with designing and operating tuners with warm motors external to the
vacuum tank [3,4]. The choice allows straightforward motor servicing and the ability to add a piezo fast actuator for
a retro-fit without warm-up. In the case of the SSR1 tuner
a nutcracker mechanism fits around the cavity to supply a
tuning force on the beam flanges during operation. The
cavity is a spring load with the tuner as a lever. The nutcracker is squeezed through a scissor mechanism that is in
turn activated though an actuating rod assembly connecting the warm motor external to the cryomodule to the scissor.
Due to complexities of the SSR1 cryomodule design
RISP requested TRIUMF to design for a horizontal access
from tuner motor to tuner. In order to adapt the nutcracker
to existing hardware on the cavity (fundamental feedthrough and rf pick-up) the nutcracker was positioned at a
450 angle to the horizontal. The interface of the tuner to the
cryomodule is shown in Fig. 1. The components of the
SSR1 tuner are shown in Fig. 2.
SRF Technology - Ancillaries
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tuner components from being overdriven. The reaction
force and displacement results from FEA simulation are
shown in Fig. 4. The mechanical advantage in force is 5:1
and in displacement is 25:1.
14000N/mm

Figure 1: The SSR1 cavity and tuner installed in the SSR1
cryomodule.

Figure 4: The forces and displacements on the SSR1 tuner
components under maximum load.

Stresses, Material Choice and Thermal Analysis

Figure 2: The components of the TRIUMF SSR1 tuner.

DETAIL DESIGN
Detailed tuner design was modeled in SolidWorks and
validated using ANSYS FEA simulations along with structural and thermal calculations. The design methodology
flowchart is shown in Fig. 3.

Figure 3: SSR1 design methodology.
The tuner mechanism will operate only in compression
under constant elastic load from the cavity. C-flex i-30
pivot bearings [5] are selected for the beam port pivots to
allow rotation and radial loads without friction. This creates a drive system with theoretically zero backlash. Limit
switches and a mechanical hard stop prevent the cavity and
SRF Technology - Ancillaries
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All flexures are under tension and bending loads, therefore, the maximum von-Mises stress happens on the tension side extreme fibers of the bending faces. The scissor
arm flexure experiences a maximum stress of 348MPa under full load. The fulcrum flexures experience a maximum
stress of 54MPa while the nutcracker arm shows a maximum von-Mises stress of 77MPa on the compression side
due to the stress riser of c-flex bore.
The stresses inform the choice of materials. The nutcracker arms are made from 316L SS. The C-flex pivot
bearings (SS) are used on the connection between the nutcracker arm and the beam port interface. The scissor arm
and flexures and the fulcrum flexures are made from Ti
grade 5. Ti grade 5 has a minimum fatigue limit no lower
than 410MPa at 109 fully reversing cycles [6,7]. If we consider our worst case scenario to be <107 cycles of 0 to
350MPa, the scissor arm flexure is within safe limits.
The heat load to the 2K system by conduction is calculated at 0.1W with 1.3W as the load to the 50K thermal
intercept. A typical plot displaying thermal temperatures of
the nutcracker assembly is shown in Fig. 5. Values from the
thermal analysis are used to apply thermal boundary conditions to all structural simulations.

Assembly
The tuner is designed to be installed around the cavity
after the cavity string (a 3 cavity sequence) is assembled.
The C-Flex Pivot bearings are LN2 shrink fit into the nutcracker arm bores. Next the flange rings are attached to the
cavity. The rings are split to fit around the beamline. The
nutcracker arms are slid between the cavities and the Cflex is engaged with the flange rings (Fig. 6).
TUP106
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Next the scissor and fulcrum end cross arms are installed
followed by the fulcrum flexures and end plate. The last
step is to tighten the C-Flex clamping screws on flange ring
bosses.

Figure 5: Thermal analysis of the SSR1 tuner.
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Motor and Ball Screw
The motor and ball screw were chosen based on previous
experience at TRIUMF with similar applications in ISACII and ARIEL. A Kollmorgen AKM31E-ANCNR-00 motor
is chosen with a rated torque of 1.2Nm. The motor is
equipped with a rotary resolver which is interpreted by a
Kollmorgen AKD drive that produces an emulated encoder
signal with a resolution of 216 counts per revolution. This
equates to a minimum cavity displacement of
1.18nm/count corresponding to a cavity frequency step of
0.56Hz/count. A linear potentiometer is added to the warm
tuner shaft to compliment the rotary resolver and allow for
absolute positioning.
A ball screw (NSK W1601MA-1PY-C3Z2) is selected
for its low coefficient of friction to allow the tuner to back
drive to a relaxed position in the event of a power failure
or during warm-up with a force of 60-200N depending on
the bearing pre-load. It has a basic dynamic load rating of
3510N and a static load rating of 8450N with a pitch of
2mm and a diameter of 16mm.

TUNER TESTING

Figure 6: A few details of the tuner assembly around the
cavity string.
The warm end flange is attached to the cryomodule
along with the carriage flange. To make the connection between warm drive and cold tuner, the drive tube weldment
can be inserted through the motor carriage and threaded
into bronze nuts on the scissor blocks. This allows the connection to be made with limited access to the cold tuner
when the hermetic string is inside the vacuum tank and
thermal shielding.
The inner carriage is pre-assembled on the bench and
then is attached to the outer carriage through silicone rubber dampers between the frame and inner carriage to isolate
the tuner from ambient vibrations. Finally the Potentiometer, limit switches and hard stop are installed to complete
the assembly.
All carriage components slide freely along the tuner
drive axis on linear ball guides. A linear force is produced
from the servo motor turning a ball screw. This force then
pushes against the inner drive tube and pulls on the outer
drive tube which expands the scissor actuating the cold
tuner. When the ball screw nut is sufficiently retracted, the
drive system fully disengages allowing the cavity and cold
tuner to move during cooldown.
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The stiffness of the cavity is expected to be 14kN/mm
based on simulations. The measured spring constant of the
first prototype SSR1 was 10kN/mm. The difference is most
likely due to the thinner shell wall in the prototype [2] compared to that used in the simulation. The tuner testing is
done with a spring that replicates the spring constant of the
cavity. The spring is shown in Fig. 7. The measured spring
constant for the spring is 12.4kN/mm close enough to the
cavity constant to be a representative load.

Figure 7: The mechanical spring used to replicate the
cavity during tuner acceptance testing.
The tuner assembly (Fig. 8) is mounted in a Bosch frame
(Fig. 9) in order to perform the warm qualification tests.
The motor is driven by a Kollmorgan AKD driver and
Workbench software. A linear variable displacement transducer (LVDT) is placed between the spring ends to measure the change in length of the spring as the motor is driven.
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The specification document indicates that the mechanical tuning range shall be ≥180kHz. Based on the cavity frequency sensitivity a demonstrated deflection of 0.4mm
corresponds to 190 kHz tuning range. Tuner tests showed
that a scissor deflection of 12 mm is required to generate
the 0.4 mm cavity deflection – a 30:1 mechanical ratio
(Fig. 10). The motor current ranged linearly from 0 to 1.6A
to cover this tuning range. At 12.4kN/mm, a deflection of
0.4mm corresponds to a maximum tuning force of 5kN.
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Figure 10: Tuning range test showing that the tuner can
tune over the full 0.4mm range.

Figure 8: The test set-up. Illustrated is the spring, the nutcracker, the scissor, the actuator and the motor housing
In order to measure the tuner response a saw-tooth drive
signal at 5Hz was used to drive the motor. The displacement of the cavity spring was measured with the LVDT device at ±0.5m. The displacement corresponds to a cavity
rf frequency variation of ±230Hz. The drive signal and the
resultant spring displacement are shown in Fig. 11. The results show excellent tracking between the drive signal and
the response with no measureable backlash.
The room temperature results confirm accurate tracking
at less than 10% of the full test range corresponding to
±50nm range. A cold test that would measure rf frequency
directly is required to measure the response at the sub
10nm range to test the full resolution. This test will be conducted later at RISP.

Figure 11: Small motion test. A 5 Hz drive signal is input
to the motor and the response signal from the LVDT is superimposed for a displacement of ±0.5m.

CONCLUSION
A nutcracker style tuner with scissor mechanical force
through a shaft to a warm motor has been designed, fabricated, assembled and tested at TRIUMF. The TRIUMF designed SSR1 tuner was tested at room temperature with results consistent with the design specifications. Cold testing
will be done at RISP.
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STATUS OF THE IFMIF/EVEDA SUPERCONDUCTING LINAC
N. Bazin*, S. Chel, G. Devanz, H. Jenhani, O. Piquet, CEA, Université Paris-Saclay, Gif-surYvette, France
G. Phillips, Fusion for Energy, Garching, Germany
F. Toral, D. Regidor, CIEMAT, Madrid, Spain
T. Ebisawa, QST, Rokkasho Fusion Institute, Japan
Abstract
The IFMIF accelerator aims to provide an acceleratorbased D-Li neutron source to produce high intensity highenergy neutron flux to test samples as possible candidate
materials to a full lifetime of fusion energy reactors. A prototype of the low energy part of the accelerator (LIPAc) is
under construction at Rokkasho Fusion Institute in Japan
[1]. It includes one cryomodule containing eight half-wave
resonators (HWR) operating at 175 MHz and eight focusing solenoids.
This article covers the progress of developments in the
IFMIF/EVEDA cryomodule: the qualification of eight cavities, the RF conditioning results of eight high-power couplers, the manufacturing and test of the eight superconducting solenoids and the high power tests of fully dressed cavities performed at Saclay. The assembling status of the cryomodule at Rokkasho site is also reported.

THE IFMIF LIPAC SRF LINAC
The IFMIF/EVEDA SRF Linac mostly consists of one
cryomodule designed to be as short as possible along the
beam axis to meet the beam dynamic requirements. As depicted in Fig. 1, it is made of a rectangular section vacuum
vessel, a warm magnetic shield, a thermal shield cooled
with helium gas. A titanium frame supports the cold mass
made of a cylindrical phase separator with cryogenic piping, the cavities and the solenoids.

Figure 1: The IFMIF LIPAc cryomodule.
All the components have been manufactured and qualified. One of the main challenge during the manufacturing
phase was to comply with the Japanese regulatory requirements with regard to HPGSL (High Pressure Gas Safety
___________________________________________

Law). It has been agreed in the collaboration that all components containing helium gas or liquid during operation
of the LIPAc have to be designed, manufactured and tested
according to ASME standards. For stainless steel components, the rules to follow depends on the internal diameter.
Parts with diameter than 6 inches have to respect ASME
Boiler and Pressure Vessel Code (BPVC). It concerns the
phase separator and the solenoid packages. For smaller
parts – i.e. the currents leads and the piping – ASME B31.3
applies.
The cavity was the most complicated part to be licensed
due to the use of non-referenced materials (niobium, niobium-titanium alloy). Discussions started in 2013 between
the Japanese Authorities (KHK) and the collaboration to
define the licensing frame. Unexpected activities had to be
performed, like numerical simulation and sample testing,
to complete the application form of the half-wave resonator
[2]. Finally, the document was approved by KHK in March
2016.
Most of the components were delivered to Rokkasho in
2018 and beginning of 2019 where they are currently
stored awaiting to be assembled.

QUALIFICATION OF THE HALF-WAVE
RESONATORS
The IFMIF HWR is a 175 MHz 0.09 beta half-wave resonator whose nominal accelerating field is 4.5 MV/m. A
Saclay type tuning system is installed on the cavity and applies a compressive force on its beam ports to shift the frequency by -50 kHz maximum [3].
A pre-series HWR has been completed and tested during
the production of the subcomponents of the series cavities.
A series of intermediate and qualification tests have been
carried out for this HWR, between each major steps of the
production. It included the qualification of the differential
etching technique to correct the frequency of the niobium
cavity [4].
The series cavities have been manufactured and tested
following the licensing requirements described in the approved application form. Each bare cavity has been tested
in vertical cryostat before heat treatment and integration of
the helium tank. A qualification test was performed on each
jacketed cavity.
Table 1 and Fig. 2 present the vertical test results for all
the cavities. All the qualification tests were carried out up
to at least Eacc=5.5 MV/m that is to say with 20% safety
margin with respect of the nominal accelerating field of 4.5
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MV/m (such margin might be useful during machine operation to recover with one HWR part of the beam energy if
one other HWR is defective).. In addition, it has been decided to stop at the accelerating field of 6.5 MV/m in order
to prevent firing field emission. There was no electron current nor X-ray measured at 5.5 MV/m on any of the HWRs,
only X-ray onset detected for HWR05 at 5.6 MV/m.
All HWRs are within the cold tuning system range for
175 MHz operation. It is worth noticing that the frequency
spread is 23 kHz after the chemical tuning process, whereas
the spread was 246 kHz at the end of the manufacturing of
the bare resonators.
Table 1: Test Results of the IFMIF Cavities
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RF Performances of the Series Power Couplers
Site Acceptance Tests of the eight series power couplers
were successfully performed [9]. Afterward, they were
cleaned and assembled in CEA premises, then, transferred
to CIEMAT RF test stand (Fig. 3). All the couplers reached
the validation maximum power of 100 kW CW in TW and
SW (full reflexion) configurations. This power level allows
a reasonable margin for nominal operation, RF power on
the LIPAc varying between 50kW and 70 kW.

Figure 3: RF conditioning test stand.

Multipacting Behaviour
The power couplers named C5 (pair3) and C7 (pair4)
showed multipacting activities between 10 kW and 20 kW
in TW configuration generating an important temperature
increase on the middle part of the cooled outer conductor,
only for high RF duty cycles.
The heating multipacting occurring on C7 was particularly intense with temperatures going up to more than
100°C if the power is maintained at the MP RF power
range. However, once RF power goes out of these power
levels the temperature starts to decrease as if power was
switched off (Fig. 4).
Figure 2: Q0 Vs Eacc of the eight series cavities.
More details on the manufacturing and the qualification
of the IFMIF cavities could be found in [5].

RF CONDITIONING OF THE POWER
COUPLERS
The IFMIF power coupler is designed to transmit
175 MHz 200 kW CW to the half-wave resonator. The
power coupler is a 50 Ω geometry and consists of three
main parts: RF window, RF transition and cooled outer
conductor. Except the RF transition made of aluminium, all
the RF surfaces are bulk or coated OFHC copper. An active
helium gas cooling system is used to interface the cavity
with the room temperature. More details on the design of
the power coupler could be found in [6] and [7].
The series manufacturing stage was preceded by a successful prototyping phase and the RF conditioning of the
prototypes power couplers up to 100kW CW [8].
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Figure 4: Heating of coupler C7 due to multipacting.
Some attempts to process the multipactor for coupler C7
was performed. Nevertheless, the temperature increase was
too important, very time consuming and not controlled
enough to continue this operation. A decision was taken to
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not completely process this MP. This was motivated by
several arguments:
• First, the power ranges corresponding to the heating
multipacting were far below the nominal operating RF
power of the coupler on the cryomodule.
• Second, during operation, it is always possible to go
rapidly through the multipacting region to limit the
temperature increase. This was proved during the RF
conditioning tests.
• Finally, multipacting level encountered during the test
seems to be influenced by the RF configuration due to
the assembly on the test box.

Vacuum Behaviour
At the end of the RF conditioning, the vacuum level
measured for the operating RF power, between 50kW and
70kW, is less than 5x10-8 mbar for all the power couplers
(Fig. 5). For some coupler pairs the vacuum starts to increase significantly at the end of the RF conditioning. This
was correlated with a temperature increase on the test box
and not on the couplers. We can also see that even for couplers were no heating mutipacting was measured their vacuum is degraded for the corresponding power range.
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• The BPM is welded on the package since it was not
possible to integrate flanges in the space given by the
beam dynamic requirements.
A magnet package prototype was produced at CIEMAT
to validate the design and fabrication techniques [11]. The
series fabrication of the eight units has been done in the
industry, following the same procedures. Electrical measurements have been done at room temperature on individual coils, specifically, the resistance, self-inductance and
insulation have been measured. Same parameters have
been measured at different steps during the assembly, to
avoid insulation failures.
Each set of coils have been cold tested at a vertical cryostat at CIEMAT to check the performance at nominal current. The helium vessel was not present because the cryostat diameter was not large enough (Fig. 6). All the solenoids reached critical current. They were first powered individually and then in couples, as in the final nested configuration. Four of them needed one quench before reaching critical current when individually powered, and only
two were below nominal current. Only one couple had a
quench before reaching critical current.

Figure 5: Final vacuum behaviour (TW).

QUALIFICATION OF THE SOLENOID
PACKAGES
The eight solenoid packages of the IFMIF/EVEDA SRF
Linac are provided by CIEMAT, as part of the Spanish contribution to LIPAc. Each solenoid package is made of a
magnet package and a current lead package. Each magnet
package consists of two nested superconducting solenoids,
steerers and BPM (Beam Position Monitors) [10]:
• The inner solenoid focuses the deuterons beams. The
outer solenoid is connected in series with the inner one
but the current flows in opposite sense. This design
limits the fringe field of the magnet package to 20 µT
on the beam port flange of the cavity while achieving
the 1.1 T.m field requirement.
• Two steerers correct the vertical and horizontal beam
trajectory. They are designed to provide an integrated
field of 3.51 mT.m.

SRF Technology - Cryomodule
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Figure 6: coils prepared for cold tests.
Then the coils were integrated in the stainless steel helium vessel. The vessel design and fabrication is compliant
with ASME standard. Each vessel went through a pneumatic pressure test in the presence of an inspector of a notified body.
Mechanical measurements have been made on the coils
and the helium vessel parts. The machining of the fiducialal and vessel supports has been done once the vessel was
completely welded, to cope with the expected deformations.
Finally, magnetic measurements at room temperature
and low current were made to check the misalignment of
the magnetic axis of the solenoids respect the fiducials. All
the magnets were within tolerances, that is, less than +/0.5 mm deviation and 5 mrad tilt. Magnetic tests were done
with a three axis Hall sensor at ALBA-CELLS laboratory
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(Fig. 7). It was not possible to make this test at cold conditions because no cryostat with the right size and warm bore
was available.
The solenoids are currently undergoing final preparations, before they will be sent to Rokkasho in the second
half of 2019.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEA3

Test Stand at CEA Saclay
For the SaTHoRI test, a dedicated test stand has been installed at CEA-Saclay [12]. It is made of a 175 MHz CW
RF source with a coaxial line, a cryostat connected to the
already existing cryogenic system, a biological protection
and cubicles for the local control system and instrumentation (Fig. 9).

Figure 7: Magnetic measurements at ALBA-CELLS laboratory.

HIGH POWER TESTS OF ACCELERATING UNITS
In addition to the vertical test for individual HWR qualification, the validation test of two accelerating units (cavities equipped with its tuner and power coupler - Fig. 8),
which is part of a mitigation plan, took place at CEA in a
dedicated test stand called SaTHoRI (Satellite de Tests
HOrizontal des Résonateurs IFMIF) before the delivery of
the components in Japan for assembly.
These tests provided benchmark data for the cavity behaviour (RF, mechanical, field probe, tuner calibration…)
and allowed to perform preliminary testing of some components of the SRF Linac: RF source, LCS components
and instrumentation.

Figure 8: Cavity with its tuning system and power coupler
installed on the top lid cryostat.
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Figure 9: SaTHoRI test stand at CEA Saclay.
The RF source was developed by CIEMAT, and installed
and commissioned at Saclay with the support of F4E.

Results
A first critical coupling test was performed to qualify the
SaTHoRI cryostat with a known cavity to confirm cryogenic behaviour and magnetic shield efficiency. As the cavity was equipped with a critical coupling antenna, it was
also possible to characterize precisely the behaviour of the
tuner. The measured tuning range exceeds 50 kHz. Hysteresis measurements have been performed on small frequency adjustments representative of what could be the operational conditions on the accelerator. A 6 Hz peak-topeak frequency pointing error results from repeated back
and forth +/-15 Hz tuning motions. When extending the
tuning cycles to a +/-150 Hz range, the pointing error is
kept at the same amplitude. For comparison, the resonator
bandwidth is 2.7 kHz when it is equipped with its power
coupler.
Then two cavities have been successively qualified in
high power tests in SaTHoRI: the pre-series cavity
(HWR01) and the first series cavity (HWR03). The same
tuning system and the same prototype power coupler have
been used for both tests. The nominal accelerating field of
4.5 MV/m was achieved in the cavity with an injected
power of 14 kW. Stable operation of the cavity for 30
minutes at 5.4 MV/m (nominal accelerating filed Eacc +
20% margin) has also been demonstrated (Fig. 10) with no
field emission observed during the tests.
More details on the results of the tests of the two accelerating units are presented in [13].

SRF Technology - Cryomodule
cryomodule assembly

SRF2019, Dresden, Germany

Figure 10: power ramp-up in HWR03: accelerating field
(purple) and plateau at 5.4 MV/m for 30 minutes, vacuum
(orange), integrated field emission (green).

CLEAN ROOM AT ROKKASHO FUSION
INSTITUTE
An ISO 14644-1 class 5 fully equipped clean room has
been built under the responsibility of QST at Rokkasho Fusion Institute [14]. One challenge was to fit the clean room
in an existing building with the space requirements based
on CEA assembly preliminary scenarios. It results in a
clean room made of three areas with a mobile unit as shown
in Fig. 11.

Figure 11: Layout of the clean room at Rokkasho Fusion
Institute.
The first area is the changing room for the operators.
From this area, it is possible to go either to the component
entry hall (Area 1) or to the main clean room (Area 2)
through an air shower.
Area 1 is dedicated to the entry and cleaning of tooling
and components (except assembly jigs and support frame).
This ISO 5 area is equipped with a sink and ultra-pure water, and an ionized nitrogen gun and particle counter to control the cleanliness of each component before entering the
main clean room.
Area 2 is dedicated to the assembly of the cavity string.
It is divided into two sub-areas, one for the assembly of a
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power coupler to a cavity, one for the string assembly. Several pumping ports and pure gas ports are located close to
each assembly workstation: helium for leak testing; nitrogen for the ionized gun, for flushing the components during
the assembly and for low venting after a leak test. A sheet
shutter between this ISO 5 area and the rest of the building
allows the entry of the big assembly jigs and the titanium
frame, as well as the exit of the cavity string once this one
will be completed.
The mobile station (ISO 6 soft wall clean room) is used
for unpacking and preliminary cleaning to minimize the
number of particles before introducing the components in
Area 1. It is worth noticing that the cavities, couplers and
solenoids will be packed in double sealed bags in clean
room in Europe and that the cleaning operation at Rokkasho will consist of a rapid wiping with alcohol and cloth.
The clean room was completed in Summer 2018 and
commissioned thereafter. No particle above 0.3 µm was detected at 1 meter above the ground in different locations in
both ISO 5 areas, showing the efficiency of the FFU (Fan
Filter Unit) and ULPA (Ultra Low Penetration Air) filters.
Figure 12 depicts the inside of the clean room.

Figure 12: Inside the clean room.
One key element for a particle free cavity string assembly is the slow pumping system. The procurement of this
was also under the responsibility of QST. The slow pumping system, which was designed by KEK, is based on a dry
rough pump, a turbo molecular pump, several mass flow
controllers and several vacuum valves. It is also equipped
with a Q-mass spectrometer, a particle monitoring system
and a filtered nitrogen slow venting line. An important feature of this system is that the pumping modes are automatically switched by the control system to minimize the risk
of a wrong operation. Because of the lack of space inside
the clean room, the slow pumping system is located outside. Flexible hoses are used to connect the component to
pump to the slow pumping system through ports in the
clean room walls. However, for convenience of operation
during the assembly work, the control panel is installed inside the clean room (Fig. 13).
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the trials, a number of minor modifications were made to
the tooling to improve the ease of alignment of the components.

Figure 13: Slow pumping system outside the clean room
(left). Control panel inside the ISO5 area (right).

ASSEMBLY OF THE CRYOMODULE
Preparation Work
As presented in [15] and [16], many efforts have been
put by CEA to prepare the clean room assembly. A tooling
was developed to assemble a coupler on a cavity. This one
and the associated procedure were qualified with the results of the high power tests of two IFMIF accelerating
units. A test bench has been developed and used at Saclay
to test, improve and validate key phases of the cavity string
assembly. The test bench represent a bit more than one
height of the real titanium frame and allows the positioning
and assembly a cavity-coupler assembly and a solenoid.
Mock-ups of a cavity, a coupler and a solenoid were manufactured to do trial assemblies outside and inside the
cleanroom (Fig. 14).

Figure 15: Cavity being lowered onto cavity-coupler assembly frame during trial assembly at RI premises.

Tooling Design and Manufacture
A number of different tools were designed and manufactured, including:
• Cavity-coupler assembly tooling: this was designed
and manufactured by CEA.
• Cold mass assembly support frame.
• Thermal shield installation jig.
• Cold mass insertion jig.
With the exception of the cavity-coupler assembly tooling, all of the tooling was designed and manufactured by
RI. All tooling is onsite in Rokkasho, the cold mass assembly support frame and the hoist being introduced in clean
room beginning of 2019.

Assembly of the Cavity String

Figure 14: Trial assembly in clean room at CEA Saclay using the dummy components.

While not all of the components are available onsite, sufficient components are available to allow the first assembly
steps to proceed.

Assembly Contract
The assembly of the cryomodule in Japan is under the
responsibility of Fusion for Energy (F4E). After a worldwide call for tenders, the contract has been awarded to Research Instruments GmbH (RI).

Procedures
Based on input from CEA, the assembly procedures
were prepared by RI over the course of 2018. A number of
review meetings were held during which the procedures
and associated control plans were matured to a level
deemed acceptable to start the assembly.
In addition, the key procedure of the cavity-coupler assembly was tested, using the mock-ups and tooling which
was purpose designed for the assembly (Fig. 15). During
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Figure 16: Start of assembly work at Rokkasho Fusion Institute. The first two cavity-coupler assemblies on the cold
mass support frame, with the third cavity-coupler assembly
in the background.
In order to start, the preparation of the cleanroom was
completed beginning of 2019. In March, the first three cavity-coupler assemblies were made (Fig. 16). In the first
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three assemblies, it has been difficult to reach the required
leak rate for the interface. After a second try, the first assembly was leak tight. Improvements have been performed
on the leak detection system and the procedure to precisely
locate the tiny leak on the two other assemblies. Checking
continues onsite to ensure the specified leak rates are met.

Challenges in Cryomodule Assembly
While the cryomodule assembly itself is a typically challenging cleanroom task, there have been a number of other
challenges to overcome in the preparation of the assembly.
The main two are:
• Managing the assembly in Japan: as Rokkasho is a remote location, and the assembly contractor, the cryomodule designers and manufacturers are all based in
Europe this has been particularly challenging.
• Available space for the assembly: it was not originally
expected to complete the assembly in Rokkasho, hence
the space dedicated to performing this task was not
purpose built. Rather the assembly steps have been
made to fit in the available space. This implies that a
number of compromises have had to be made in the
preparation of the assembly procedures.

CONCLUSION
The manufacturing of the components of the IFMIF cryomodule and the qualification of the cavities, couplers and
solenoids is now finished. The cavities performances are
above the requirements and two accelerating units have
been successfully qualified in horizontal cryostat.
Most of the components are now delivered in Japan,
where the assembly of the cavity string has started. The
cryomodule shall be complete during the first quarter of
2020 and then installed on the beam line of the LIPAc accelerator for the conditioning and the commissioning with
beam.
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Abstract
The superconducting driver linac for the Facility for
Rare Isotope Beams (FRIB) requires the production of 46
cryomodules. Design is complete on all six cryomodule
types which utilize four superconducting radio frequency
(SRF) cavity designs and superconducting solenoids. The
FRIB cryomodules utilize an innovative bottom up
approach to achieve alignment tolerance and simplify
production assembly. The cryomodule testing includes
qualification of the resonator performance, fundamental
power couplers, tuners, and cryogenic systems. FRIB
beam commissioning has been performed on 15
cryomodules in the FRIB and validates the FRIB
cryomodule bottom up assembly and alignment method.
This paper will report the FRIB cryomodule design,
performance, and the alignment results and their impact on
beam commissioning.

2016. Installation of the liquid helium distribution lines in
the tunnel is nearly complete; cryomodule production
started in 2017 [3]. Linac commissioning has completed on
the first 15 cryomodules in the FRIB Linac. The FRIB
driver
linac
utilizes
four
different
low-beta
superconducting radio frequency (SRF) resonators in six
cryomodule designs as described in Table 1. The β=0.041
and β=0.085 accelerating structures are utilizing quarter
wave resonators (QWRs), while the β=0.29 and β=0.053
are utilizing half wave resonators (HWRs).
Table 1: Required cryomodule configurations for FRIB.
The β=0.041 cryomodules utilize a Leff =0.25 m solenoid
and all other cryomodules utilize a Leff =0.50 m solenoid.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) is a highpower heavy ion accelerator facility now under
construction at Michigan State University under a
cooperative agreement with the US DOE [1]. FRIB’s
driver linac operates in continuous wave mode and
accelerates stable ions to energies above 200 MeV/u with
the beam power on target up to 400 kW. The linac has a
folded layout as shown in Figure 1, which consists of a
front-end, three linac segments connected with two folding
segments, and a beam delivery system to deliver the
accelerated beam to target [2].

Each cryomodule is equipped with niobium resonators
operating at 2 K with focusing solenoids, which include xy steering, operating at 4.5 K. Due to the large number of
cryomodules, the FRIB project lends itself to a
manufacturing mind-set that incorporates large scale
production into the design of individual modules such as
the β=0.53 cryomodule shown in Fig. 2 [4].

CRYOMODULE DESIGN

Figure 1: Schematic layout for FRIB driver linac.
FRIB conventional construction started in March 2014,
and the accelerator systems construction began in late
2014. The FRIB accelerator building was complete in
____________________________________________
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FRIB cryomodule design was complete in 2017 as
shown in the timeline in Figure 3. The FRIB cryomodules
are based on a bottom-supported design which is optimized
for mass-production and efficient precision-assembly.
Figure 4 displays the subsystem break down of a typical
cryomodule. Four types of superconducting resonators
(β=0.041, β=0.085, β=0.29, β=0.53) and two solenoid
lengths (Leff = 0.25 m and 0.50 m) are used in multiple
configurations for the FRIB linac driver as described in
Table 1. FRIB cryomodules have been designed with a
focus on optimizing commonality between the cryomodule
types while incorporating robust manufacturing methods
SRF Technology - Cryomodule
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and minimizing material usage and assembly time. The
figures used in this paper will be primarily of the β=0.53
cryomodule.

Coldmass

1m
Figure 2: β=0.53 production cryomodule bottom-up
design. This cryomodule incorporates 8 β=0.53 HWRs and
1 solenoid.

The support of the coldmass was designed of three 316L
stainless steel (UNS S31603) welded alignment rail
segments, which are annealed to relieve residual stress and
restore magnetic permeability prior to precision
machining. The structure is divided longitudinally into 3
pieces for the β=0.085 and the β=0.53 cryomodules and
into 2 pieces for the β=0.29 cryomodules to minimize static
deflections and as shown on a β=0.53 cryomodule in Fig.
5. The remaining cryomodules, being shorter in length, use
a single rail. The cold string elements are fixed to the near
side of alignment rail. A custom set of hardened copper
bearings support the floating side of the cold string
elements and allow for their differential thermal
contraction. Installation of beamline bellows, fundamental
power couplers (FPC), RF pickups, and a beamline end
assembly rounded out the cleanroom portion of the design
[5].
Resonator
Solenoid

Figure 3: Cryomodule design timeline. Cryomodule design
was complete in 2017.

1m
Alignment Rails
Figure 5: β=0.53 cryomodule coldmass. Alignment rails
support superconducting resonators and solenoid.
After removal from the cleanroom, the resonator tuners,
which allow for the adjustment of the resonator operating
frequency via a helium gas piston, are installed. RF power
is delivered to all resonators by FPCs via coaxial RF lines.
Shown in Figure 6, are the fundamental power coupler and
resonator tuner assemblies for the design [6].

Figure 4: Sub-Systems of FRIB cryomodule design.
Supported off the bottom plate is the coldmass system,
where the resonators are protected by local magnetic
shielding (right). The cryogenic system attaches to the
coldmass. All assemblies are encapsulated by the thermal
shield and vacuum vessel (left).
SRF Technology - Cryomodule
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Figure 6: Half-wave power coupler assembly (left). Tuner
mechanism by ANL (right).
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On each end of the coldmass are the coldmass hoods.
The hoods temporarily attach to the end alignment rail and
have a beam line vacuum connection to the resonators on
the ends of the coldmass string. This connection is
intercepted at 38 K. The hood allows for easy installation
of gate valves, cold cathodes, and burst discs, all by conflat
flange connections. When the coldmass is assembled with
the vacuum vessel bottom plate, the hood is simply bolted
and pinned into position and released from the end rail.
Installation of the vacuum vessel cover makes an O-ring
seal to the cold mass hoods which completes the seal for
insulating vacuum.

Magnetic Shield
The magnetic field of earth and the surrounding
environment is attenuated to meet the FRIB required
permeability of μ=10,000 (at 500 mG). This is
accomplished by using a mu-metal shield for the resonators
as seen in Figure 5. The vacuum vessel sub-system is
primarily composed of steel and further attenuates the
surrounding magnetic field [6].

Cryogenic System
To allow for an efficient and repeatable cryomodule
installation, a FRIB standard cryogenic bayonet box is
employed as seen in Figure 7. This design will benefit the
FRIB production linac as it allows for a single cryomodule
to be warmed and disconnected from the linac segment.
The bayonet box is welded directly to the bottom plate of
the vacuum vessel and connects to the internal cryogenic
plumbing of the cryomodule. This allows for the bayonet
box to be fabricated separate from the vacuum vessel by
suppliers who specialize in cryogenic system construction.
The interface between the cryogenic distribution line and
the cryomodule is a set of 5 U-tube bayonet connections.
4.5 K Helium
Supply
Shield Supply

1m

Shield Return
4.5 K Helium
Return
Cold
Compressor
Return

Figure 7: Cryomodule cryogenic bayonet box. The bayonet
box connects to the distribution line by u-tube bayonets.
The cryogenic system has an independent helium circuit
for the superconducting resonator (2 K) and solenoids (4.5
K). These independent circuits allow for magnetic
degaussing cycles to take place using the superconducting
solenoid to remove any residual magnetic fields while the
resonators are warmed above the superconducting
temperature of niobium. A gaseous helium thermal shield
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circuit, operating at 38 K, adds to the cryogenic efficiency
by intercepting the heat conduction and radiation paths
while minimizing the cryoplant plug in heat load [4].
Cryogenic design choices for the cryomodule were made
at a project wide level, approaching it as an allencompassing system composed of the cryogenic plant,
distribution system, and cryomodules. Collaboration with
Thomas Jefferson National Accelerator Facility (J-Lab) on
2 K process improvements has yielded stable and efficient
operation of the FRIB cryomodules.

Thermal Radiation Shield
The thermal radiation shield is a segmented
construction which simplifies assembly and allows for
differential contraction between the three alignments rails
as shown in Figure 4. The thermal shield is constructed
from 1100-H14 Aluminium (UNS A911000) and cooled
via a custom aluminium extrusion to distribute 38 K
helium. To connect to the cryomodules’s cryogenic
systems, explosion bonded joints are utilized to weld the
stainless steel to the aluminium. A parallel 38 K helium
line is also included which is dedicated for intercepting
heat conduction from the FPC, warm beam line transitions,
pressure reliefs, and composite support posts. The thermal
shield is supported from the G-10 posts which attach to the
vacuum vessel bottom plate.

Vacuum Vessel & Baseplate Assembly
The vacuum vessel is constructed primarily from A36
(UNS K02600). The main components are the bottom
plate and vacuum vessel cover which interfaces with the
hermetically sealed beamline cold mass hoods. Insulating
vacuum space is sealed by a novel O-ring gasket which
allows for simultaneous horizontal and vertical sealing.
This O-ring gasket is constructed from ethylene propylene
rubber more commonly known as EPDM (ASTM D1418)
[7].

FRIB CRYOMODULE PRODUCTION
Dewar Testing
Resonators are delivered with their helium jacket. The
Dewar test is done in such a way to approximate the
cryomodule environment, with liquid helium in the jacket
and the Dewar under vacuum. An insert, which contains a
helium reservoir with the jacketed cavity, is prepared and
installed into the Dewar. After cool-down to 4.3 K, initial
testing begins along with thorough conditioning of
multipacting barriers. After 4.3 K testing, the insert is
pumped down and testing at approximately 2 K begins.
After successful 2 K testing the insert is warmed up and
removed from the Dewar [8].
Figure 8 shows the performance of the resonators which
passed the certification Dewar test. The production
resonators have performance margin for both gradient and
Q0. The “high-field Q-slope” is observed at gradients
above the FRIB design goals and is seen with and without
X-rays. Reworks due to field emission have been
SRF Technology - Cryomodule
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coldmass. The local magnetic shield are assembled around
the cavities. The cryogenic piping is installed to the
coldmass via a cryogenic support structure which supports
the headers and is attached to the coldmass alignment rails
as shown in Figure 10. The cryogenic piping is then welded
to the coldmass elements. Upon verification that the
cryogenic piping is leak tight, the coldmass is wrapped in
multilayer insulation and then the thermal shield is
installed. The thermal shield is then also wrapped with
multilayer insulation. The vacuum vessel is then installed
making the insulating seal of the cryomodule [9].

Figure 8: Dewar certification results of FRIB resonators at
2 K. Following testing the resonators are installed onto the
coldmass.
infrequent and high X-rays are not typically observed at the
FRIB design gradient [8].

Coldmass Assembly
The coldmasses are assembled in a cleanroom. The
resonators are vented with particulate-free pure nitrogen
gas after dewar testing. Particulate contamination is
monitored by taking particulate count measurements on the
flanges prior to connections being made on the cold string.
Resonator degradation is not observed between Dewar
testing and cryomodule bunker testing [3]. The coldmasses
are removed from the cleanroom after assembly, as seen in
Figure 9, and sequenced the cryomodule production floor
for final assembly.

Figure 10: β=0.53 cryomodule on assembly build floor.
Cryogenic piping and magnetic shields are installed.

Cryomodule Assembly Alignment
FRIB cryomodule alignment control can be broken into
three main areas. The first step is to have the manufacturing
and assembly steps produce an accurate coldmass
assembly with meaningful and reliable external fiducials
for installation. The second step is to control and verify the
warm-to-cold offset movements during cool-down (Figure
11). Cold movements are monitored during the
cryomodule by direct measurement of the tuner (QWR) or
FPC (HWR) position. The last step is to install and
accurately place the cryomodule assembly in the FRIB
tunnel.

Figure 9: β=0.53 coldmass. The coldmass is the
undergoing final inspection checks prior to removal.

Cryomodule Assembly
The cryomodule completes final assembly at FRIB. Five
cryomodule assembly bays are utilized to produce the
cryomodule at a rate of one cryomodule per month. A total
of 33 cryomodules have been produced of the required 46
cryomodules. The assembly bays are sized to build any of
the six cryomodules designs as described in Table 1.
Cryomodules remain assigned to a bay throughout the
duration of their build. Upon completion of the cryomodule
a full system cold test is performed. FRIB utilizes two
cryomodule test bunkers to perform the cold testing.
The coldmass is installed on the cryomodule baseplate,
and the subsystems are assembled to and around the
SRF Technology - Cryomodule
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Figure 11: Cryomodule thermal contraction motion.
Thermal contraction offsets are built into the cryomodule
alignment.
To support the alignment measurements required for
cryomodules, local floor monument networks are
established around the build. Shims are installed to provide
multi-point support of the baseplate to level it during
assembly and measurement. The resonators and solenoid
components have fiducial locators machined into the
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flanges and are fiducialized prior to coldmass assembly.
Alignment fiducials are spot welded to the baseplate and
vacuum vessel surfaces for external reference and are used
for are used for alignment to the beamline.
Several key conclusions were identified during the
assembly and alignment of the cryomodules. Desired
structural behavior of the key components (baseplate, rails
and vacuum vessel assembled to the lower subassembly)
have been verified. The baseplate machined accuracy goals
were reached and the baseplate can be reliably and
repeatedly supported for coldmass assembly. The fixedside hole alignment goal on the rails was reached on
transverse component placement. The baseplate and
vacuum vessel bolted assembly does perform as a rigid
assembly when the adjuster mounts are manipulated and
can be treated as a rigid assembly during installation.
Transverse and vertical alignment of the resonators and
solenoids was demonstrated to be within FRIB
specification. Table 2 shows the results of the cryomodule
alignment. The more stringent requirement for solenoid
pitch and yaw error (< 0.2 mm common axis within the
cryomodule) makes use of an adjustment feature that is
incorporated into the solenoid mount.
Table 2: Summary of the overall measured cryomodule
component alignment. Alignment budget is 1 mm for the
transverse and vertical alignment of the resonators and
solenoids. The * indicates one outlier that was removed
from the data set which was a pre-production module.

Cryomodule Testing
FRIB cryomodules are tested before installation into the
FRIB tunnel; 33 cryomodules have been tested to date.
There are two testing bunkers utilized at FRIB. Several
assessments are performed in the course of testing a
cryomodule. During resonator testing, the frequency and
bandwidth are checked, the field level is calibrated, X-ray
production is measured as a function of field, and
degradation in resonator performance is checked against
performance in the Dewar test. The superconducting
solenoid package (solenoid and two pairs of steering
dipoles) is tested as well. Both the static and dynamic heat
loads are measured. Alignment contraction is also
monitored during cool-down and warm-up [8].
FRIB cryomodules have tested well. On the production
cryomodules, all cavities were locked in amplitude, phase,
and frequency within the FRIB requirements. For the β =
0.29 and β = 0.53 cryomodules, testing revealed the need
to bias the input coupler inner conductor to suppress
multipacting barriers. In general, the 2 K dynamics loads
were less than the design goals and no appreciable
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degradation was observed relative Dewar certification tests
[8].

CRYOMODULE DESIGN AND ASSEMBLY
LESSONS LEARNED
Cryomodule assembly is currently on track to finish as
scheduled. With the completion (cryomodules installed in
tunnel) near 70% of the required cryomodules, the design
and assembly groups continue to evaluate overall progress,
efficiency, and issues that influence production rate.

Cryomodule Assembly Incoming Inspection
All fabrications and subassemblies are sequenced
through FRIB incoming inspection to complete their
quality checks. Contracted suppliers are required to
provide their quality data and material certifications to
FRIB prior to shipment which allows FRIB to evaluate
whether the requirements are achieved and minimizes
product return. Additionally, on critical products, FRIB
engineering visits to suppliers to review timeline, quality,
and shipment were performed.
Several bimetal transitions are used in the cryomodule
construction, with some leaks reported during leak
checking. The bimetals used are produced using an
explosion bonding processes. Components are cut from
large sheets of exploded bonded materials. Care must be
taken in harvesting these parts to ensure a good bonding in
the parts. Ultra sound mapping is used to locate good and
bad areas of the sheet. Every part is serialized and matched
to a record of where the part was removed from the sheet.
Using these records, FRIB is able to work with the vendor
to investigate areas of reported failed parts and improve the
mapping of sheets and improve the inspection criteria of
parts prior to shipping [9].
A vacuum leak was reported during the final assembly
step of the first 0.53 cryomodule (SCM501). The leaking
location was found in a weld completed at an outside
vendor. The vacuum vessel cover was leak checked at the
supplier before FRIB delivery, but the leak checking
method was unreliable. Leak checking of large vessels can
be a technical challenge. FRIB mitigated the issue by
educating the supplier and sending a FRIB technical
representative to the supplier for training.
Welding is a major piece in the assembly of FRIB
cryomodules. There are many concerns relating to welding
on the assembly floor that must be managed. Most
concerns are of the obvious natural, such as hot surfaces,
fire watch, mindfulness of purge locations, and grounding.
Extreme care must be used when using vacuum equipment
in parallel with welding activities which was an
unexpected issue that was realized during cryomodule
production. FRIB has seen a high failure rate of vacuum
gauge controllers when in the presence of welding. All
vacuum gauges and controllers must be switched off and
unplugged before welding can be performed on a given
cryomodule.
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Cryomodule Assembly Efficiency
After completion of first article cryomodules, several
design changes were reported to engineering to ease future
cryomodule assembly and ease fabrication efforts from
suppliers.
As mentioned before, welding is a major step in
cryomodule assembly. To ease the welding and reduce infield-welding on the build, many subassemblies are welded
on the “bench” and then installed - requiring only final
connections welds in the field. To help increase tolerance,
flexline connections have been implemented to ease final
fit-ups in the field.
FRIB cryomodules use local magnetic shields around the
cavities. FRIB worked with magnetic shield suppliers to
develop the easiest designs to fabricate. The designs use
available material sheet sizes and broke subassemblies
down in a way that allowed maximum use of annealing
furnaces. In addition, the FRIB design uses Pem nut
fasteners to provide easy assembly and disassembly [9].

CRYOMODULE TRANSPORATION
Upon successful completion of testing, the cryomodules
are prepared for transportation to the tunnel. The
cryomodules are transported with the beam line/cavity
space under vacuum and they are actively pumped with a
battery-powered ion pump while the cryomodule is being
moved. The insulating space is vented with nitrogen gas
prior to transportation.
The cryomodule is rigged with a beam and straps and
then lifted and placed on a low deck truck which is
necessary for lift clearance in the FRIB building. Wood
cribbing is placed underneath the cryomodule to provide
clearance of the transportation wheels attached to the
baseplate of the cryomodule. Ratchet tie-downs secure the
cryomodule to the truck bed seen in Figure 12. The
overhead rigging is not removed until the ratchet straps are
installed to assure that the load does not move. Prior to
transportation, accelerometers are attached to the
cryomodule baseplate to monitor loading during transit to
the FRIB building and subsequent lowering of the
cryomodule in the FRIB tunnel.

Figure 12: β=0.53 cryomodule being loaded onto low deck
truck. The cryomodule is secured to the deck of low boy
truck by ratchet straps prior to rigging removal.
When the cryomodule arrives in the FRIB loading bay
the overhead lifting beam and straps are attached. Once the
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cryomodule is securely rigged without tension; the ratchet
straps are removed. The cryomodule is lifted off the truck
and translated to clear the truck deck. Using the overhead
crane the cryomodule is maneuvered over the FRIB tunnel
shaft and lowered as depicted in Figure 13.

Figure 13: β=0.53 cryomodule being lowered in FRIB
shaft. After removal from the truck in FRIB loading bay,
the cryomodule is lowered to the FRIB tunnel floor.
Once the cryomodule is landed in the tunnel the rigging
is unhooked and removed. At this point, the cryomodule
is on four transport casters. Jacks are used in the tunnel to
lift one end of the module approximately one inch while
the self-propelled crawler drive unit is moved into place.
The cryomodule is then lowered to rest on the drive unit.
The cryomodule is moved around the accelerator tunnel to
its designated location. Once at location, the cryomodule is
placed onto adjusters which allow for precision alignment
to the FRIB beamline. All transport components are
removed from the cryomodule once it is placed on the
beamline.

FRIB LINAC SEGMENT 1 BEAM
COMMISSIONING
SRF commissioning of the linac segment 1 (LS1)
cryomodules was performed prior to the beam
commissioning. All 104 QWRs in 15 LS1 cryomodules
met the design goals of the accelerating gradient, 5.1
MV/m for β=0.041 QWR and 5.6 MV/m for β=0.085
QWR, with no field emission or multipacting issues. Also,
the phase and amplitude stabilities less than peak-to-peak
±0.2 degrees and ±0.1% were achieved, 5 and 10 times
better than the design goals, respectively. The SRF
commissioning of 92 β=0.085 QWRs in 12 cryomodules
was started at the end of November 2018; almost 1
cryomodule was completed per day with an 8-hour shift.
The high-power RF operation of the LS1 SRF cavities was
performed at 4.5 K, a more conservative condition (in
regards to microphonics) than the baseline design, 2 K.
This could be done as the 2 K bath pressure was stabilized
and the cryogenic supply pressure was optimized to
eliminate potential microphonics sources at the cavity
mechanical resonance frequencies [10].
The beam commissioning of linac segment 1 met all
goals ahead of baseline schedule. Three one-week beam
shifts were scheduled from February to April 2019
alternating with the ongoing equipment installation in the
tunnel. Starting with low beam power of < 2 W, a phase
WETEA5
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scan procedure was applied to all 104 SC cavities to
accelerate 40Ar9+ beam to 20.3 MeV/u. The transverse
beam dynamics was verified by beam profile
measurements. 20Ne6+, 86Kr17+ and 129Xe26+ were also
accelerated to a beam energy of 20.3 MeV/u by simply
scaling of all electromagnetic fields with respect to 40Ar9+
tune with appropriate charge-to-mass ratios. The beam
transmission through the LS1 was 100% for all beams with
measurement uncertainty < 1%. The beam-charge state
distributions after the stripper were measured by using a
45 bending magnet and charge-state selection slits [11].

CRYOMODULE ALIGNMENT IN FRIB
The survey and alignment group has aligned all of LS1
which includes β=0.041 and β=0.085 cryomodules. The
success of LS1 alignment was tested and quantified during
beam commissioning, which only required 25% of
available corrective dipole current to steer the beam onaxis within ± 1mm. Alignment of LS1 cryomodules
required two things: internal alignment of cavities and
solenoids within each cryomodule, and also alignment
between cryomodules relative to the theoretical LS1
beamline. These two alignment steps—internal alignment
and relative alignment between cryomodules—are the two
sources of alignment error contributing to the final asaligned positioning of cavities and solenoids shown in
Figure 14 and 15.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEA5

These as-aligned positions are calculated because direct
measurement is not possible once visibility is lost to
vacuum jacket installation. The final calculation of cavity
and solenoid as-aligned positions takes into account the
following factors and measurements: 1. solenoid mapping
magnetic offset data, 2. cavity and solenoid fiducialization
data, 3. assembly measurements relating cavity and
solenoid fiducials to cryomodule baseplate fiducials, 4.
offset corrections for thermal effects of cool down, 5.
measured baseplate distortion between assembly and
vacuum jacket installation and transport, 6. as-aligned
baseplate fiducial measurements. Table 3 below shows the
statistics for cryomodule cavity and solenoid alignment.
The solenoid alignment statistics are better than cavities
because solenoids were prioritized in the alignment
process. A least-squares best fit line through the magnetic
centers of a cryomodule’s solenoids was used to
characterize the primary axis to align each cryomodule
Table 3: LS1 cavity and solenoid as-aligned 2D transverse
offset positions from theoretical beamline statistics

CONCLUSION
FRIB is progressing on schedule and cost, with beam
commissioning completed through the first 15 of 46
superconducting cryomodules, and with heavy ions
accelerated above 20 MeV/u. The cryomodule bottom up
assembly method produces an accurate and repeatable
beamline alignment. FRIB cryomodule assembly is in full
production and on pace with project schedule. FRIB is
continuing to learn and implement changes to increase
quality/reduce risk and seeking opportunities to further
increase efficiency.
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RIBF [1] is a cyclotron-based accelerator facility combined with the heavy ion linac injectors RILAC (RIKEN
Linear Accelerator) [2] and RILAC2 [3]. At the RIBF, heavyion beams of varying energy are available, ranging from subcoulomb energy levels for fusion reactions to intermediate
energy levels for radioisotope beam production using fission
reactions. Beams of ion species ranging from hydrogen to
uranium are accelerated to various energies in accordance
with experimental requirements.
Design work on the SC linac started with the idea of obtaining a much more intense uranium beam, with an intensity
of up to 1 p𝜇A, by introducing a new linac injector [4]. The
SC part of the new injector, which consists of 14 cryomodules each containing 4 TEM-mode SC-QWRs, accelerates
an 1 mA 238 U35+ beam to 11 MeV/u. The SC-QWR produces a 1.4 MV gap voltage for 𝛽 = 0.08 particles at an RF
frequency of 73.0 MHz in the continuum wave (CW) mode.
Since 2015, the accelerator group of Nishina Center has
joined the ImPACT program [5], led by Dr. Fujita, to develop a system for processing so-called long-lived fission
products (LLFPs) via nuclear reactions and transmutations
induced by high-intensity ion beams provided by a particle
accelerator [6]. As part of this program, a prototype SC
linac has been developed. The main purpose of this prototype is to achieve a high acceleration field gradient 𝐸acc with
a low power dissipation SC cavity, that is, a high-Q0 and
∗
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A prototype cryomodule with a superconducting quarterwave resonator (SC-QWR) has been developed at RIKEN
Radioactive Isotope Beam Factory (RIBF). During the last
SRF conference, we presented the performance of our first
SC-QWR and the first cool-down test of its cryomodule.
Since then, we have continued our efforts to improve cavity
performance and succeeded in recovering deteriorated Q0 .
In this paper, we report what we constructed and learned
from the prototype, including design issues with the cavity
and its cryomodule. Design issues related to the new SCQWRs and their cryomodules for the SC linac booster of the
RIKEN Heavy-Ion Linac (RILAC) are described as well.

spatially efficient cryomodule. The cryomodule is the main
component of the SC linac, which comprises 4 K SC cavities.
Finally, we attempted to assess the stability and reliability of
the accelerating field using the prototype cryomodule since
reliablity of the accelerator is one of the critical issues to
avoid a serious impact to the target system.
The prototype cryomodule (Fig. 1) consists of one SC
cavity, one dummy cavity, and a vacuum vessel equipped
with a 40 K thermal shield cooled by a cryocooler. The
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m
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Figure 1: Schematic of prototype cryomodule.
developed SC-QWR is based on the structure of a coaxial
resonator with the quarter-wave length with an optimum 𝛽
as low as 0.08 and a resonant frequency of 75.5 MHz. The
SC-QWR is equipped with a cold frequency tuner that can
change the resonance up to 6 kHz. The planned operating
𝐸acc is 4.5 MV/m with a Q0 of 8.9 ×108 [6], which is estimated by using the 3D simulation package Micro Wave
Studio (MWS) [7]. The cavity’s Q-factor became worse
each time vertical tests (VTs) were performed, as reported
in SRF’17 [8]. After a Q-factor of 8.6 × 108 was observed at
the VT2, the Q-factors were decreased to as small as 5 × 108
at VT3 and VT4, which was 50% of our target value.
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To understand these phenomena, we sutdied the prototype
cavity extensively after the conference. We disassembled
the cavity from the prototype cryomodule and succeeded in
recovering the cavity performance by removing the defects
which deteriorate the cavity performance. Then, the cavity
was incorporated into the prototype cryomodule again, and
the cool-down test and RF test were performed. In the RF
test, the newly developed digital low level RF (LLRF) control
was used.
In 2016, it was decided that the total acceleration voltage of the RILAC would be upgraded to allow studies of
super-heavy elements aimed at new super-heavy element
synthesis. In this upgrade project, a new SC electron cyclotron resonance (ECR) ion source and SC booster linac
are being developed and constructed. The SC linac consists
of 10 QWRs that are operated at 73.0 MHz and contained
in three cryomodules. The basic design of the cavity and its
cryomodule differs from that of the 75.5 MHz prototype.

DEVELOPMENT OF SC-QWR
Study of Cavity Performance
At RIKEN, two types of QWRs have been developed so
far. A prototype SC-QWR with a frequency of 75.5 MHz
was developed under the ImPACT program. The other, a
73.0 MHz QWR, was developed for the RILAC upgrade.
The specifications of these cavities are summarized in Table1. In this table, R/Q, 𝐸peak /𝐸acc , and 𝐵peak /𝐸acc are esti-

the following steps: (1) bulk etching (∼100 μm) by BCP, (2)
degassing (750 ∘C, 3hr) by a vacuum furnace, light etching
(∼20 μm) by BCP, (3) rinsing with ultrapure water emitted
from a sapphire nozzle with high pressure scanning the inner
surface, (4)120 ∘C, 48 h baking. BCP utilizes an acid mixture in the volumetric proportion HF:HNO3 :H3 PO4 = 1:1:2.
The BCP facility [9] is a circulation system with temperature control, whereby the inlet temperature is maintained at
around 15 ∘C, while the returning liquid temperature reaches
about 25 ∘C. The average etching rate was 1.1 μm/min. In order to polish as uniform as possible, etching was performed
in both upright and inverse positions. While the frequency
shift rate was estimated to be 0.1 kHz/μm by simulations
with MWS, the actual rate was 0.2 kHz/μm.
The prototype 75.5 MHz cavity is equipped with a pair
of test ports along the perpendicular to the beam ports
(Fig. 2(A)). As mentioned above, Q0 dropped to as low
as 50% of the target value at VT4. During VT4, heavy multipacting occurred. At the same time, a temperature rise
was detected by a temperature sensor installed on the blank
flange for the side test port. After disassembling the cryomodule, the prototype cavity was carefully examined and
some discharge marks were found on the surface of the vacuum seal (Fig. 2(B)). Also, it appeared like tin that peeled
off from the vacuum seal adhered to the surfaces of the test
port flanges, as shown in Fig. 2(C).

(A)

(B)

Table 1: Cavity Specifications
SC-QWR
Frequency@4 K [MHz]
Temperature
[K]
Height
[mm]
𝐿cav
[mm]
𝛽opt
𝐸peak /𝐸acc
𝐵peak /𝐸acc [mT/(MV/m)]
R/Q
[Ω]
G
[Ω]
𝑉acc
[MV]
𝐸acc
[MV/m]
Q0 @𝐸acc
𝑃0 @𝐸acc
[W]
Qpickup

Prototype
75.5
1055
318

SRILAC
73.0

4
0.08

6.0
9.5
578
23.5
1.4
4.5
2.3 × 109
1.5
2.8 × 1011

1103
320

6.2
9.6
579
22.4
2.2
6.8
3.4 × 109
2.4
1.0 × 1011

mated by 3D simulation with MWS, and the measured Q0 ,
Qpickup are listed. Both of these cavities were fabricated
from pure niobium sheets with their RRR of 250 provided
by Tokyo Denkai Co., Ltd. (TD). For the port flanges, hard
pure (grade 2) niobium, provided by ULVAC, Inc. is used,
and a tin-plated metal o-ring (U-TIGHTSEAL), provided by
USUI Co., Ltd., is employed.
As a baseline process of surface treatment, buffered chemical polishing (BCP) was chosen, following a fairly standard
and widely used procedure. The process was performed via
SRF Technology - Cryomodule
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(C)

Side test port
Figure 2: (A) Picture of the prototype cavity. A niobium
plug was installed to the side test ports for VT6. (B)Side
test port flange. (C) Blank flange with a metal vacuum seal
for the side test port.
After cleaning the flanges and replacing the vacuum seals,
VT5 was performed. Then, a Q0 value of 2.3 × 109 , which
was four times that of VT4, was achieved. Measured Q0 is
plotted as a function of 𝐸acc in Fig. 3.
It is generally reported that surface polishing based by
BCP results in a rather steep Q slope at high 𝐸acc . As shown
in Fig. 3, the Q0 for the prototype cavity starts to decrease
at around 7 MV/m, yet the performance exceeds our target
value of 8.6 × 108 at 4.5 MV/m by a large margin.
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Return Pipe

Figure 3: Measured Q0 versus 𝐸acc . The red solid circles
represent the measurements conducted in VT5 for the prototype cavity. The blue solid circles are for the SRILAC
cavity.

Study of Frequency Tuning
Frequency tuning during fabrication is time-consuming in
the case of low-beta structure cavities [10]. Since a mechanical frequency tuner operating at liquid helium temperatures
is difficult to make the resonant frequency lower by more
than 10 kHz, the error of the cavity frequency referring to
the operational frequency has to be between +0 and +10 kHz.
There is the possibility of adjusting the frequency during the
fabrication process. During welding processes, the lengths
of the straight section of the upper and bottom parts are
adjusted by measuring the resonance of the temporarily assembled cavity. During the BCP process, the amount of
etching can be chosen according to the frequency. Nevertheless, a careful tuning was performed, since it is difficult
to estimate the frequency shift caused by shrinkage due to
welding-induced shrinkage, annealing-induced deformation,
jacketing, pumping, cooling, etc., the error in the total frequency shift can be assumed to be as large as several tens of
kilohertz.
One effective way of frequency tuning is differential etching [11]. The structure of QWR is based on a coaxial line
and the top and bottom parts of the QWR correspond to
the short and open ends, respectively. If the open (short)
end is removed, the capacitance (inductance) of the resonant
circuit is decreased (increased) and the frequency increases
(decreases). The frequency shift was estimated by MWS
simulations, as indicated in Fig. 4. The amount of the shift
has a maximum at some medium level, as expected.
To verify the estimation (Fig. 4), differential etching was
performed in an upright position. Etching liquid was supplied from one of the bottom ports and returned through
a pipe inserted into the other bottom port. It resembles
an aquarium overflow system. In practice, the etching liquid level can be determined by the insertion length of the
return pipe. The differential etching level was set to h =
580.8 mm. After the differential etching, an uniform etching
with an amount of 26.2 μm was performed. It was estimated
WETEB1
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Figure 4: Frequency shift estimated by MWS simulations
as a function of etching level from bottom of cavity.
the differential etching of 26 μm increased the frequency
by 12.6 kHz at 4 K. The shift rate 0.5 kHz/μm is consistent
with the estimation (Fig. 4), while the estimated shift rate of
uniform etching was twice the estimated value.
As an alternative frequency tuning method, we try to
investigate the effect of the plug tuner. It is expected that a
pair of plug tuners, machined to high precision and inserted
into the test port, will yield a target frequency within several
kilohertz. The frequency shift is calculated as a function
of the insertion length of the pair of plug tuners in Fig. 5.
The plug tuner block was made of niobium with an RRR

Tuner Position

Plug Tuners

Figure 5: Frequency shift estimated by MWS simulations
versus the insertion length of the pair of plug tuners.

(A)

(B)

Figure 6: (A) Plug tuner block machined from pure niobium
(RRR = 250) welded to a flange made of Grade 2 niobium.
(B) Installation of a plug tuner.
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of 250. In Fig. 6, photos of the plug tuner itself (A) and
installation (B) are shown. After the installation, VT6 was
performed. The frequency shift observed was 27.2 kHz,
while the expected value was 23.4 kHz. It was found that Q0
unexpectedly deteriorated, dropping to roughly one-tenth its
value measured at VT5.

Design Feedback to the SRILAC Cavity
The specifications of the cavity for the SRILAC are summarized in Table 1. Since the effect of the side test ports
on cavity performance seems rather large, the cavity for the
SRILAC was not equipped with side test ports. On the basis
of the results of VTs on the prototype cavity, the target Q0
was set 1 × 109 to 𝐸acc 6.8 MV/m. The measured Q0 of the
SRILAC prototype is plotted in Fig. 3 together with the Q0
of the 75.5 MHz prototype cavity. We achieved a high performance with the cavity for the SRILAC, whose Q0 exceeded
the target value by a large margin. Though differential BCP
is effective for frequency tuning, from the standpoint of cost
and processing time, it is not practical for mass production.
Therefore, we adopted a pre-tuning process involving plastic deformation to squeeze the beam port flange for mass
production of the cavities for the SRILAC [10]. The rate of
the frequency shift is about −20 kHz/mm. The advantage
of this method is that the process takes only one day and
allows fine tuning. After the pre-tuning, helium jacket made
of pure titanium was installed to the caivty.

PROTOTYPE CRYOMODULE
A schematic of the prototype cryomodule for the 75.5
MHz cavity is shown in Fig. 1. The length of the cryomodule,
measured between the gate valves, was designed to be 1.34
m. Its total acceleration voltage was 2.9 MV with two QWRs.
The SC cavity, whose beam ports are connected with bellow pipes and which is equipped with a fundamental power
coupler (FPC) [12], is supported by 4 hollow pillars made
of GFRP that are mounted on a common U-shape frame.
The vacuum vessel is made of stainless steel (SUS304). The
photos taken during cold mass assembly at the ISO class
1 clean room are shown in Fig. 7(A),(B),(C). To minimize
heat conduction from the room-temperature part to the 4
K cold mass, a thermal shield is installed. The cavity is
equipped with a magnetic shield made of 𝜇-metal with a
thickness of 1.5 mm, mounted on the helium jacket to cover
the whole cavity (Fig. 7(E)). The thermal shield is cooled by
a cryocooler (CH-110, Sumitomo Heavy Industries, Ltd.).
Its cold head is connected to the bottom panel of the thermal
shield with copper blades (Fig. 7(F)). The thermal shield
provides thermal anchors to the beam pipes, power couplers,
the cavity supports.
The cold part assembly, i.e., installation of the power couplers (Fig. 7(D)) to the cavity and the dummy, connection of
the beam pipe bellows, and installation of a pair of gate valves
at the two ends of the cryomodules (Fig. 7(A),(B),(C)), was
completed in a ISO class 1 clean room prepared for the cryomodule assembly for the SRILAC cryomodules. The clean
SRF Technology - Cryomodule
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Figure 7: (A) Beam pipe bellows between cavities. (B) Beam
pipe bellows at the end part. (C) Assembly work at ISO Class
1 clean room. (D) Power Coupler. (E) Assembly of tuner and
local magnetic shield (𝜇-metal). (F) Connection between the
head of the cryocooler and the bottom panel of the thermal
shield. (G) Assembly of upper part of cryomodule.
room employed a KOACH fan filter unit with a guide screen,
provided by KOKEN Ltd. [9]. The fan system is equipped
with a nanofiber air filter and air flow control mechanism
that generates coherent horizontal air flows. Ultrapure water
is available inside the ISO class 1 clean room for cleaning
of the parts.
After integration, the prototype cryomodule was moved
and installed into the accelerator cave of the linac bldg. Then
a cool-down test and RF test were performed. The prototype
cavity was cooled to 4.2 K with liquid helium supplied from
a 1000 L dewar. The bottom panel of the thermal shield was
cooled to 46 K via copper blades connected to a cryocooler
(Fig. 7(F)). The temperature of the top panel was 75 K.
The RF control system shown in Fig. 8 consists of a solidstate amplifier, transmission line with directional couplers
(𝑃in , 𝑃r ), a fundamental power coupler, a cavity pickup(𝑃t ),
and a digital feedback module. A solid-state amplifier with
Reference
Cavity
Forward
Reﬂected

LLRF Controler

SC-QWR

DC

Pt

Zo
REF

Pin

Tuner

FWD

M

Pr
RF Ampliﬁer

FPC

Figure 8: Block diagram of the RF control system.
a maximum output power of 4.5 kW and a digital feedback
module, a low level RF (LLRF), have been developed, which
excite the SC cavity with an external Q of 1 × 106 . The
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amplifier, whose output impedance is 50 Ω, is capable of CW
operation with open and short terminations in the absence
of an external circulator.
A newly developed digital LLRF controller is dedicated to
a system with a Qext as high as 1 × 106 . The system is based
on a high-performance programmable logic chip FPGA. The
cavity pickup signal and the signals from the directional couplers are digitized by harmonic sampling in sync with the
4/5 frequency of the reference signal (73.0 MHz). Converted
digital signals are first demodulated to I-Q components, then
converted to amplitude-phase components. The block diagram of the feedback control is shown in Fig. 9. Feedback
control is performed with amplitude-phase components, and
the feedback outputs are converted to I-Q and then the converted I-Q are processed with a modulator. DDS processes
the RF signal according to the I-Q modulation.
Reference

PLL

8f
4f/5

Strobe

Cavity

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB1

CLK
Limiter

RF Out

DDS

Figure 11: Power level of pickup signal (𝑃𝑡 ) from SC cavity
during a long-term operation test.
shield, whose support was designed so that the cryomodule is
isolated from the vibration of the cryocooler, was tentatively
mounted directly to the bottom of the cryomodule. As shown
in Fig. 12, the phase of the cavity pickup signal showed a
40 Hz oscillation with a ±1.5° amplitude. A mechanical

DC
Mode#1
Mode#2

DC

RF Ctrl
SW

Mode#3

CLK

Voltage
Phase

Forward

Tuner Control

CLK

Reﬂected

Interlock

DC

CLK
10 MHz

PLL

CLK(100 MHz) for FPGA

FPGA

LLRF Controler

Figure 9: Block diagram of the digital feedback module.
An RF-on sequence must be built by considering a narrow bandwidth, Lorentz detuning, multipacting, and so on.
The bandwidth is assumed to be 60 Hz. The Lorentz detuning Δ𝑓𝐿 (Hz) is roughly proportional to the square of
the accelerating gradient 𝐸acc (MV/m) and its coefficient is
about −0.7 Hz/(MV/m)2 . Multipacting occurs at an 𝐸acc of
<0.1 MV/m, 0.4 MV/m and 0.9 MV/m. A block diagram
of the RF-on sequence is shown in Fig. 10. The sequence
utilizes the self-excited mode until the resonant frequency
falls within the bandwidth, then the mode is switched to the
generator-driven mode. In Fig. 11, the deviation of the power
Interlock

RF OFF

SEL-1

SEL-2

GD

Tuner oﬀ

Tuner oﬀ

Tuner on, Phase Lock

AGC, APC, Tuner on

(at the initial position)

Limited output power

Limited output power

Ramp up output power

Cavity is energized

Frequency matched

to a certain level

to the reference

RF down

Figure 10: Block diagram of RF-On sequence.
level of the pickup signal (𝑃𝑡 /𝑃𝑡0 ) was plotted as a function
of the elapsed time during the 12-h operation test at an 𝐸acc
of 4.75 MV/m. The reliability for |Δ𝐸acc /𝐸acc | ≤ 0.1% was
evaluated as 95%. Note that for this test, tuning was conducted manually by changing the frequency of the signal
generator instead of moving the frequency tuner. The reliability will be improved by introducing the auto-tuner control.
Microphonics was observed in the phase error. To enhance
the effect of the microphonics, the cryocooler for the thermal
WETEB1
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Figure 12: Microphonics appeared with a force oscillation
by the cryocooler.
simulation predicted that the oscillation frequency was in
the pendulum mode [6]. Furthermore, a faster oscillation of
250 Hz with an error of ±3.5° was observed. This might be
due to the mechanical oscillation of the other part. When
the cryocooler was turned off, these oscillations disappeared,
but a phase oscillation with a frequency of 50 Hz and an
amplitude of less than ±1° remained. For the SC-QWRs
of the SRILAC, an extensive study on microphonics was
conducted [13].
The frequency tuner changes the resonant frequency
slightly by pushing the beam port flanges [6]. From the
mechanical simulation its sensitivity to the length between
the flanges is about −20 kHz/mm. The tuner, pneumatically
driven by a motor located outside the vacuum chamber, tightens the cavity by a pair of surrounding wires (Fig. 13(A))
and then the gap length of the beam port was compressed
along the beam axis, similarly to the tuner developed at
ANL [14]. The shift in frequency induced by the tuner is
limited to within −20 kHz because the maximum stress on
the pure niobium part cannot exceed 90 MPa, as required by
regulations for high pressure safety in Japan. A fast tuner is
not installed since the 4.5 kW RF power (CW) is available
with a bandwidth of ±60 Hz.
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Figure 13: (A) Frequency tuner driven by a motor. A rotating
handle was installed tantatively for an operation test. (B)
Frequency shift vs number of rotations of the drive shaft
handle.
The tuner test was performed after cool-down. The observed frequency shift is plotted in Fig. 13(B). Though a hysteresis was observed, it was acceptable from the standpoint
of tuning control. The tuning range was limited presumably
because of the mechanical loss of the driving system. The
mechanical design was modified to minimize the mechanical
loss of the tuner of the SRILAC.

SRILAC CRYOMODULE
The SRILAC cryomodule is based on a modified design
of the first prototype cryomodule (Fig. 14). As a baseline
for the cryomodule design, the beam vacuum and insulation
vacuum are separated to prevent accumulation of particulates from the insulation vacuum. The operation temperature
is 4 K. Modifications from the prototype cryomodule are
tabulated in Table 2. The cryostat maintains the cold mass,
which consists of 4 QWRs, a helium jacket, FPCs, magnetic shields, and dynamic tuner a 4.5 K with a 80 K shield.
The focusing magnets with steering function, and the beam
energy-position monitors are installed into the warm section
outside the cryomodule. One of the most important issues in
designing the beam transport line is the prevention of the contamination of SC cavities by particulates transported from
the room-temperature section by the gas flow induced by
the vacuum pressure gradient. To connect the different vacuum level parts and prevent gas flow into the high-vacuum
section, a non-evaporable-getter-based differential pumping
system is being developed [15].
The vacuum vessel made of cabon steel (SS400) reduces
the background magnetic field to less than 12 μT. Each of
the QWRs is supported by 4 hollow pillars made of GFRP,
SRF Technology - Cryomodule
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Figure 14: Schematic of SRILAC cryomodule.
Table 2: Cryomodule Specifications
Cryomodule
Frequency
Operating Temp.
# of cavities
Length
Focus Magnet
Shape of Chamber
Chamber Material
Thermal Shield
Local Mag. Shield
Cavity Int.
Static Load (4 K)
Cavity Support
Platform

Prototype

SRILAC

75.5 MHz (CW) 73.0 MHz (CW)
4K
2
4
1337 mm
2200 mm
No
Cylinder
Cuboid
SUS304
SS400
40 K
80 K
𝜇-metal
On the jacket
Inside the jacket
420 mm
430 mm
3.6 W
18 W
Propping up structure
Comm. Frame
Bottom Plate

which are mounted on a rigid bottom plate. The total static
heat load is estimated to be 18 W, which consists of 6 W
from FPC, 4.5 W through helium distribution pipes, 2.5 W
from the driving shaft of tuners, and 2 W through the support
pillars. For the SRILAC cavity, the local magnetic shield
of 𝜇-metal is encased inside the helium jacket, while the
local magnetic shield was installed on the helium jacket
for the 75.5 MHz prototype cavity. The advantages of this
structure are that it enables to exclude the magnetic parts
utilezed for the tuner outside the shield and that it simplifies
the construction of the cryomodule assembly.
For the power coupler, a new design was introduced.
While the coupler for the first prototype SC-QWR is based
on a double window structure [12], the new design employed
a single warm window structure, as shown in Fig. 15(A).
The disadvantage of the single window structure might be
the difficulty of handling the long antenna, with a length
of about 30 cm. On the other hand, owing to the simple
structure of the single window coupler, it is much easier to
fabricate than the double window type. Cleaning and drying
before installation into the cavity are also easier. After fabriWETEB1
755

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB1

cation, 5 pairs of couplers are cleaned, conditioned with a
test resonator (Fig. 15(B)) and installed into the cavities in
the ISO class 1 clean room at RIKEN.
So far, 10 QWRs were fabricated [10] with fundamental
power couplers and integrated into 3 cryomodules. The
cryomodules for the SRILAC were transferred to the linac
bldg., where the final assembly (Fig. 16(A)) was built and the
installation and alignment were performed (Fig. 16(B)). The
liquid helium delivery lines were connected with U-tubes to
the cold valve box of the helium transfer line (Fig. 16(C)).
Details of the construction status have been reported in [15].

SUMMARY AND PERSPECTIVES
At RIKEN RIBF, development of SC-QWRs for the heavyion linac started in 2013. With the first prototype cavity (75.5 MHz), an extensive study was conducted on surface treatment, and the cavity yielded a Q0 of 2 × 109 at
𝐸acc =4.5 MV/m. The cavity was integrated into the prototype cryomodules. A cool-down test and RF test were
performed with the prototype cryomodule using the newly
developed LLRF system and a solid-state amplifier.
The RIKEN heavy ion linac will have an acceleration
voltage and intensity upgrade upon the introduction of an
SC linac based on high-performance SC-QWRs and an SCECR ion source. The prototype cavity of the SRILAC with
a frequency of 73 MHz, which had some modification from
the first prototype SC-QWR (75.5 MHz), was fabricated
and tested. Its performance was successfully improved as

Figure 16: (A) Cryomodule in the final assembly, (B) Cryomodules after alignment, (C) U-tubes were connected between the cryomodule and the transfer line.
Q0 =3.4 × 109 at 𝐸acc =6.8 MV/m. Ten SC-QWRs were fabricated and processed following the recipe for the prototype.
All the SC-QWRs showed almost comparable performances
in terms of the prototype cavity for the SRILAC. After the
acceptance test, the SC-QWRs were integrated into three cryomodules. The cryomodules have already been installed into
the accelerator cave of the linac bldg., aligned to the existing
beam line and connected to the helium transfer line. The
construction of a control system is underway, and the first
cool-down test with a helium refrigerator has been scheduled
for August, 2019 [15].
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IDENTIFYING SPECIFIC CRYOMODULE AND CLEANROOM
PARTICULATE CONTAMINATION: UNDERSTANDING LEGACY ISSUES
AND PROVIDING NEW FEEDBACK STANDARDS*
C.E. Reece†, J. Spradlin, O. Trofimova, and A-M. Valente-Feliciano
Jefferson Lab, Newport News, VA, USA
Abstract
While the techniques used to provide “UHV clean” and
“particle-free” beamline components, including SRF
cavities, continue to evolve, “real-world” operating
machines must deal with actual accumulated and latent
contamination issues that produce non-trivial cryogenic
heatload, radiation, activation, and degradation via field
emission. We have developed a standardized and
automated particulate contamination assay method for use
in characterizing particulates found on beamline
components and in cleanroom assembly environments. We
present results from using this system to analyze samples
taken from reworked cryomodules from CEBAF.
Particulate sizes are much larger than anticipated. Utility
for feedback on sources to enable improved source
reduction is explored.

SAMPLING SYSTEM
As described in [1,2] we have developed a system for
characterizing particulate contamination around the use of
commercially available forensic standard clean carbon tape
spindles that are conveniently analyzed in a scanning
electron microscope (SEM). All of the work described here
uses these samples, which are tracked via unique
serialization numbers.
Samples were collected under controlled conditions, and
reference environmental samples were collected to help
discriminate particulates derived from the intended
sampled surface from particulates arriving to the analyzed
spindle independently during the collection process (see
Fig. 1).

INTRODUCTION
Performance standards for SRF-based particle
accelerator systems continue to evolve. Surface material
engineering continues to push boundaries in both
dissipated heat and peak sustainable surface fields. The
chief extrinsic limiting phenomenon, however, remains
surface particulate contamination which become electron
field emission sources when residing on locations with
high surface electric field. While the techniques used to
provide “UHV clean” and “particulate-free” beamline
components, including SRF cavities, continue to improve,
“real-world” operating machines must deal with actual
accumulated and latent contamination issues that produce
non-trivial cryogenic heatload, radiation, activation, and
degradation via field emission.
In order to build specific actionable knowledge of
contaminates found on CEBAF beamline components, we
have developed a standardized and automated particulate
contamination assay method for use in characterizing such
particulates and assessing “clean” assembly environments.
The process of sample collection and automated analysis is
described in a companion contribution to this conference
[1]. Here we review results from using this system to
analyze samples taken from inter-cryomodule beamline
girders, reworked cryomodules from CEBAF, and some
initial results from current particulate source identification
work in the JLab cleanroom activities.
___________________________________________
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Figure 1: Standard sample spindle and example of
particulate sampling from cavity interior.

CEBAF CRYOMODULE PARTICULATE
ASSAYS TO DATE
Beamline Girders
During the servicing of diagnostic instrumentation on
the CEBAF beamline in 2015-2016, a “C50” cryomodule
known as “Franklin” and installed in 2009, was
accidentally vented in an uncontrolled way. Subsequently,
rf performance was severely degraded and showing very
high field emission effects. This cryomodule was then the
worst performer in CEBAF, and thus was selected for the
next available rework cycle.
The adjoining “C20” cryomodule “Independence”
followed in 2017 with removal for rework, being replaced
by the refreshed Franklin module. Independence had been
on the CEBAF beamline since installation in 1992.
We collected particulate samples from the inside of the
adjoining girders prior to their re-processing. These girders
have been on the CEBAF beamline since initial
construction in 1992. The girders were isolated and
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brought into the cleanroom for sequential disassembly and
interior surface sampling for particulates.
Figure 2 notes the locations that were sampled on the
two girders which bracketed Franklin in CEBAF, and also
similarly on the outboard girder adjoining Independence.
Four additional beamline girders were sampled prior to
their rework. These were the girders bracketing
cryomodules in zones NL07 and NL23. The latter were
girders that had been installed as part of the 12 GeV
Upgrade project and bracketed the C100-6 cryomodule
which was pulled for re-cleaning due to field emission
loading.
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• Molybdenum sulfide
• Ta flakes
• Ti
• Cu/Ag flake with hydrocarbon fibers
• Si/Al/Mg & Si/Ca/Al at ion pumps
• Si/Mg/O
• Large hydrocarbon pieces – sheet-like
The size of the coper and stainless steel particulates
found averaged over 50 µm. It is clearly understood that
the particulate load present in these girders is incompatible
with reliable operation of a superconducting linac.
Remediation is being implemented at every opportunity,
and increasingly stringent measures are being implemented
to minimize transport opportunities for existing
particulates on the CEBAF beamline.

Original Style Cryomodules

Figure 2: Particulate sampling locations on CEBAF warm
girder.
Perhaps the most dramatic and telling sample is the one
collected by shaking the bellows at sample position #13.
The debris that fell on the spindle required no microscope
to discern. See Fig. 3.

Figure 3: Sampled particulates from girder 1L12 from
shaken bellows at location 13 in Fig. 2.
The following types of particulates were found in these
girders:
• Cu flakes and long slivers
• SS flakes
• Zinc pieces and slivers
• Sand
• Ni

SRF Technology - Cryomodule
cryomodule assembly

As the cryomodules Franklin and Independence were
being disassembled for rework, samples were collected
from each of the four cavity pairs and the modules’ ion
pump manifold. Having no prior experience, we chose to
take maximum use of the opportunity and collected a total
of 293 samples from Franklin and 185 from Independence.
Both of these cryomodules have the original 5-cell cavity
pairs, waveguide higher-order-mode couplers, and many
indium seal joints. There were approximately 60
standardsampling locations per cavity pair. See Fig.4.

Figure 4: Typical sampling locations.
Material character of the particulates found inside the
cavities corresponded well with the large particulates
found in the girders. This is consistent with the chief issue
of cryomodule performance degradation being one of the
transport of pathological contamination from the girders
into the SRF cavities.
The metallic particulate load was ~3X higher in Franklin
than in Independence. Mineral and masonry type
particulates were a factor of 10 higher in Franklin than
Independence. Interestingly, hydrocarbon signature
particulates were most prevalent in Independence. Over
100 polymer or elastomer particulates were found in
Franklin and adjoining girders, but essentially none in
Independence.
While fabrication standards have evolved since the
original CEBAF construction, the large particulates found
well exceed any intended standard and are consistent with
introduction after installation. While performance of the
SRF cavities can be limited by micron-scale particulates,
analytical pursuit of such scale particles was not motivated
due to the presence of so many much larger particulates.
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C100-6
One C100-style cryomodule has been removed from
CEBAF, disassembled, the cavities re-rinsed with ultrapure high pressure water in the new JLab facilities, and
then reassembled. The cryomodule, C100-6 was removed
from the CEBAF zone NL23 due to degradation following
a beamline vacuum incident, after which, field emission
loading and the radiation production was excessive. This
module is due for reinstallation in CEBAF in the Fall of
2019.
C100-6 NL23 was bled up in the tunnelfrom girder 24 to
girder 23 then brought to Test Lab with end CF flanges not
hermetically sealed. Because of handling issues, the pump
drops were not sampled. Due to the ongoing LCLS-II
construction work, sampling occurred in a portable
cleanroom, not in an ISO 4 cleanroom as with previous
work. Also, since these cavities were only going to be rerinsed then reassembled, no samples were collected from
inner iris regions of the cavities, only from the easily
accessible beampipes.
A total of 68 spindle samples were collected and all were
analyzed. Samples were collected from each cavity as each
was sequentially disassembled from the string. Three
samples were typically collected from each end of each
cavity and an additional sample was collected from the
waveguide fundamental power coupler as illustrated in
Fig. 5. Four samples were collected from the beamline
endcaps. Eight witness samples were collected to monitor
the environment in which sampling occurred. These
samples were analyzed using the upgraded fully automatic
system that finds and characterizes the elemental
composition of all particles greater than about 4 µm
dimension [1].

Figure 5: Sampling locations on cavities from C100-6.
The automated scans found and identified an average of
84 to 587 particulates greater than 4 µm per spindle from
the 58 cavity samples. For comparison, the endcap samples
which had been open to the environment for an extended
time were found to have an average of 5366 particulates.
Detected particles ranged in size from 4–480 µm, with 77%
of the detected particles in the 4–10 µm range.
The new automated analysis records the elemental
composition of particulates found. Since particulates are
often aggregates, as described in [1] we look for patterns
of occurrence of key elements as our first slice through the
data. The vast majority of the particulates on beampipe
samples showed presence of silver, steel, aluminum or
copper. For some reason, cavity 2 samples showed more Al
that typical. Also, rather surprisingly, cavity 6 (of eight)
showed 25–580% more particulates than the other cavities,
with a wider variety of materials represented as well
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(including an assortment of minerals), suggesting a very
general contamination exposure event sometime during its
preparation for assembly circa 2011. Only the knowncompromised endcap samples showed the same variety of
contaminating materials.
Another curious finding was that particulate
composition was different on samples collected from the
fundamental power coupler (location #17) than any other
location, and this was roughly true for all eight cavities. For
example, numerous hydrocarbon fibers with length 0.2–
2.0 mm were collected from the waveguides. This suggests
that perhaps at assembly, the copper-plated stainless steel
waveguide sections with bellows and integrated ceramic rf
window were not cleaned to the same standards as the SRF
cavities. If this is true, then the data also suggests that this
built-in contamination did not propagate up into the
beamline. (Note that from assembly, through operation,
and disassembly, the cavities are always oriented with the
plane of the FPC waveguide flange being vertical.)
Sample SEM micrographs of particulates collected from
C100-6 are presented in Fig. 6.
a

b

c

d

Figure 6: Particulates collected from C100-6 beamline,
a) silver, b) copper, c) steel, and d) titanium.

Process Development
As reported in [1], these standard spindle samples were
used to investigate particulates associated with LCLS-II
copper-plated bellows flexing, cleaning, and assembly. See
Fig. 7. This work provided valuable feedback concerning
the effectiveness of cleaning procedures and the sustained
integrity of the copper plating with bellows flexure.
We look forward to engaging structured procedure
development/refinement efforts using our new
standardized and automated system.
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The analysis system can also be used for quality control
checks. As an initial trial, one spindle was used to collect
contact samples from the cryomodules string assembly rail
used for LCLS-II cavity strings. The rail was approached
in the “cleaned and prepared for string assembly”
condition. The carbon tape sample was touched to the base,
pedestal, and top mounting hardware as indicated in Fig. 9.
16 different spots were selected for characterization on the
resulting spindle. The following materials were found:
polymer or elastomer, copper, aluminum, silicate, calcite,
copper phosphate, copper zinc, iron, aluminum sulfate, and
an organic.
Figure 7: Particulate assessment of LCLS-II bellows
assembly.

CHARACTERIZATION OF KNOWN
SOURCES
We recently began using this particulate assessment
system to identify and characterize particulates with welldefined sources. The intent is to eventually bridge the gap
between sources and on-process contamination, so that
source attribution and migration routes become
increasingly clear, enabling effective remediation and
continuous improvement.
One simple exercise was to simply characterize the
particulates emitted by the anti-static N2 blow-off guns
used routinely in the JLab cleanroom. A 1-minute, direct
flow exposure on the carbon-tape capped sample, followed
by five 1 sec bursts yielded on analysis 12 particulates 7–
20 µm all having the same EDS spectrum dominated by
silicon, with traces of Na, Mg, Al, K, Ca, Ti & Fe (Fig. 8).
While investigation continues, we suspect the particulates
may represent breakdown fragments of the point-of-use
filter on the N2 gun.

EDS Spot 7

EDS Area
EDS Spot 1
EDS Spot 2
EDS Spot 3
EDS Spot 4
EDS Spot 5
EDS Spot 6
EDS Spot 7
EDS Spot 8
EDS Spot 9
EDS Spot 10

Category
Polymer or Elastomer
Salt
Metallic
Polymer or Elastomer
Mineral
Polymer or Elastomer
Polymer or Elastomer
Metallic
Salt
Mineral

Type
Polymer or Elastomer
Copper Phosphate
Copper
Polymer or Elastomer
Calcite
Polymer or Elastomer
Polymer or Elastomer
Aluminum
Steel Flouride
Silicate

Figure 9: Particulate sampling from cavity string assembly
rail.
We find that with each use of this analysis system we
promptly find unexpected results. These are all new clues
for building the understanding which will enable reliable
engineering of processes that ensure that SRF cavities are
created, delivered, and maintained particulate free for
accelerator operations.

CONCLUSION
Figure 8: Particulate from N2 gun test.
In another exercise, a white 5 mil Class 10 clean room
glove was donned in the entry room. The glove was used
to enter the door into the cleanroom and then the surface
analytical area. Each finger of the glove was then applied
to the exposed GSR carbon tape. On analysis, 28
particulates were found. The majority of the particulates
were identified as mineral – silicate or calcite.
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The primary finding of the investigation of particulates
found in CEBAF is that particulate sizes are much larger
than anticipated. While past efforts to control particulate
contamination considered the battle to be control of
particulates smaller than 5–10 µm, in reality, beamline
elements, including cavities in cryomodules, were found to
contain a generous number of much larger particulates.
Some of these appear to have obvious sources, others do
not.
Feedback from this work has motivated changes in
CEBAF vacuum pumping systems, cryomodule assembly
procedures, and beamline maintenance work procedures.
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We intend to routinely sample cryomodules and other linac
beamline components for particulate contamination,
continuing to build a picture of issues, sources, and trends.
We anticipate using the same standardized particulate
assessment system for ongoing feedback to active process
refinement for cryomodule production and maintenance
procedures.
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CEBAF C100 FAULT CLASSIFICATION BASED ON TIME DOMAIN
RF SIGNALS *
T. Powers†, A. Solopova, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
Abstract
The CEBAF 12 GeV upgrade project, which was
completed and commissioned in 2014, included the
construction and installation of 80 7-cell superconducting
cavities that were configured in 10 cryomodules. In 2018,
the software and hardware in the digital low-level RF
systems was configured such that a fault would trigger an
acquisition process to record 17 RF waveform signals for
each of the 8 cavities within the cryomodule for subsequent
analysis. This contribution will describe the types of faults
encountered during operation and their signatures in the
time domain data, as well as how it is being used to modify
the setup of the machine and implement improvements to
the cryomodules.

WAVEFORM HARVESTER TOOL
The C100 cryomodules were built without bellows
between the individual cavities. This was done as the
cryomodules were an upgrade design for an existing
machine and there was a fixed slot length. Not having the
bellows improves the packing factor of the cryomodules.
Unfortunately, it also meant that the cavities are
mechanically coupled such that changing the length of one
cavity changes the length of an adjacent cavity by 10% of
that value. It also means that the cavity to cavity
mechanical coupling is stronger than in most cryomodules.
Thus when one cavity is turned off or the gradient is
reduced, the changes in length due to Lorentz force leads
to changes in the length of adjacent cavities. These effects
were exacerbated by the mechanical resonances of the
structure. Thus when one cavity trips off, the other 7
cavities are effected and several are likely to trip due to
vibrational induced detuning. This led to an operational
problem the first several years of operating the C100
cavities, namely, “Which cavity tripped first?” The
waveform harvester tool was developed in order to address
this problem.
An Altera field programmable gate array (FPGA) is the
signal processing engine within the JLab 12 GeV RF field
control chassis (FCC) [1]. The initial software
configuration of the FCC allowed one to view waveform
records of the various signals that are present within the
FPGA. The waveform harvester tool is the name given to
the software/hardware tools that allows the system to
capture these time domain signals after a fault and write
them to file for later analysis. Each of the 17 harvested
waveform signals is 8192 points long. The EPICS interface
allows one to vary the sample time between 18 ns and
1.18 ms. The trigger was set up such that about 90% of the
___________________________________________
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recorded data was before the fault and 10% was after the
fault. For the standard sample rates of 200 µs or 50 µs per
sample, this provided approximately 1500 ms or 400 ms of
data before the fault, respectively. This provides insight
into the events leading up to the fault, which often times
allows one to determine the root cause of the fault.
The initial configuration of the harvester software was
such that individual cavities were triggered separately and
the relative time between the waveform records of
individual cavities was only known to a few tenths of a
second. Modifications were made to the triggering
software and a chassis to chassis TTL logic timing chain
was implemented so that the first cavity that faults triggers
the firmware in all of the FCCs in a given cryomodule to
record the waveform records synchronously with an
accuracy of one data clock. The initial run with
synchronous triggering was a three week period in the
spring of 2018. In the fall 2018 and winter run of 2019,
each about 3 months long, the harvester was run more-orless continuously, and the data was analyzed by operations
staff on a daily basis. Additionally the data was analyzed
off-line every few days. Approximately 90,000 waveform
records have been recorded. Not all of these events were
true faults as many were recorded when the system was
recovering from a previous fault. In all about 3,000 faults
have been reviewed and classified according to type and
root cause.

FAULT TYPES
Initial analysis of the fault records was done by looking
at the waveforms as well as reviewing, machine fault
logger data, and the slow data which was recorded using
the CEBAF archive system. The archive system is a data
logging system that records the values of about 350,000
EPICS signals at speeds up to about 10 Hz [2]. Currently
harvested data is analyzed by visually inspecting the
waveforms. To date automated recognition of only one
event type has been implemented. There is ongoing effort to
fully automate this process using machine learning
algorithms [3].

Microphonics Faults
Microphonics is a term used to describe time domain
changes in the frequency of an SRF cavity, generally when
the cavity has been perturbed externally. For cavities that
have a large loaded-Q, changes in length of a few tens of
nanometers is enough to cause frequency shifts sufficient
to cause problems. Typically, cavities will vibrate at the
modal resonance frequencies of the mechanical structure.
For the C100 cryomodules the modes are a 9.5 to 10.5 Hz
pendulum mode, a 20 to 21 Hz half string bending mode, a
40 to 45 Hz individual cavity mode and an 80 to 90 Hz
tuner stack mode. The cavity vibrations can also be excited

WETEB3
763

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

by external vibrations such as 120 Hz from a vacuum pump
which may be attached to the insulating vacuum vessel.
Exciting the structure at any of the modal resonances
amplifies the excitation and may cause the cavity to trip.
The RF signal that indicates detuning is the relative
phase between the forward, power and the cavity gradient
signal. In the CEBAF controls this signal is labeled
DETA2. Figure 1 depicts the waveforms for a
microphonics-induced trip. As indicated by the DETA2
signal, the structure was vibrating in the 10 Hz full string
mode. As the mode built up, the RF drive and forward
power signals increased to compensate for the
perturbation. Eventually the control loop drive voltage
signal for cavity 4 got to its maximum value of 10 and the
drive phase got lost. In this instance the phase was such that
it drove the cavity gradient down faster than the natural
decay time of the system. Once cavity 4 tripped off, the
remainder of the cavities were switched into self-excited
loop (SEL) mode which is a frequency tracking mode of
operation. This switch to SEL mode is a standard protocol
with the C100 cavities that is used to speed up recovery
from a trip.

Figure 1: Waveforms for a microphonics-induced fault.
The cavity detune is indicated by the detune phase. From
top to bottom, the plots display the measured gradient in
MV/m, detune phase angle, forward power and a digital
signal proportional to the drive voltage.
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Fast “Electronic” Quench
Electronic quench is a term that was applied to a type of
event during which the stored energy in a cavity decays at
a rate much faster than is possible through a normal
resistive quench. Typical gradient decay times are less than
10 µs and have been seen to be as short as 100 ns. They are
accompanied by a short intense burst of radiation, and if
the event occurs on a cavity at the end of a cryomodule, a
burst of gas is observed on the beamline ion pump signal.
Electronic quenches were observed and reported in the
early 1990s [4, 5]. When they were originally observed
they were associated with window arcing events.
The assumption is that a burst of gas gets into the
high field region of the cavity, a large number electrons
are stripped off of the gas atoms, are accelerated by the
electric field and extract stored energy from the cavity.
Figure 2 displays waveforms from a cryomodule where
cavity 8 experienced an electronic quench. Figure 3 is a
plot of the vacuum signals for the girder between cavity
1L25-8 and 1L26-1. This vacuum outburst occurred at the
same time as the event in Fig. 3. The source of the gas and
ignition mechanism are not well understood. It could be
from a discharge in the warm to cold transition in the
waveguide, but it also could be from the warm to cold beam
line transition. During the Fall of 2018 run, more than 93%
of the events of this type occurred in end cavities (one or
eight) while the remainder were evenly divided among the
other six cavity positions. This would tend to point to gas
freezing out on the warm to cold transition in the beamline.
Extensive leak checking was done on the beam lines where
there were problematic cavities without finding any leaks.
This would lead one to the hypothesis that the deposited
gas was desorbed from the surface due to exposure to
strong field emission radiation that is preferentially
pumped to the cold surfaces.

Figure 2: Waveforms for the gradient and detune phase
angle when cavity 8 experienced an electronic Quench.
The forward power was turned off for cavity 8 and the
remainder of the cavities were put into SEL mode
immediately after the event.
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Figure 3: Beam line pressure as measured with ion pumps
that are located on the warm beamline on the cavity 8 end
of the example cryomodule, 1L25. The ion pump
VIP1L26A is on the warm girder about 0.5 m from the
cavity 1L25-8, VIP1L26B is about 0.2 m upstream from
the cold surface of the cavity 1L26-1 and is about 2 m away
from cavity 1L25-8.

End Group Quench
Like many SRF cavity designs, only the cells of these
cavities are immersed in liquid helium. The end groups
which include the beam pipes, HOM couplers, and wave
guide couplers, are conduction cooled. Thus RF heating of
these structures can cause the temperature to slowly
increase to the point where the end group goes normal
conducting. When this happens, the heat spreads into the
cells and the cavity quenches. When the quench is initiated
by the end group going normal conducting, the propagation
for the quench is on the order of 100 ms [6]. During a
quench that is initiated in the high field regions of the cells
of a cavity, the propagation time is on the order of a few
milliseconds. An end group quench fault presents itself as
the detune angle of the faulted cavity changing over a few
hundred milliseconds, while the remainder of the cavities
remain stable. This indicates a frequency shift in the cavity.
The waveforms for this type of fault are shown in Fig. 4.
Using the detune phase angle, resonant frequency and
loaded-Q of the cavity one can calculate the frequency shift
during this process. In this instance, the cavity had a
frequency shift of about 90 Hz before it faulted with a
detune fault.

Figure 4: Waveforms for an end group quench fault.
riser pipe at the nominal machine operating temperature is
about 40 W. In a C100 cryomodule the design heat load is
30 W per cavity. Excess heat due to field emission, etc.
contributes to increasing this heat load. Two cryogenic
diagnostics used to detect a heat riser choke are a slight
transient in the helium gas pressure in the two phase pipe
and an oscillation of a few percent in the indicated liquid
level. Figure 6 shows the waveforms for a heat riser choke
event. During this event cavities 5 through 8 suddenly went
unstable in what appeared to be a microphonic driven
instability. It differed from a microphonics instability in
that they suddenly turned on rather than growing in time
like the DETA2 signal in Fig. 1. Also, only half of the

Heat Riser Choke Fault
The maximum heat flux, q (W/cm2), through a pipe filled
with superfluid helium system is limited by the
temperature differential across the pipe and in general
scales as the length raised to the 1/m power where m is
between 3 and 3.4. It is also a strong function of
temperature. This dependence is shown in Fig. 5. When the
hot end of the pipe reaches 2.18 K, the pressure in the in
liquid that surrounds the cavity goes unstable. This causes
the cavity frequency to shift a sufficient amount to cause a
trip. The maximum heat capacity, as measured using
resistive heaters, of an individual C100 cryomodule heat
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Figure 5: Generalized steady-state limiting heat flux in
super fluid helium. [7].
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Figure 6: Waveforms for a heat riser choke event.
cavities participated in the detune event and the DC portion
of the detune frequency of four cavities walked off in the
same direction. All of these features are consistent with a
sudden change in the pressure in the helium vessel.
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Figure 7: Waveforms indicating a control loop oscillation.

RF Controls Induced Fault
The waveform records are also useful for identifying
problems in the controls which can be addressed without
reducing the cavity gradient. Figure 7 shows an oscillation
in the control loop, probably due to an error in the control
loop phase setting. The oscillation in the drive signal is a
few kilohertz and appears to be shaking other cavities in
the cryomodule slightly. Figure 8 shows an event that is
thought to be a grounding problem which occurs on one of
the CEBAF linacs during thunderstorms. The problem
presents itself as a transients in the phase and power that
are very short in duration. All of the C100 RF systems in
the south linac had precisely the same perturbations at the
same time, leading the RF engineers to suspect noise in a
common component such as the master oscillator system.
This example shows the value of this data, as otherwise one
would not be able to tell if the faults were due to
microphonics induced by the thunder rather than electrical
interference.

RF Transient Induced Quench Event
One type of event that was puzzling the JLab staff for
several years were C100 cavities operating well for months
that suddenly would quench at much lower fields than
expected. Such an event is shown in Fig. 9. The drive signal
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Figure 8: Waveforms that indicate a transient in the RF
controls system.
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(GASK) on cavity 4 (blue traces) saturated when
something drove it and cavity 3 (green traces) off tune.
When the drive signal for cavity 4 reached 10 the control
system was saturated and loss phase control. For cavity 4
the RF power and phase were such that it drove the gradient
down. The resulting mechanical vibrations which were
induced by Lorentz forces caused the other cavities in the
zone to detune. At 308 ms the drive for cavity 2 (red traces)
also saturated at 10. In the cavity 2 case, the phase was such
that it drove the cavity up in gradient to about 22.5 MV/m.
Shortly thereafter the quench detection algorithm turned
the cavity off with an indicated gradient of 19 MV/m. The
day after this event was recorded and analyzed an operator
confirmed that the prompt quench field for cavity 2 was
22.5 MV/m. In other similar events the cavity did not
switch off and the controls put it into SEL mode, it
continued to quench and we got a SEL-quench fault.

Figure 9: Waveforms which were used to determine that
the anomalous quench that we had previously seen on a
number of cavities was due to the cavity being driven to a
quench field by a lost RF control system.

FAULT STATISTICS

JACoW Publishing
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to perform remedial action, e.g. turn a cavity down, we can
use statistics to determine actions to be performed during
maintenance periods. Figure 10 is a plot of the statistics by
fault type and cryomodule for 41 days during the fall 2018
run. Based on this data, we did microphonics hardening of
cryomodules 2L24, 2L25 and 2L26. This improved the trip
rates for microphonics trips on the following run and
allowed us to increase the gradients on those cryomodules.
We reviewed all of the faults due to interlock faults and
identified the specific interlock fault by looking at the
archived data. The majority of the interlock trips that were
not due to other factors (such as high power RF interlocks,
arc test faults and window temperature faults) were
indicated as a quench fault as determined by the RF
controls. The controls look at the fall time for the gradient
and have a very small gradient error before they trip. Test
plans have been developed to modify the quench interlock
and the gradient error interlocks in order to reduce what are
perceived as false trips.
There were a large number of electronic quenches in
1L25-8 and 1L26-1, which share a common intercryomodule beamline. These faults were present in the
spring of 2018 and were eliminated after a thermal cycle of
the zones to room temperature. However, they returned in
cavity 1L26-8 after about a month of operation and in
1L26-1 after about two months of operation. The faults in
cavity 1L26-8 which were present in the spring of 2018
ceased after the same thermal cycle have yet to return after
8 months of operation. Work continues in understanding
the root cause of these faults.
Further analysis of these events along with the vacuum
signals indicated that the vacuum valves were closing on
the majority of the electronic quenches in the north linac
but not in the south. For an unknown reason the peak
vacuum excursions were slightly higher (2×10-6 Torr) in
the north linac as compared to the south linac which were
about 8×10-7 Torr. In both cases they were transient
pressure excursions with a decay time less than 1 second.
Vacuum modeling indicates that most of the 1 second time
constant is due to the pumping speed and conduction of the
pipes adjacent to the ion pump. It also indicates that the
pumping speed for the beam pipe at the entrance to the SRF
cavity has a time constant on the order of 100 ms. Rather
than simply increasing the set point on the interlock, the
data is being used as justification for modifying the
vacuum interlocks to delay closing the vacuum valves for
a few seconds when the pressure exceeds 1×10-6 Torr but
is below 2×10-5 Torr. The interlocks will still close the
beam line valves immediately if the pressure is above
2×10-5 Torr.

In addition to using the waveforms to determine which
cavity caused a given fault and classifying the fault in order
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Figure 10: Distribution of faults by zone for the C100 cryomodules for 41 days in the fall of 2019. It should be noted that
the harvester was disabled for several weeks for zone 0L04.

MACHINE LEARNING
The current approach to identify the fault type and which
cavity caused the fault is to plot the data and manually
review it. During a run period this can take as much as a
day per week of a system expert’s time. Further, it is
difficult to train operators how to properly identify the
faults which leads to them having to guess which is the
faulted cavity and, if the fault is occurring too frequently,
to turn that cavity down. The next day the system expert
upon review of the log books and the waveform data will
determine if the proper cavity was turned down. If it was
not, they will turn it back up and adjust the proper cavity.
In the Fall of 2018, a program was initiated to use
machine learning to identify the fault type and offending
cavity automatically [3]. Data was split into a training
(70%) and test (30%) sets. A variety of classification
models were trained. Fault identification accuracies on the
test data set exceeding 90% were achieved. Identification
of the cavity that caused the trip was also tested. For this
effort only 4 signals were analyzed which were, GASK,
forward power, measured gradient and DETA2. Depending
on the method used the accuracy scores were between 86%
and 96%. The goal of this program is to deploy deep
learning based algorithms in the control room so that the
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results can be used to guide operations regarding fault type
mitigation and potentially fault avoidance in the future.

CONCLUSIONS
Over the last year waveform data for RF signals just
prior to and after faults has been collected from multiple
CEBAF run periods. Several different types of faults have
been identified. Manually analyzing the data, although
time consuming, is an effective way to identify trends and
to correctly decide which cavity was the first to go
unstable. The statistics for each run were used to
strategically deploy mitigations to problematic
cryomodules and to design changes in interlocks. Use of
machine learning tools is being pursued which should
automate the identification of the faulty cavity as well as
the type of fault. A combination of these methods should
provide a useful tool for machine operations.
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VIRTUAL SRF CAVITY: TESTING SRF CAVITY SUPPORT SYSTEMS
WITHOUT THE HASSLE OF LIQUID HELIUM AND KLYSTRONS *
P. Echevarria†, A. Neumann, A. Ushakov, J. Knobloch,
Helmholtz Zentrum Berlin, Berlin, Germany
E. Aldekoa, J. Jugo, University of the Basque Country (UPV/EHU), Leioa, Spain
Abstract
Setting up and debugging SRF support systems, such as
LLRF control, quench detection, microphonics and Lorentz-force detuning control, etc., often requires extensive
time spent operating the cavities. This results in time consuming and costly operation. Early into the development
stages the actual cavity system may not even be available.
It is therefore highly desirable to pre-evaluate these systems under realistic conditions prior to final testing with
the SRF cavities. We devised an FPGA-based "virtual cavity" that takes a regular low-level RF input and generates
the signals for RF-power reflection, transmission and detuning that mimic the response of a real cavity system. As
far as the user is concerned, the response is the same as for
a real cavity. This "black-box" model includes mechanical
modes, Lorentz force detuning, a field depended quality
factor, quenches and variable input coupling and is currently being expanded. We present the model and show
some applications for operating the quench detection,
LLRF and microphonics control for 1.3 GHz bERLinPro
cavities. The same system can be used for other cavity
types, including normal conducting cavities.

INTRODUCTION
The unavailability of SRF cavities and all the associated
ancillary systems for testing them is a big issue when designing and debugging LLRF control algorithms and related techniques like quench detection, detuning compensation, etc. In [1] an FPGA-based virtual cavity was presented which could be used to perform hardware-in-theloop (HIL) simulations of the mentioned systems. This system, based on off-the-shelf National Instruments hardware,
takes the forward RF signal coming from the LLRF system
and models the electrical behaviour of an SRF cavity generating the RF transmitted and reflected signals.
In addition to this basic electrical behaviour, some more
advanced features were introduced to the model such as a
quenching, field dependant Q and mechanical response fed
by Lorentz force detuning and microphonics, making the
system more realistic and close the real world.
In this paper all these components of the virtual cavity
are summarized and a more modern and more compact
hardware is presented, which allowed the introduction of
one more feature: the simulation of the piezo tuner with its
associated mechanical transfer function. The resulting system offers the operator the flexibility to choose between

different quality factors, couplings, quench thresholds, mechanical responses while the FPGA calculates in real time
the transmitted and reflected RF voltages for a given RF
input. Figure 1 depicts the overview of the working principle of this virtual cavity,

Figure 1: Overview of the virtual cavity operation scheme.

NEW HARDWARE
The hardware used in [1] was the main limitation to add
more features to the virtual cavity as almost all the FPGA
resources were used. Therefore the whole design was migrated to a newer and more compact device from National
Instruments [2]. This device is composed by a real time
controller in charge of the communications with the user
via Ethernet and a Kintex-7 FPGA where the cavity model
is implemented. The analog module was also changed, [3],
in order to have more number of inputs and outputs, 16-bit
ADCs and a bigger dynamic range. Figure 2 shows both
devices.

___________________________________________
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Figure 2: National Instruments NI-7935R FlexRIO controller, [2] with the NI-5783 Analog Adapter Module, [3].
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Figure 3: Graphical user interface where the parameter input, analog output selection and data visualization are depicted.

ELECTRICAL MODEL
The basic cavity electrical behaviour can be modelled
using an equivalent RLC-circuit, [4], which leads to the
following equation:
�

−� /
∆�
�
+(

�cav = (

/

−∆�
) �cav +
−� /
�

/

)

�amp

MORE REALISTIC FEATURES
(1)

where � / is the half bandwidth, ∆� the cavity detuning,
L is the load resistance, m is the transformer ratio (both
dependent on r/Q, Q0 and the coupling factor) and �cav =
(�cav , �cav � ), �amp = (�amp , �amp � ) are the real and imaginary parts of cavity voltage and the driven current respectively.
The reflected voltage is calculated with the following
equation:
�ref =

�cav

−

0 �amp

(2)

where Z0 is the impedance of the RF system (normally 50
ohm).
Equations (1) and (2), after a proper discretization, have
been implemented in the FPGA, where the in-phase and in
quadrature components of the input are obtained through
an IQ-sampling block.
The user interface allows the introduction of the following parameters: r/Q, Q0, Qext, frequency, and detuning and
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the program calculates all the derived variables as QL, coupling factor, half-bandwidth, rise time, etc. as it can be seen
in Fig. 3. The range of these parameters are limited by the
fixed point representation inside of the cavity and depend
on each other. For instance at 1.3 GHz the minimum QL is
around 1.75×105 and the maximum around 5×1011.
The utilization of an FPGA allows that the parameters in
equations (1) and (2) are not only given by the user but also
changed dynamically and in real time.
For instance the amplitude of the transmitted voltage can
be calculated and used to change Q0 to the minimum possible value when the field is above a threshold given by the
user, simulating this way a quench of the SRF cavity. The
amplitude can be also used to address a look-up table where
different Q0 values are stored and fed back to the cavity
model, so the system presents a field dependent Q0.
Finally, the square of the amplitude value can be added
to a signal coming from the host simulating microphonics
and fed to a block that implements the mechanical transfer
function of the cavity. Up to five mechanical eigenmodes
can be set by the user defined by the natural frequency, � ,
the quality factor,
, and the coupling factor, � . Each of
these mechanical modes are defined by:
∆�
( ̇
� ∆�
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�
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where �cav is the electric field in the cavity and �c is the
microphonics signal coming from the host. The results of
the five modes, ∆� � , � = , … , 5 are added and fed as
detuning to the cavity model, simulating this way the Lorentz force detuning plus microphonics. So far, four type of
microphonics signals can be generated in the host: white
noise, a sinusoidal signal with configurable amplitude and
frequency, an impulse and a step function to simulate mechanical hits and displacements of the cavity.

PIEZO TUNER MECHANICAL MODEL
Since the newer hardware has more FPGA resources and
inputs, the mechanical model of the piezo tuner has been
implemented. In a similar way as in the previous section,
five mechanical modes are implemented but this time they
are fed by an external signal that simulates the voltage applied to the piezo stack of the tuner of an SRF cavity. In
addition to the mechanical modes, to make this block more
realistic, a DC component and a delay (to mimic the phase
lag of the tuner) are introduced. The implemented transfer
function is given by the following equation:
∆�

� �

=

0

� +

+ ∑5�=

��2 �
2 +�� +�2
�
��

−�

��

(4)

where ∆� is the total detuning, � � is the voltage applied
at the analog input, �� , �� , and � are respectively the
gains, resonant frequency and quality factor of each mode,
� is the parameter defining the dynamics of the DC component, and �
is the phase lag of the tuner.
Figure 4 shows the complete block diagram of the virtual
cavity with this new feature. The detuning caused by the
piezo driver is added to the one caused to the Lorentz force
detuning and microphonics. In order to test that the new
block works as intended a mechanical eigenmode at 40 Hz
with a quality factor of 10 was set in the user interface and
a sweep of the frequency at the analog input was done. Figure 5 shows the frequency response where it can be seen
that frequency peak and bandwidth match with the introduced values. Figure 6 depicts the effect of the tuner phase
lag.

Figure 4: Block diagram of the implemented virtual cavity
with the piezo tuner block.

Figure 5: Frequency response of the piezo tuner mechanical block with an eigenmode at 40 Hz with a quality factor
of 10.

EXAMPLES OF APPLICATIONS
For the LLRF operation of the Berlin’s Energy Recovery
Linac (bERLinPro), [5], the mTCA.4 standard is being
used. The main items of the amplitude and phase control of
this 1.3 GHz machine are a downconverter and vector modulator board connected to the rear of the crate, [6], and a
digitizer and FPGA board, [7]. In order to connect the virtual cavity operating at an intermediate frequency with
these high frequency elements, an up/downconverter is introduced as an interface both devices as it can be seen in
Fig. 7. This setup is currently used at HZB to help to design
and debug several aspects of the LLRF control of bERlinPro as it explained below.
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Figure 6: Piezo tuner mechanical response without (blue)
and with a 50 ms phase lag (red) with a 10 -7 s sampling
period.
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Figure 7: An Up/Downconverter has been used to convert the signals coming to and from the virtual cavity (center of the
image) to enable the use of mTCA.4 boards (left).

Kalman Filter Estimator Testing and Debugging
The first application of the virtual cavity at HZB was
done during testing and debugging of the optimal estimator
for unresolved measurement implemented by the Kalman
filter, [8]. The idea behind this technique is predict the detuning of a cavity due to microphonics when the mechanical behavior of the cavity is not properly described and/or
when the system is noisy. The Kalman filter is able to deal
with this uncertainties in iterative way, where in each step
defines which value is more trustworthy: the theoretical response calculated using the measured mechanical transfer
function or the real-time measured detuning of the cavity.
The virtual cavity has been used to debug the implementation of this filter (Fig. 7) for the following reasons:
 The system is known to generate parameterized signals describing real cavities with known behavior.
 Realistic behaviour can be emulated (Fig. 8).
 Different waveforms of the mechanical modes’ input
signals were examined including impulses with
known amplitude and duration imitating the real processes (Fig. 9).
 Possibility to simulate the sum of several mechanical
modes (Fig. 9).
 Additional noise was added to the input signals making it possible to check the response of the filter and
examine filters margins.

Quench Detection Algorithms
The usual RF signals used as input for LLRF control, i.e.
the transmitted and forward voltages, can be used to determine online the cavity parameters, [9]. If a sudden change
in � / due to the drop of the quality factor of the cavity
when quenching is detected, the LLRF system can immediately interlock the RF signal preventing the cavity and
cryomodule to suffer any damage. This technique has
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proven fast enough to detect a quench in the SRF cavities
of the HZB projects (bERLinPro and BESSY-VSR, [10])
and switch off the RF before the deposited power in the He
bath is too high, [11]. Following this year, this algorithm
will be implemented in the mTCA.4 FPGA board and as a
first step prior to be used in a real cavity, the virtual cavity’s
quench feature will be used to debug and adjust the algorithm.

Figure 8: Detuning emulating the real processes of 1 mbar
pressure change in LHe system or a non-synchronized
beam injection into BESSY-II generated with the virtual
cavity (red) and the Kalman filter estimation (blue).

bERLinPro LLRF Control Panels
The virtual cavity, connected to an mTCA.4 crate as in
Fig. 7 has been used to debug and properly initialize the
registers in the FPGA firmware. These registers, together
with the DRAM memory of the board are accessed by the
in-crate CPU through the PCIe bus in the backplane. The
CPU runs the LLRF server developed by DESY to be used
initially with the DOOCS control system [12], but with the
use of the ChimeraTK Control System Adapter [13-14] it
has been adapted to be connected to the EPICS control sys-
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(a)
(b)
Figure 9: Composition of several mechanical modes of different shape, quality, coupling and noise. (a) shows decomposition of 3 mechanical modes 330, 460 and 470 Hz. (b) shows Kalman filter tracking ability for those mentioned signals.
In addition to the testing of advanced techniques like the
Kalman filter for mechanical detuning estimation or realtime detection of quenches, the virtual cavity combined
with an up/down converter connected to an mTCA.4 chassis offers a non-dangerous setup to train the machine operator on the use of the control panels.
The presented new hardware with its modern FPGA still
has enough resources to further implement more features.
For instance, the electrical behaviour could be expanded to
include pass-band modes of multicell cavities, or even several cavities can be implemented to emulate the vector sum
operation of several cavities driven by a single RF amplifier, [16].
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ACTIVE SUPPRESSION OF MICROPHONICS DETUNING IN HIGH QL
CAVITIES∗
N. Banerjee† , G. Hoffstaetter, M. Liepe, P. Quigley
Cornell Laboratory for Accelerator-Based Sciences and Education, Ithaca, USA
Abstract
Accelerators operating with low beam loading such as
Energy Recovery Linacs (ERL) greatly benefit from using
SRF cavities operated at high loaded quality factors, since it
leads to lower RF power requirements. However, large microphonics detuning several times the operating bandwidth
of the cavities severely limit the maximum accelerating fields
which can be sustained in a stable manner. In this talk, I will
describe an active microphonics control technique based
on the narrow band Active noise Control (ANC) algorithm
which we have used in CBETA, a multi-turn SRF ERL being
commissioned at Cornell University. I will describe its stability and performance during beam operations of CBETA
with consistent reduction of peak detuning by almost a factor
of 2 on multiple cavities.

INTRODUCTION
Superconducting Radio Frequency (SRF) technology is
continuously pushing the boundaries of maximum gradients
and thermal efficiency allowing us to operate CW Linacs
with lower cryogenic requirements. At the same time, there
is also a push towards high loaded quality factors Q L ≈ 108
for linacs operating with low beam loading such as in Energy
Recovery Linacs (ERL) (eg. CBETA [1], bERLinPro [2])
and Free Electron Lasers (eg. LCLS-II [3], XFEL [4]). The
larger quality factors lead to lower average power requirements making efficient solid state amplifiers an attractive option. However, the smaller bandwidth arising from the large
Q L makes the system more sensitive to resonance detuning
resulting in a trade off between RF power requirements and
field stability. In this context, suppression of microphonics
detuning is becoming more important for improving the RF
power usage of SRF Linacs.
The power required to operate SRF cavities at a fixed frequency with the electric field kept at a constant amplitude
and phase with respect to a master clock fluctuates with
resonance detuning. Transient changes in the resonance frequency of the cavity resulting from mechanical deformations
changes its response to incoming RF waves and results in
enhanced reflection at the fundamental power coupler. The
RF power P required to maintain a voltage V with zero beam
loading is given by, [5]


2
V2 β + 1
2Q L ∆ω
P= R
1+
,
ω0
8 Q QL β
∗
†

(1)
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where ∆ω is the detuning, R/Q is the shunt impedance in
circuit definition and β is the coupling factor. Hence, efforts
toward suppression of peak detuning in machines operating
with high Q L starts at the design level by introducing stiffening rings to reduce the sensitivity of the resonance frequency
to mechanical perturbations. [6] Identification and suppression of vibration sources is the most important method of
reducing peak detuning. In this paper, we discuss using the
Active Noise Control (ANC) algorithm as a method of active
suppression of microphonics when passive measures are not
feasible.
In the next section, we describe the narrow-band Active
Noise Control (ANC) algorithm, along with a modification
based on the Least Mean Square (LMS) technique. Then we
demonstrate it’s performance in the main linac [7] used for
energy recovery at the Cornell-BNL ERL Test Accelerator
(CBETA) project. Finally, we present a summary of this
work and propose some improvements for the future.

ACTIVE NOISE CONTROL
Active suppression of microphonics detuning requires fast
tuners which respond at acoustic time scales using piezoelectric actuators such as the one used in CBETA which has
a range of about 2 kHz or about 100 times the operating bandwidth of the cavity. [8] The dynamic mechanical response of
the fast tuner can be described using a Linear Time Invariant
(LTI) response model. In the frequency domain, the change
in resonance frequency δ f˜(ω) of the cavity in response to
the applied voltage ũ pz (ω) is given by,
δ f˜(ω) = τ(ω)ũ pz (ω) ,

(2)

where τ(ω) is the frequency response or transfer function of
the tuner. The frequency spectrum of microphonics along
with the frequency response of the tuner greatly influences
the design of the active resonance control system. The transfer functions measured on three cavities of the main linac
in CBETA are shown in Fig. 1. The transfer function measurements show a region of flat amplitude and linear phase
response in the range of low frequencies up to 30 Hz; this
makes the use of simple algorithms like proportional-integral
(PI) control feasible for attenuating low frequency microphonics. If the microphonics spectral lines at higher frequencies are narrow-band and not near any mechanical resonances of the tuner, then the Active Noise Control (ANC)
algorithm becomes a very simple and effective method of
actively suppressing microphonics detuning.
Microphonics from narrow band vibration sources may
be represented by a finite series of sinusoids at different
frequencies with slowly changing amplitudes and phases.
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Figure 1: Tuner response amplitude and phase as functions of frequency of applied voltage for three cavities of the main
linac used in CBETA. The plots show multiple strong resonances above 200 Hz for unstiffened cavities 1 and 3. Cavity 4 is
fitted with stiffening rings which suppress the low frequency eigenmodes of the structure.
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m

We can use this model of compensated detuning to construct
the ANC algorithm.
The technique of narrow-band ANC, demonstrated in the
past as an effective resonance control algorithm [10, 11],
may be derived in a Least Mean Square (LMS) sense as a
stochastic gradient descent minimization [12] of the cost
function,

2
C(tn ) = δ fcomp (tn ) ,
(5)
where C(tn ) is the expectation value of the square of detuning.
Each iteration of gradient descent changes the actuation
phasors Ãm (t) a little in a direction opposite to the gradient
using the relation,
mod

Ãm (tn+1 ) = Ãm (tn ) − µm δ fcomp (tn )ei(ωm t−φm ) ,

(6)

where µm is learning rate of the algorithm. Equation (3)
together with Eq. (6) form the narrow-band ANC algorithm.
The ANC algorithm described here is mathematically
equivalent to applying a linear filter on the tuning error
e(t) ≡ −δ fcomp (t), whose Z transform can be written as,
−1
mod
cos(ωm ∆t + ϕmod
m ) − z cos ϕ m
,
−1
−2
1 − 2 cos(ωm ∆t)z + z
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Hm (z) = µm
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In order to calculate the dynamic response of the resonance
frequency of the cavity in a narrow domain, we can approximate the transfer function of the tuner as a constant
mod e−iφ mod
m . The effective resonance frelimω→ωm τ(ω) = τm
quency of the cavity δ fcomp (t) under external vibrations
δ fext (t) and actuation of the tuner is given by, [9]
Õ
mod
mod
δ fcomp (t) = δ fext (t) +
Re{τm
Ãm (t)ei(ωm t−φm ) } (4)

150

Phase (degrees)

Hence, in the time domain, the actuator voltage u pz (t) can
be written as a sum of sinusoids um (t) with frequencies ωm
and whose amplitudes and phases are determined by slowly
changing phasors Ãm (t) using the relation,
Õ
Õ
u pz (t) =
um (t) =
Re{ Ãm (t)eiωm t } .
(3)

-50
41

Figure 2: Frequency response Hm (eiωt ) of the control filter
described in Eq. (7) for one mode fm = 40 Hz, µm = 10−4 ,
∆t = 0.1 ms and three values of phase ϕm = −45◦, 0◦, 45◦ .
The value of ϕm primarily provides a constant offset to the
phase response and can be used as a knob to stabilize the
feedback control loop.

where ∆t is the time between each iteration. The frequency
response of this filter shown in Fig. 2 has a very narrow
bandpass behavior with the amplitude rising to ∞ and a
phase swing of 180◦ around the frequency ωm . While the
gain µm controls the width of the peak, the phase ϕmod
m should
ideally match the phase response of the tuner. In reality, the
actual phase response of the tuner ϕmod
m might be different
from the phase ϕm used during compensation, and hence
analyzing the stability of the ANC algorithm is important.
The complete stability analysis of the ANC system involvesÍassessing the open loop transfer function Um (ω) ≡
τ(ω) m Hm (ω) over all frequencies using a Bode plot. Figure 3 shows an example of using the compensation system
on an unstiffened cavity used in the main linac of the CBETA
project. We apply the algorithm on two frequencies 8 Hz
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through gradient descent, and in this way make the controller
more robust to changes in the tuner. The partial derivative
of the cost function given in Eq. (5) with respect to ϕm is
given by,
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Figure 3: Bode plot for the mechanical open loop transfer
function U(ω) ≡ H(ω)τ(ω) of an unstiffened cavity inside
the main linac used for the CBETA project, showing both
the amplitude and phase in blue and orange respectively.
The solid lines represent the effect of the ANC algorithm
applied to frequencies 8 Hz and 40 Hz, while the dotted
lines represent the effect of incorporating a low pass filter
with frequency response F(ω) inside the controller. The
blue dashed line represents unity gain (0 dB) and the orange dashed lines at −540o, −180o and 180o represents the
boundaries of stability in phase.

and 40 Hz illustrated by the notches in amplitude and expected phase swings of 180o at these frequencies. The open
loop phase stays between the −180o and 180o lines for gains
above 0 dB showing that the system is stable near these
frequencies. The phase margins i.e the distances from the
−180o line when the amplitude crosses unity gain (0 dB) are
80o and 90o at 8 Hz and 40 Hz respectively as seen from
the plot of ϕOL = arg{H(ω)τ(ω)} in Fig. 3. However, the
gain seems to be close to 0 dB near the tuner resonances at
frequencies around 250 Hz, when ϕOL crosses the −180o
mark with a gain margin ≲ 2 dB. This prompts the use of
a low pass filter with frequency response F(ω) to attenuate
the transfer function at these frequencies as shown by the
dotted lines of Fig. 3. The analysis illustrates the effect of
tuner resonances far from the compensation frequencies ωm
signalling the need for additional filtering to ensure stability
of the system.
The compensation performance of a controller with fixed
parameters is dependent on variations in the response of the
tuner and fluctuations of the microphonics spectrum. The
tuner response may vary from day to day due to pressure
variation in the Helium bath while the vibration mechanism
may also change frequency as a function of time. The ANC
controller will not be able to adapt to such changes, which
might limit performance in a dynamic environment. We
derive a modification to the algorithm which adapts the
controller phase ϕm in order to minimize the cost function
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∂C
= 2τm δ fcomp (tn )Re{Ãm (tn )ei(ωm tn −φm (tn )−π/2) } . (8)
∂ϕm
This gives us the update rule
ϕm (tn+1 ) = ϕm (tn ) − ηm δ fcomp (tn )×
Re{Ãm (tn )ei(ωm tn −φm (tn )−π/2) },

(9)

where ηm is the adaptation rate for ϕm . This modification is
used in our implementation of the ANC algorithm to achieve
consistent performance with minimal effort.

PERFORMANCE
We have used the modified ANC algorithm during various
stages of RF commissioning to attenuate microphonics and
the results from un-stiffened cavities of the main linac are
shown in Fig. 4. The first two panels show the performance
when we applied the compensation for 41 Hz and 8 Hz on
un-stiffened cavities 1 and 3. The algorithm was successful in attenuating 41 Hz in both cavities 1 and 3 but was
not effective on 8 Hz vibrations in cavity 3 as illustrated
by the spectrum plots probably because the compensation
frequency was not set precisely. These narrow band vibrations were a major contribution to microphonics detuning
and their decrease also reduced the peak detuning. After
a warm-up cool-down cycle, we found the major source of
microphonics detuning to be at 59 Hz. The ANC algorithm
was successful in suppressing these vibrations in cavity 3.
The attenuation of spectral lines are further validated by
the RMS detuning as listed in Table 1. The success of the
algorithm indicates that those vibration lines were not in
the vicinity of mechanical eigen modes of the tuner-cavity
system. The results of using the system on stiffened cavities
4 and 6 at the frequencies 8 Hz and 41 Hz with additional
attenuation of 82 Hz on cavity 6 is shown in Fig. 5. While
the ANC successfully reduced peak detuning from 30 Hz
to 15 Hz in cavity 6, the measurements on cavity 4 indicate
no reduction of peak detuning even though the RMS detuning is attenuated as seen from both the histogram and the
spectrum plot. In all cavities, we observe additional spectral
lines generated by the ANC controller which correspond
to transients arising from the non-linear phase adaptation
process. Nevertheless, the ANC algorithm is well suited
for compensating narrow band vibrations in both stiffened
and un-stiffened cavities as evidenced from the performance
listed in Table 1.
The stability and robustness of the algorithm is demonstrated by comparatively long periods of stable operation
with the same settings on different days. the observations
shown in Table 1 are taken from data sets of at least 800 seconds measured for cavities inside a cryomodule connected
to a production level cryogenic system unlike previous work
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Figure 4: Microphonics measurements showing illustrating the performance of the modified ANC on two un-stiffened
cavities of the main linac. The dashed lines represent data without active suppression while the bold lines show the
performance with ANC turned on. The third data set was taken after a warm-up cool-down cycle.
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represent data without active suppression while the bold
lines show the performance with ANC turned on.

Table 1: Results of Using the Active Noise Control System
on Various Cavities During Different Stages of Commissioning. Cavities 1 and 3 are un-stiffened while 4 and 6 have
stiffening rings. The two data sets for cavity 3 were taken
during two different stages of commissioning.
Cavity
1
3
3
4
6

Peak Detuning (Hz)
ANC Off ANC On
78
45
100
57
50
22
17
19
30
15

SRF Technology - Ancillaries
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primarily focused on test facilities. We achieved stable operations of over a few hours without spontaneous trips on
all cavities with the ANC system active. Throughout the
commissioning process we have been successfully using it
on various cavities during beam operations for the CBETA.
Once the settings are determined using the procedure explained elsewhere [9], resonance control is turn key with no
tweaking required on subsequent days of operation which
highlights the robustness of the system.

RMS Detuning (Hz)
ANC Off ANC On
13.6
9.1
20.8
11.7
10.7
4.6
4.4
2.4
6.4
3.4

The recent push towards using efficient solid state RF amplifiers have led to more accelerators operating SRF cavities
with comparatively high loaded quality factors Q L ≈ 108 .
While this reduces average power requirements by a significant margin, it also increases sensitivity towards microphonics detuning caused by different mechanical perturbations.
Microphonics suppression is thus very important in accelerators such as emerging ERL and FEL projects which operate
in this regime. While careful mechanical design of cavities
and cryomodules can go a long way towards this goal, the
primary method remains characterization and attenuation
of vibration sources during the process of cryomodule test
and commissioning. Active suppression becomes important
for reducing the effects of detuning when such meticulous
studies are not feasible. In this paper we describe a modified narrow-band Active Noise Control (ANC) algorithm
which can be used for active resonance control to ensure
field stability within the RF power constraints.
The method used for active microphonics compensation
depends on both the frequency response of the tuner and
the microphonics spectrum. When the microphonics spectral lines are sufficiently narrow, we can approximate the
required actuator voltage as a sum of sinusoids with slowly
varying amplitudes and phases. Further, if the frequency
of detuning is far away from mechanical resonances of the
WETEB6
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cavity-tuner system, we can approximate the tuner response
mod e−iφ mod
m . Under
by a constant value limω→ωm τ(ω) = τm
these assumptions we can derive the ANC algorithm which
adjusts the amplitudes and phases of sinusoids at the frequency of microphonics through stochastic gradient descent.
The stability of this algorithm depends strongly on the gain
µm and phase ϕm used in Eq. (6) along with the complete frequency response of the tuner. In order to make the algorithm
more robust towards changes in tuner response, we derived a
modification which adapts the phase ϕm to minimize mean
square detuning. The microphonics detuning measured in
the main linac used in the CBETA project closely match the
requirements of the modified ANC algorithm, making it a
perfect candidate for use.
The modified ANC algorithm has been used routinely
in various stages of commissioning of CBETA with stable
performance during beam operations. The results summarized in Table 1 show consistent reduction of peak detuning
by almost a factor of 2 on both stiffened and un-stiffened
cavities. The stability and robustness of the algorithm is
demonstrated by comparatively long periods of stable operation with the same settings on different days. At the
same time, we observe additional spectral lines generated by
the ANC controller which correspond to transients arising
from the non-linear phase adaptation process. Future work
will involve systematic analysis of this effect and automatic
configuration of the compensation parameters to make this
system completely turn-key.
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HISTORY OF REACTIVE TUNERS

Abstract
A prototype FerroElectric Fast Reactive Tuner (FE-FRT)
for superconducting cavities has been developed, which allows the frequency to be controlled by application of a potential difference across a ferroelectric residing within the
tuner. This technique has now become practically feasible
due to the recent development of a new extremely low loss
ferroelectric material. In a world first, CERN has tested
the prototype FE-FRT with a superconducting cavity, and
frequency tuning has been successfully demonstrated. This
is a significant first step in the development of an entirely
new class of tuner. These will allow electronic control of
cavity frequencies, by a device operating at room temperature, within timescales that will allow active compensation
of microphonics. For many applications this could eliminate
the need to use over-coupled fundamental power couplers,
thus significantly reducing RF amplifier power.

INTRODUCTION
Almost all RF cavities require some form of tuning in
order to operate at the correct frequency. Superconducting
cavities will often employ a mechanical tuner to correct large
scale frequency deviations due to, for instance, He bath pressure fluctuations. However, mechanical tuners are generally
too slow to correct fast frequency deviations from processes
such as microphonics and dynamic Lorentz force detuning.
Although progress is being made with ’fast’ mechanical
tuners employing piezo-electrics [1, 2], these present other
difficulties such as the self-excitation of unwanted mechanical vibrations in the cavity affecting the frequency.
At present the most common way to overcome fast frequency shifts is to simply overcouple the fundamental power
coupler in order to broaden the resonance. This is simple and
effective but results in a large amount of wasted RF power.
This is seen as particularly critical in ERLs and heavy ion
accelerators were there is very little beam loading.
In this paper we present a new type of tuner, the FerroElectric Fast Reactive Tuner or FE-FRT. This new tuning method
could offer frequency tuning orders of magnitude faster than
what is currently available, with low losses, no moving parts,
large tuning range and wide applicability across SRF.
∗
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Reactive tuning is the controlled change of a cavity frequency by coupling to a tunable reactance. The control is
electronic and no mechanical motion is needed so the change
can be fast. Two types of reactive tuner already exist: pin
diode based reactive tuners and ferrite based reactive tuners.
Pin diode based reactive tuners were first developed at
CalTech in 1972 [3]. Later they were successfully used for
several applications including: the ATLAS Linac in Argonne
[4]; the Superconducting Proton Linac in Karlsruhe [5, 6];
and PIAVE at LNL-INFN [7, 8].
Pin diode tuners work by either shorting or leaving open a
transmission line which is coupled to the cavity, presenting
one of two possible reactances to the cavity. The average
frequency of a cavity is controlled by adjusting the duty cycle
between a high frequency and low frequency state. However,
the RF frequency at which they can operate is usually limited
due to the lumped nature of the diodes. The binary on-off
switching also introduces phase ripple and modulating them
at a high rate can be challenging.
Ferrite tuners have been studied since the mid 1950s, initially they were used to tune klystron cavities and were placed
within the cavity structure [9]. They are now also used as the
dielectric within a shorted co-axial transmission line coupled to a cavity [10]. Changing the biasing magnetic field
of the ferrite changes its permeability and hence the electrical length of the transmission line. Varying the magnetic
bias field thus alters the reactance seen by the cavity and so
controls the frequency. Ferrite tuners typically suffer from
fairly heavy losses particularly when operated below saturation or with biasing parallel to the RF magnetic field [11].
Their speed is limited by the difficulty in changing the current through the high inductance of the coil generating the
magnetic field.
Ferroelectric phase and amplitude control was developed
during the 1990’s [12], in 2003 V. Yakovlev proposed RF
switching by changing the frequency of a ’switching cavity’
containing ferroelectric material [13]. In 2006 Ilan Ben-Zvi
initiated FE-FRT reasearch at BNL whereby the frequency of
a cavity would be controlled by an external ferroelectric tuner.
The first FE-FRT prototype was developed in 2011, but was
never tested with an SRF cavity. Significant improvements
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in the ferroelectric material have now been achieved and a
new prototype has been tested with an SRF cavity at CERN.

(1)

THE FERROELECTRIC MATERIAL
Ferroelectrics have unique intrinsic properties that make
them extremely attractive for high-energy accelerator applications. Their response time is ≈ 10−11 s for crystalline and
≈ 10−10 s for ceramic compounds. High dielectric breakdown strength, low gas permeability and easy mechanical
treatment make ferroelectric ceramics promising candidates
for the loading material in tuning and switching RF devices
for accelerator applications. Typical representative ferroelectric materials are BaTiO3 or a BaTiO3 - SrTiO3 solid solution (BST). The BST solid solution can be synthesized in the
form of polycrystalline ceramic layers and in bulk [14–16].
Euclid Techlabs LLC have developed a BST(M) material [17] (BST ferroelectric with Mg-based additives) that
allows fast switching and tuning in vacuum at a high biasing electric field of 50 kV/cm [18–20]. Initially this material was developed for the X-band frequency range [13, 21]
(11.424 GHz) and demonstrated loss tangents of 5 × 10−3
at 10 GHz. Tunability, time response and loss factor measurements for large bulk ferroelectric samples have been
presented and published recently [22].
A new BST-based material has been developed with a tunability of 6 − 8% at a 15 kV/cm biasing field to be applied
in air [23–25]. Development of this type of material was
a challenge; there are no other materials available with a
tuning range and loss factor close to those listed above. It
was demonstrated recently that by introducing a linear (nontunable) Mg-based ceramic component into the BST solid
solution one can enhance the tunability factor of the entire
composition while keeping the loss tangent below 10−3 at L
band [24, 25]. This counter-intuitive property (by increasing
the non-tunable ceramic content of the ferroelectric-ceramic
mixture one can enhance the tunability of the resulting material) opens important new possibilities in designing the
specific class of microwave ceramic materials that will enable tuning at low magnitude biasing fields. In particular,
an unprecedented low zero-field permittivity, non-linear material that retains tunability has been developed [23–25]: a
BST ferroelectric and Mg-based additive composite with a
dielectric constant in the range of ≈ 150.

𝑅/
𝑄

= 2√ 𝐶𝑐

(2)

𝜔0

=

1
√𝐿𝑐 𝐶𝑐

(3)

The equivalent circuit model of a cavity and reactive tuner
system is shown in Fig. 1. We model the cavity as a conductance, capacitance and inductance, with values 𝐺𝑐 , 𝐿𝑐
and 𝐶𝑐 respectively, connected in parallel. The cavity-tuner
coupler is modelled as a lossless transformer of ratio 𝑁. The
tuner, and the transmission line connecting it to the cavity,
has an admittance 𝑌𝑡′ ; the real and imaginary parts of which
are the conductance 𝐺𝑡′ and susceptance 𝐵𝑡′ respectively.
The cavity parameters 𝑄0 , 𝑅/𝑄 and 𝜔0 can be calculated
from the circuit element values 𝐺𝑐 , 𝐿𝑐 and 𝐶𝑐 as follows [26]:
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𝐿

𝑐

Figure 1: A parallel equivalent circuit representation of a
cavity coupled to a reactive tuner. The transmission line is
not shown but included in the value of 𝑌𝑡′ .
The tuner admittance as seen by the cavity is:
𝑌𝑇′
(4)
𝑁2
A prime is used to indicate a tuner quantity before it has
been ’coupled into the cavity’ through the transformer. In
addition, where it is necessary to indicate that a quantity
corresponds to a given tuner state1 , a subscript is used with
’𝑛’ denoting an arbitrary state and ’1’ and ’2’ being used to
denote the ’end’ states between which the maximum tuning
range occurs. 𝑌𝑡𝑛 for example would denote the admittance
of the tuner, as seen by the cavity, in state ’𝑛’.
𝑌𝑡 = 𝐺𝑡 + 𝑖𝐵𝑡 =

Frequency Shift
The resonance of the cavity-tuner system, 𝜔𝑛 fulfils the
condition:
𝜔𝑛 𝐶𝑐 −

1
+ 𝐵𝑡 = 0
𝜔𝑛 𝐿𝑐

(5)

After multiplying Eq. (5) through by 𝜔𝑛 𝐿, substituting
in Eq. (2) and Eq. (3), defining the normalised frequency
𝜔
𝜔̃ 𝑛 = 𝜔𝑛0 , and re-arranging we get the following equation:
𝜔̃ 𝑛 = −

THEORY OF REACTIVE TUNING
Circuit Model

=

1 √ 𝐶𝑐
𝐺𝑐 𝐿𝑐

𝑄0

𝐵𝑡 𝑅/𝑄
𝐵𝑡 (𝑅/𝑄 ) 2
± √1 + (
)
4
4

(6)

As 𝜔̃ 𝑛 must be positive, we ignore the negative-sign solution in Eq. (6). Also, for small changes in frequency 𝜔̃ 𝑛 ≈ 1,
therefore:
𝐵𝑡 𝑅/𝑄
∣
∣ << 1
(7)
4
which implies:
𝜔̃ 𝑛 ≈ 1 −
1

𝐵𝑡 𝑅/𝑄
4

(8)

The state of an FE-FRT, for example, would be different for different
voltages applied to it.
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From Eq.(8) the maximum tuning range is therefore given
by:
Δ𝜔12 =

−𝜔0 Δ𝐵𝑡12 𝑅/𝑄
4

′ 𝑅/
−𝜔0 Δ𝐵𝑡12
𝑄

4𝑁 2

State Ratio and Figure of Merit
We now define the ’State Ratio’ or SR as the full tuning
range divided by the increase in bandwidth in state ’𝑛’.

(9)

where Δ𝐵𝑡12 = 𝐵𝑡2 − 𝐵𝑡1 . The size of the tuning can
easily be made smaller or larger, by increasing or decreasing
respectively, the size of the transformer ratio 𝑁. This is made
clear by re-writing Eq. 9 as:
Δ𝜔12 =

(10)

The tuning range also depends on the transmission line
′ .
length as this affects Δ𝐵𝑡12

Power Dissipation and Bandwidth

SR𝑛 =

𝐺𝑡𝑛 𝑉𝑐2
2

(11)

where 𝑉𝑐 is the cavity voltage. We also know that the
stored energy in the cavity 𝑈𝑐 is given by:
𝑈𝑐 =

𝐶𝑐 𝑉𝑐2
2

(12)

Using Eq. (11) and Eq. (12) we can eliminate 𝑉𝑐 to obtain:
𝑃𝑡𝑛 = 𝑈𝑐

𝐺𝑡𝑛
𝐶𝑐

(13)

The reactive power 𝒫𝑡𝑛 is calculated in a similar fashion
as:
𝐵
𝒫𝑡𝑛 = 𝑈𝑐 𝑡𝑛
(14)
𝐶𝑐
From Eq. (2), Eq. (3), Eq. (8) and Eq. (14) it can be shown
that for case where the tuning range is centred on 𝜔0 , the
peak reactive power is given by:
𝒫𝑡1 = 𝒫𝑡2 = 𝑈𝑐 Δ𝜔12

(15)

The increase in the bandwidth (in rad/s) of the cavity-tuner
system due to the tuner in state n, ΔBW𝑛 , can be written as:
ΔBW𝑛 =

𝑃𝑡𝑛
𝑈𝑐

(16)

ΔBW𝑛 =

(17)

Like Eq. (10), Eq. (17) depends on the coupling ratio 𝑁
as well as the line length connecting the tuner to the cavity.
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(18)

SR𝑛 =

Δ𝐵𝑡′
′
2𝐺𝑡𝑛

(19)

From Eq. 19 and Eq. 4 we see the SR is independent of
both 𝑁 and the cavity parameters, but still a function of both
the state and transmission line length. It is a useful quantity
to calculate the increase in bandwidth for a given state from
the tuning range.
Next we define the figure of merit FoM for the tuner as
the geometric average of the SR of the two end states:
FoM = √SR1 × SR2

(20)

By substituting Eq. (19) into Eq. (20) we obtain:
FoM = √

(Δ𝐵𝑡 )2
4𝐺1 𝐺2

(21)

For the case of a practical tuner where the modulus of
the tuner’s reflection coefficients as seen by the cavity, Γ1
and Γ2 , are close to one it is shown in the Appendix that the
FoM can be well approximated as:
FoM ≈

2| sin

Δ𝜃12
|
2

√(1 − |Γ1 (𝑙)|2 )(1 − |Γ2 (𝑙)|2 )

(22)

where Δ𝜃12 is the difference in phase between Γ1 and
Γ2 , and:
|Γ𝑛 (𝑙)| = |Γ𝑛 (0)|𝑒−2𝛼𝑙

(23)

where 𝑙 is the length of transmission line and 𝛼 the real part
of the propagation constant [27]. The FoM depends only
on the tuner and losses in the transmission line which may
be neglected if small. If the line length is chosen such that
SR1 = SR2 and provided the tuner is not operated across
the short position in the smith chart, the FoM directly relates
Δ𝜔12 with the maximum ΔBW𝑛 .
Figure 2 (left) shows how SR1 , SR2 , and the FoM with and
without losses (Eq. (21) and Eq. (22) respectively), would be
related as a function of line length for an exemplar FE-FRT.
Figure 2 (right) shows corresponding values of Γ1 and Γ2 .

PERLE CASE STUDY

From Eq. 13 and Eq. 16 we can write:
′
𝐺𝑡𝑛
2
𝑁 𝐶𝑐

Δ𝜔12
ΔBW𝑛

Substituting Eq. (10) and Eq. (17) into Eq. (18) we obtain:

The power dissipated by the tuner in state 𝑛 is given by:
𝑃𝑡𝑛 =

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB7

A preliminary investigation of the application of an FEFRT to the PERLE project is now presented. The aim is
not to develop a complete design, but to use the RF principles developed in the previous section together with the
ferroelectric material parameters to realistically estimate the
performance benefits that could be achieved.
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Figure 2: The theoretically derived relations between SR1 , SR2 and the FoM with and without losses for an exemplar
FE-FRT model as a function of line length (left) and selected corresponding values of Γ1 and Γ2 (right).
The Powerful Energy Recovery Linacs for Experiments
(PERLE) is a proposed energy recovery linac (ERL) aimed
at developing and demonstrating ERL technology in the high
energy, multi-turn and large beam current regime [28]. The
cavity parameters are shown in Table 1.
Table 1: PERLE SC 5-cell Cavity Parameters
Parameter

Value

𝜔0
𝑄0
𝑅/
𝑄
𝑈𝑐
𝑄𝐹𝑃𝐶
𝑃𝑅𝐹
Max. Δ𝑓𝜇

801.58 MHz
2 × 1010
393 Ω
141 J
107
45 kW
40 Hz

𝑉𝑐2
𝑅
4 /𝑄 𝑄𝐿

Δ𝜔𝜇 2
𝛽+1
[1 + (2𝑄𝐿
) ]
𝛽
𝜔0

784

Value

Max. 𝜖𝑟
Min. 𝜖𝑟
tan 𝛿

140
131.6
9.1 × 10−4
0.6 kV−1 cm
5.96 × 10−7 S/m

(a) The FoM vs. outer radius of ferroelectric section.

(24)

Δ𝜔𝜇 , 𝑄𝐿 and 𝛽 are the peak detuning, loaded Q and
the fundamental power coupler’s coupling parameter respectively. Equation (24) was used to infer the expected peak
detuning, also shown in Table 1, from the 𝑄0 and 𝑄𝐹𝑃𝐶
specified in the PERLE CDR [28].
Table 2 shows the ferroelectric material parameters at
801.58 MHz and copper conductivity which were used in a
co-axial transmission line model (TLM) of an FE-FRT to
calculate the expected performance. A Monte Carlo method
was used to estimate the physical dimensions which optimised the FoM, Fig. 3 shows these results for the outer
diameter and length of the ferroelectric section.
Once the optimum physical dimensions of the tuner model
were found, the correct line length between the cavity and FEFRT needed to be chosen. As the stored energy of the cavity
WETEB7

Parameter

Δ𝜖𝑟
𝐸
𝜎Cu

The RF cavities of an ERL typically have almost no beam
loading. In this case, the RF power required to maintain the
cavity voltage can be calculated from [29]:

𝑃𝑅𝐹 =

Table 2: Material Properties at 801.58 MHz

(b) The FoM vs. length of ferroelectric section.

Figure 3: Selected results of the Monte Carlo method applied
to the physical dimensions of a co-axial TLM of an FE-FRT
operating at 801.58 MHz.
is large we chose a line length with 𝜔0 in the centre of the
tuning range in order to minimise the reactive power flowing
in the tuner. Two such positions exist, roughly corresponding
to, position ’B’ and ’D’ in Fig. 2, i.e. around the short
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and open positions in the Smith chart. In this case it is not
feasible to operate around the short position as the dissipated
power in the tuner would increase enormously in the centre
of the tuning range. Therefore the open position was chosen.
After including the additional dissipation from the correct
length of transmission line the FoM was found to be approximately 30 from Eq. (21). With the correct line length in
the TLM and given that the total tuning range must be twice
the expected peak detuning, it was possible to calculate the
transformer ratio from Eq. (10). The State Ratios, dissipated
and reactive powers could then be calculated from Eq. (19),
Eq. (13) and Eq. (14) respectively and are shown in Fig. 4.

Figure 4: State ratio, dissipated and reactive powers as a
function of ferroelectric permittivity and tuning.
Figure. 5 shows the dependence of the required forward
power on the external Q of the fundamental power coupler
with and without a tuner. The effect of a small residual
detuning Δ𝑓𝑟𝑒𝑠 caused, for example, by a non-perfect tuner
control system is also shown and found to be negligible.

Figure 5: Dependence of forward power on the external
Q of the fundamental power coupler for the PERLE 5-cell
cavity with and without an FE-FRT. The effect of residual
frequency detuning Δ𝑓𝜇 are also shown.
The expected tuner performance is summarised in Table 3.
The peak RF power requirement is reduced by more than
an order of magnitude to 3 kW. Due to the relatively high
expected peak detuning and large stored energy of the cavity
the power dissipated in the tuner itself, 𝑃𝑡 is non-negligible
and as part of a full design thermal simulations would need
to be performed to consider how best to meet the cooling
requirements. However, considering this power is dissipated
at room temperature, even relatively small water coolers can
easily provide the necessary cooling power.
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Table 3: Properties of FE-FRT for PERLE
Parameter

Value

FoM
Δ𝑓𝑡
𝑄𝐹𝑃𝐶
𝑃𝑅𝐹
𝑃𝑡
Max. 𝒫𝑡

30
80
3 × 108
3 kW
2.4 kW
71 kVar

Whilst this case study has already demonstrated the possibility of huge performance benefits, it should be noted
that these are relatively conservative estimates. For example a permittivity tuning range of 6% was used but it is
believed, that with careful tuner design to avoid high voltage breakdown, 8 − 10% could be achieved with no further
material development. In addition the PERLE cavity operates at ≈ 800 MHz and the loss tangent is known to scale
proportionally to the frequency over a wide range. The dielectric losses are therefore proportional to the square of the
frequency as can be seen from Eq.(25) [27].
𝛼𝑑 = 9.11 × 10−8 𝑓√𝜖𝑟 tan 𝛿

(25)

FE-FRTs designed for cavities operating at lower frequencies therefore have the potential for even larger performance
benefits. For a cavity operating at 100 − 200 MHz FoMs in
the order of a few hundred are realistically achievable.

EXPERIMENTAL RESULTS
A prototype FE-FRT was built by Euclid and later acquired by CERN. The prototype FE-FRT together with a
3D rendering and simplified TLM are shown in Fig. 6. RF
power from the cavity flows through the transmission line
(T1) and into the left of the tuner (T2), through the ferroelectric material shown in light blue (T3) before being reflected
by the RF short (T5). The high voltage bias is applied to the
inner conductor at the right.
VNA measurements of the tuner made before and after
brazing the ferroelectric to the outer and inner conductors revealed that the brazing significantly increased losses. These
losses coupled with the long transmission line needed to
reach the cavity positioned near the bottom of the ≈ 4 m
deep cryostat significantly impaired the performance of the
tuner. The tuner was tested with the UK 4-rod crab cavity [30] operating in it’s lower order mode of ≈ 374 MHz.
Unfortunately a super-fluid leak prevented cooling to 2 K.
As such the antennas were not well coupled and limited
transmitted signal was available reducing the signal to noise
ratio of the frequency measurements. Nonetheless it was
possible to both demonstrate frequency tuning and obtain
an upper limit for the speed at which the tuner can operate.
Results of a TLM are compared to VNA measurements of
the tuner and finite element analysis in Fig. 7. The agreement
between the measured results and finite element analysis are
WETEB7
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Figure 6: The equivalent circuit model used to model the FE-FRT and Cavity system compared to a cut-away rendering of
the tuner. Corresponding transmission line segments have the same labelling.
close to perfect and the TLM results also show good agreement considering the many simplifications made, but why
the resonance at ≈ 410 MHz predicted by the model is barely
visible in the measured data needs further investigation.

Figure 8: Schematic diagram of the experimental setup.

Figure 7: The magnitude of S11 against frequency: measured with the VNA (red); derived from a simplified TLM
(blue); and calculated with CST Microwave Studio (green).
A simplified schematic diagram of the experimental setup
is shown in Fig. 8. The cavity is placed in a cryostat and
driven via a self excited loop (SEL). The FE-FRT is positioned vertically above the cavity and clamped to a mechanical stage allowing different lengths of cable to be inserted. A
chiller is used to control the temperature of the FE-FRT and
Nitrogen gas is inserted into the space between the inner and
outer conductors to increase breakdown resistance. High
voltage pulses can be applied to the FE-FRT by charging a
bank of capacitors and closing a relay.
Three methods of recording the frequency were available:
an analogue phase detection circuit read by an oscilloscope,
a signal analyser (SA) and analysis of the transmitted I and
Q signals recorded by the SEL. The first direct observations
of tuning were made using the signal analyser and are shown
in Fig. 9. The left most and right most red lines correspond
WETEB7
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to the FE-FRT with 0 kV and 3 kV applied respectively. The
drift of both lines from bottom right to top left is caused by
slow fluctuations of the helium pressure inside the cryostat.

Figure 9: Direct observations of the frequency shift caused
by the FE-FRT made with the signal analyser.
Figure 10 shows an example of the measured frequency
whilst a high voltage pulse was applied. The frequency was
calculated by converting the transmitted I and Q to phase and
obtaining the gradient via linear regression. The 10 − 90 %
fall time was calculated by fitting an error function.
Increasing the size of the regression window used to calculate the frequency reduces the error on the frequency measurement but decreases the time resolution, this is shown in
SRF Technology - Cryomodule
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Figure 10: Measured frequency and fitted error function
against time.
Fig. 11. When the window becomes too small it is no longer
possible to accurately fit an error function to the data.
Brazing and transmission line losses decreased the loaded
Q from 109 to ≈ 2 × 107 . The cavity time constant was
therefore ≈ 46 ms whilst the frequency shift occurred in
<≈ 50 𝜇s. It has therefore been shown that the timescale of
the frequency shift for a reactive tuner is not limited by the
time constant of the cavity.
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measured to be < 50 𝜇s, this is significantly faster than any
other cavity tuning device. This measurement was limited
by the signal to noise ratio and the true timescale could well
be more than an order of magnitude lower still. A maximum
frequency tuning of ≈ 12 Hz was observed with an applied
voltage of 3 kV, this could easily be increased by coupling
more power to the tuner (see Eq.(10)).
Important contributions to the theory of FE-FRTs and
reactive tuners in general have been made which allow a
much deeper, and more intuitive, understanding of their
behaviour. A case study of an FE-FRT applied to PERLE
show RF power could be reduced by a factor of ≈ 15.

APPENDIX
′ is related to Γ as shown below [31]:
The 𝑌𝑡𝑛
𝑛
′ (𝑧) = 𝑌 0
𝑌𝑡𝑛

1 − Γ𝑛 (𝑧)
1 + Γ𝑛 (𝑧)

(26)

Neglecting transmission line losses, the transformation of
Γ with distance 𝑧 along a transmission line is:
(27)

Γ(𝑧) = Γ𝑒2𝑗𝛽𝑧
We can thus define Γ𝑛 (𝑧) as:

(28)

Γ𝑛 (𝑧) = |Γ𝑛 |𝑒𝑗(2𝛽𝑧+𝜃𝑛)

From Eq. (26) and Eq. (28) we can obtain equations for
𝐺𝑛 and 𝐵𝑛 in terms of |Γ𝑛 | and 𝜃𝑛 :
𝐺𝑛 = 𝑌 0

1 − |Γ𝑛 |2
1 + 2|Γ𝑛 | cos(𝑧 ̃ + 𝜃𝑛 ) + |Γ𝑛 |2

(29)

−2|Γ| sin(𝑧 ̃ + 𝜃𝑛 )
(30)
1 + 2|Γ𝑛 | cos(𝑧 ̃ + 𝜃𝑛 ) + |Γ𝑛 |2
Substituting Eq. (29) and Eq. (30) in Eq. (21) we obtain
after some algebra:
𝐵𝑛 = 𝑌 0

Figure 11: The dependence of the measured time of the
frequency shift (black) and std. of the frequency (red) on
the regression window.
A summary of the prototype FE-FRT performance is
shown in Table 4. As already mentioned this was severely
limited by both brazing and transmission line losses. Based
on measurements of the ferroelectric material the next iteration of FE-FRT is expected to far exceed these numbers.
Table 4: Prototype FE-FRT Performance
Parameter

Value

Δ𝑓𝑡
ΔBW
𝐹𝑜𝑀

≈ 12 Hz
≈ 17Hz
≈ 0.7

CONCLUSION
The first ever FE-FRT test with a superconducting cavity has been performed and successfully demonstrated frequency tuning. The timescale in which the FE-FRT is able to
shift the cavity frequency across the entire tuning range was
SRF Technology - Cryomodule
microphonics

𝐹𝑜𝑀 = √

(2|Γ1 ||Γ2 | sin(𝜃1 − 𝜃2 ) + 𝐽12 − 𝐽21 )2
(1 − |Γ1 |2 )(1 − |Γ2 |2 )𝐾1 𝐾2

(31)

with:
𝐽𝑛𝑚 = |Γ𝑛 |(1 + |Γ𝑚 |2 ) sin(𝑧 ̃ + 𝜃𝑛 )

(32)

𝐾𝑛 = 1 + |Γ𝑛 |2 + 2|Γ𝑛 | cos(𝑧 ̃ + 𝜃𝑛 )

(33)

If |Γ1 | and |Γ2 | are close to one the FoM becomes:
√

(sin(𝜃1 − 𝜃2 ) + sin(𝑧 ̃ + 𝜃1 ) − sin(𝑧 ̃ + 𝜃2 ))2
(1 − |Γ1 |2 )(1 − |Γ2 |2 )𝐿1 𝐿2

(34)

with:
𝐿𝑛 = (1 + cos(𝑧 ̃ + 𝜃𝑛 ))

(35)

After some algebra we obtain Eq. (36) as desired.
𝐹𝑜𝑀 =

2| sin

Δ𝜃12
|
2

√(1 − |Γ1 |2 )(1 − |Γ2 |2 )

(36)
WETEB7
787

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

REFERENCES
[1] S. Simrock et al., “First Demonstration of Microphonic Control of a Superconducting Cavity with a Fast Piezoelectric
TunerROAA004”, in Proc. PAC’03, Portland, OR, USA, May
2003, paper ROAA004, pp.470–472.
[2] M. P. Kelly et al., “A New Fast Tuning System for ATLAS Intensity Upgrade Cryomodule”, in Proc. LINAC’10, Tsukuba,
Japan, Sep. 2010, paper THP057, pp. 884–886.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB7

[16] O. G. Vendik et al., “Ferroelectric Tuning of Planar and
Bulk Microwave Devices”, Journal of Superconductivity,
vol. 12 (2), pp. 325–338, Apr. 1999. doi.org/10.1023/A:
1007797131173
[17] E. Nenasheva and A. Kanareikin, 2011. “Low Dielectric Loss
Ceramic Ferroelectric Composite Material”, US Patent Office,
US8067324B2, Nov. 26, 2007.

[3] G. J. Dick and K. W. Shepard, in Proc. 1972 Applied Superconductivity Conference, Annapolis, Maryland, USA, May
1972, p. 649.

[18] E. A. Nenasheva et al., “Ceramics Materials Based on (Ba,
Sr)TiO3 Solid Solutions for Tunable Microwave Devices”,
J. Electroceram., vol. 13, pp. 235–238, Jul. 2004. doi:10.
1007/s10832-004-5104-0

[4] O. Despe, K. Johnson and T. Khoe, “Vibration-RF Control
of Superconducting-Helix Resonators for Heavy-Ion Acceleration”, IEEE Trans. Nucl. Sci., vol. 20 (3), p. 71, Jun. 1973.
doi:10.1109/TNS.1973.4327046

[19] S. F. Karmanenko et al., “Frequency Dependence of Microwave Quality Factor of Doped BaxSr1 - xTiO3 Ferroelectric Ceramics”, Integrated Ferroelectrics, vol. 61, pp.
177–181, Jan. 2004. DOI:10.1080/10584580490459332

[5] D. Schulze et al., “RF Control of Superconducting Helically Loaded Cavities”, in Proc. 1972 Proton Linear Accelerator Conference, Los Alamos, NM, USA, October
1972, G01, pp. 156–162. http://accelconf.web.cern.
ch/AccelConf/l72/papers/g01.pdf

[20] A. Kanareykin et al., “Tunable Ferroelectric Based Technologies for Accelerator Components”, in Proc. EPAC’08, Genoa,
Italy, Jun. 2008, paper TUPP046, pp. 1646–1648.

[6] G. Hochschild, D. Schulze and F. Spielböck, “Electronic
Tuning and Phase Control of Superconducting Helical Resonators”, IEEE Trans. Nucl. Sci., vol. 20 (3), p. 116, Jun. 1973.
doi:10.1109/TNS.1973.4327057
[7] V. Andreev, H. Ao and K. W. Shepard, “Design of the Fast
Tuner Loop for Superconducting RFQs at INFN-LNL”, in
Proc. PAC’00, Vienna, Austria, Jun. 2000, paper THP6B10,
pp. 2013–2015.
[8] G. Bassato et al., “First Operation of PIAVE, the Heavy
Ion Injector Based on Superconducting RFQ’s”, in Proc.
PAC’05, Knoxville, TN, USA, May 2005, paper FPAE040,
pp. 2621–2623.
[9] G. Jones, J. Cacheris and C. Morrison, “Magnetic Tuning of
Resonant Cavities and Wideband Frequency Modulation of
Klystrons”, Proc. IRE’56, vol. 44, pp. 1431–1445, Oct. 1956.
doi:10.1109/JRPROC.1956.274987
[10] C. Vollinger and F. Caspers, “Ferrite-tuner Development for 80 MHz Single-Cell RF-Cavity Using Orthogonally Biased Garnets”, in Proc. IPAC’15, Richmond,
VA, USA, May 2015, pp. 3159–3162. doi:10.18429/
JACoW-IPAC2015-WEPHA023
[11] L. Earley, G. Lawrence and J. Potter, “Rapidly Tuned Buncher
Structure for the Los Alamos Proton Storage Ring (Psr)”,
IEEE Trans. Nucl. Sci., vol. 30, pp. 3511–3513, Aug. 1983.
doi:10.1109/TNS.1983.4336708
[12] R. Babbitt et al., 1994. “Microwave Ferroelectric Phase
Shifters and Methods for Fabricating the Same”, US Patent
Office, US5334958A, Jul. 6, 1993.
[13] V. Yakovlev et al., ”Ferroelectric Switch For An Active RF
Pulse Compressor” AIP Conf.Proc. vol. 691, pp. 187–196.
Dec. 2003. doi.org/10.1063/1.1635119
[14] G. A. Smolensky, Ferroelectrics and Related Materials. New
York, USA: Academic Press, 1981.
[15] A. K. Tagantsev et al., “Ferroelectric Materials for Microwave Tunable Applications”, Journal of Electroceramics, vol. 11, pp. 5–66, Sep. 2003. doi.org/10.1023/B:
JECR.0000015661.81386.e6

WETEB7
788

[21] C. Jing et al., “Experimental Demonstration of Wakefield
Acceleration in a Tunable Dielectric Loaded Accelerating
Structure”, Phys. Rev. Lett., vol. 106, pp. 1–4, Apr. 2011.
doi:10.1103/PhysRevLett.106.164802
[22] S. Kazakov et al., “Fast High‐Power Microwave Ferroelectric
Phase Shifters for Accelerator Application”, AIP Conf.Proc.,
vol. 1086, pp. 477–484. Jan. 2009. doi.org/10.1063/1.
3080953
[23] E. Nenasheva et al., “Low Loss Microwave Ferroelectric
Ceramics for High Power Tunable Devices”, Journal of European Ceramic Society, vol. 30, pp. 395–400, Jan. 2010.
doi:10.1016/j.jeurceramsoc.2009.04.008
[24] A. Kozyrev et al., “Observation of an Anomalous Correlation Between Permittivity and Tunability of a Doped
(Ba,Sr)TiO3 Ferroelectric Ceramic Developed for Microwave
Applications”, Appl.Phys. Lett., vol. 95, pp. 1–3, Jul. 2009.
doi.org/10.1063/1.3168650
[25] A. Kanareykin et al., “Observation of an Anomalous Tuning
Range of a Doped BST Ferroelectric Material Developed for
Accelerator Applications”, in Proc. IPAC’10, Kyoto, Japan,
May 2010, paper THPEB051, pp. 3987–3989.
[26] H. Padamsee, “RF Superconductivity for Accelerators”. New
York, NY, USA: Wiley, 1998.
[27] T. Monero, “Microwave Transmission Design Data”, New
York, NY, USA: Dover Pub. Inc., 1948.
[28] D. Angal-Kalinin et al., “PERLE. Powerful Energy Recovery
Linac for Experiments. Conceptual Design Report”, J. Phys.
G: Nucl. Part. Phys., vol. 45, p. 065003, May 2018. doi:
10.1088/1361-6471/aaa171
[29] G. Hoffstaetter et al., “Cornell Energy Recovery Linac:
PDDR”, Ithaca, NY, USA, Cornell, Jun. 2013.
[30] B. Hall et al., “Design and testing of a four rod crab cavity for High Luminosity LHC”, Phys. Rev. Spec. Top. Accel Beams, vol. 20, p. 012001, Jan. 2018. doi:10.1103/
PhysRevAccelBeams.20.012001
[31] S. Silver, “Circuit Relations, Reciprocity Theorems”, in
Microwave Antenna Theory and Design, Stevenage, UK:
McGraw-Hill Book Comp. Inc., 1949, pp. 16–60.

SRF Technology - Cryomodule
microphonics

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB8

THE FUNDAMENTAL POWER COUPLER FOR CEPC BOOSTER
CAVITY*
T. Huang†, F.Bing, R. Guo, H. Lin, Q. Ma, W. Pan, J.Zhai, Z. Zhang
Institute of High Energy Physics (IHEP), Beijing, China
Table 1: The Main Requirements of the Booster FPC

Abstract
96 Tesla type 1.3GHz 9-cell superconducting cavities,
housed in eight 12m-long cryomodules, will be adopted for
CEPC booster. Each cavity equips with one variable,
double-window fundamental power coupler (FPC). The
FPC will operate at RF power up to 20 kW at quasi-CW
mode. A variable coupling from 4E6 to 1E7 is required to
meet different operation modes of Higgs, W and Z. A new
coupler that employs a 50 Ohm coaxial line with bellow
structures, a cylindrical warm window, a coaxial planar
cold window and a coupling adjusting actuator has been
designed. Then two prototypes have been fabricated and
high power tested up to CW 70 kW. In this paper, the
design, fabrication and high power test of the prototype
FPCs will be presented.

INTRODUCTION
The Circular Electron Positron Collider (CEPC) is an
electron positron collider operating at 90-240 GeV centerof-mass energy of Z, W and Higgs bosons, located in a 100km circumference underground tunnel [1]. The accelerator
complex consists of a linear accelerator, a damping ring,
the booster, the collider and several transport lines. The
booster provides electron and positron beams to the
collider at different energies required by the three collider
operating modes (Z, W and Higgs).
The SRF system parameters of the CEPC Booster Ring
is described in reference [1]. 96 Tesla type 1.3GHz 9-cell
superconducting cavities, housed in eight 12m-long
cryomodules, will be adopted for CEPC booster. Each
cavity equips with one fundamental power coupler (FPC).
A maximum RF power of 20 kW (Peak) and 4 kW
(Average) is required to be delivered by the FPC. The
different requirements at Z, W and H operation have
imposed the use of a variable coupling power coupler with
a Qe value varying from 4E6 to 1E7. The main
requirements of the booster FPC are summarized in Table1.
Initially, the coupler was developed for a pure R&D
project aiming for variable, clean assembly and high
average RF power up to 75kW. Since the power, Qe range
and interfaces fulfilling the requirements of the CEPC
booster cavity, it was adopted as the CEPC booster FPC
later. The coupler features as a cylindrical warm window
and a Tristan-type cold window. Two prototypes have been
fabricated and high power tested up to CW 70 kW. In this
paper, the design, fabrication and high power test of the
prototype FPCs will be presented.
___________________________________________

* Work supported by National natural Science Foundation of China
(11475203)
† huangtm@ihep.ac.cn
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Parameters

Value

Frequency

1.300 GHz

Power

20 kW(Peak); 4 kW (Average)

Qe

4E6 to 1E7

2 K heat loss

0.06W (Dynamic, 4kW, CW, TW)

Assembly

Coupler and cavity assembled in
class 10 clean room

DESIGN
In order to be assembled with the cavity in class 10 clean
room, the FPC is designed with two windows: one warm
window and one cold window. The warm window is
derived from TTF-III coupler [2] and the cold window is
belonging to the Tristan-type family [3]. The 3D half model
of the CEPC booster coupler is shown in Fig. 1. The
coupler consists of several sub-assemblies shown in Fig. 2.
The main assemblies are the cold part, the warm outer and
inner coaxial sub-assemblies, the demountable warm
window, the waveguide-coaxial transition and the tuning
mechanism.
Doorknob

Tuning
mechanism

Electron probe
300K intercept

2K flange to cavity

Vacuum pump

5K intercept
80K intercept
ARC & vacuum
detecting ports (2)

Cold window

Warm window

Figure 1: The FPC for CEPC booster cavity.
Compared with TTF-III coupler, a series of
modifications have been made to handle a higher average
power and achieve a more safe operation:
1. The warm window size is enlarged, with outer diameter
of 87mm.
2. The cold part is completely redesigned by applying a
Tristan-type window.
3. Forced air cooling is added to the inner conductor of the
warm coaxial line.
4. Both air and water cooling are applied to the warm
window.
5. The warm window is designed to be demountable for
easy replacement once damaged.
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A DC bias voltage mechanism is arranged to suppress
potential Multipacting effect.
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sources location showing in Fig. 5. The magnitude of the
input power was swept from 0 to 80 kW with step of 5 kW,
and the phase swept from 0 to 330 degree with step of 30
degree. The Multipacting was estimated by the ratio of the
secondary enhancement current and the initial current
‘<SEY>’. Multipacting is possible when ‘<SEY>’ exceeds
one. The simulation results show that there is no hard
barrier under 80 kW, as shown in Fig. 6.

Figure 2: Exploded view of the coupler.
In addition, the antenna excursion is designed to be 20
mm to meet the coupling adjusting requirement.
Figure 3 shows the simulated power transmission
performance of the whole coupler assembly. The S11 is
better than -54 dB at the operation frequency. The electric
and magnetic field distribution when 75 kW CW RF power
passes through in TW mode is shown in Fig. 4. The
maximum electric field is 7E5 V/m, one fourth of the air
breakdown value.

Figure 5: The particle sources location used in the
Multipacting simulation.

Figure 3: The simulated power transferring performance of
the whole coupler assembly.

Figure 6: The Multipacting simulation results of each part
of the coupler.

(a)
(b)
Figure 4: The electric (a) and magnetic (b) field when 75
kW CW RF power passes through in TW mode.
Simulations of Multipacting in the FPC were carried out
using CST [4]. The coupler was divided into four parts for
the Multipacting simulation, which indicated as the particle
WETEB8
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Dedicated RF-thermal analysis were done by ANSYS
Workbench [5], focusing on the bellow temperature and
the cryogenic heat loss. By adding one 298K thermal
intercept at the warm outer bellow, two 80K thermal
intercepts at the cold outer bellow and forced air cooling of
the warm inner conductor, the temperature of the bellows
decreased significantly. In addition, both forced air and
water cooling are applied to the warm window. Figure 7
shows the calculated temperature distribution at the power
of CW 75 kW in traveling wave (TW) mode. Except for
the inner conductor of the cold part made of solid copper,
all the coaxial line parts were made of stainless steel with
copper plating on the RF surfaces. The thickness and the
RRR value of the copper plating were optimized to
minimum the cryogenic heat loss. Figure 8 shows the 2K
heat loss contributed by the FPC at different RRR values
of the copper plating. It can be seen that the static 2K heat
loss decreases as the RRR value decreasing; however, the
dynamic heat loss increases as the RRR decreasing. Thus
SRF Technology - Ancillaries
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there is an optimum RRR value corresponding a specified
RF power level. Based on the simulation, the optimum
RRR value is 30 and 50 for CW 4kW and 75kW
respectively. Table 2 lists the calculated static and dynamic
heat loss and the temperature of key components at CW
4kW and 75kW in TW mode.
Forced air cooling

298K

80K

5K

Window brazing and copper plating has been proved
to be two critical and challenging manufacturing processes.
The windows were brazed in a vacuum furnace at 800℃
with Ag72Cu28. Both the sequences and the temperature
evolutions play an important role in the success of window
brazing. The cold window brazing processes were reduced
from 3 steps to 2 steps shown in Fig. 9, which increased the
success rate greatly. Figure 10 gives the optimized
temperature evolution curve of the window brazing.

2K

Figure 7: The calculated temperature distribution at the
power of CW 75 kW in TW mode.

Figure 9: The cold window brazing processes.

Figure 8: The 2K heat loss contributed by the FPC at
different RRR value of the copper plating.
Table 2: The calculated static and dynamic heat loss and
the maximum temperature of key components at CW 4kW
and 75 kW in TW mode.
Items

Static

2 K heat loss (W)
5 K heat loss (W)
80 K heat loss (W)
Warm OC bellow T (°C)
Warm IC bellow T (°C)
Cold bellow T (°C)
Warm window T (°C)
Cold window T (°C)

RRR=30
0 kW
0.02
3.40
16.2
25
23
-143
23
-114

Dynamic
RRR=30
4 kW
0.037
3.51
21.7
27
24
-142
26
-108

RRR=30
75 kW
0.42
5.71
142
66
125
-109
90
37

Figure 10: The temperature evolutions of the window
brazing.
The copper plating was processed after parts brazing
or welding. The requirements for thickness, RRR value,
good uniform, adhesiveness and cleanliness make the
copper plating particularly challenging. The electrode has
been improved constantly to obtain a qualified thickness
uniformity, especially for the bellow structures. Finally, we
got a good uniformity within 20% as shown in Fig. 11. The
adhesiveness was tested by liquid nitrogen shocking and
ultrasonic cleaning. Figure 12 shows the fabricated subassemblies and the whole assemblies of the coupler.

FABRICATION
Two prototype couplers have been manufactured at
HERT (High Energy Racing Technology). HERT was
responsible for most of the manufacturing processes except
for the copper plating which completed at AHPTI (Anhui
Huadong Polytechnic Institute).
SRF Technology - Ancillaries
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(a)
(b)
Figure 11: The measured copper plating thickness of the
warm OC bellow: (a) peak: 29um; (b) valley: 26um.
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shows the cooling setup used in the high power test. The
cold outer conductor was cooled by the thermal intercepts
connected to liquid Nitrogen pipes cooled copper plates.

Figure 12: The fabricated sub-assemblies and whole
assemblies of the coupler.

HIGH POWER TEST
Usually, the FPC should be high power tested on the
test bench before assembled with the cavity. This operation
is very important for two reasons. One is to remove the
residual gases, dust and invisible particles by RF power,
which helps avoid the contamination of the SRF cavity; the
other is to verify the coupler performances during high
power operation, including thermal, vacuum and RF
activities [6].

(a)
(b)
Figure 14: The assembly of the coupler test stand: (a) clean
assembly; (b) on-site installation.

Forced air cooling
Water cooling

Preparation and Assembly
A high power source was not available at the time of
the prototype couplers test. Therefore, the high power test
has been processed at a resonant ring platform developed
at Peking University [7]. The coupler high power test setup
is shown in Fig. 13. A 1.3GHz, CW 10 kW SSPA was used.
The coupler test stand, with two couplers connected by a
waveguide box, was inserted in the resonant ring, which
had a RF power gain of about 5 to 8 times.

Forced air cooling

Gas Nitrogen outlet
Liquid Nitrogen inlet
Figure 15: The cooling scheme during the high power test.
The antenna excursion “L_antenna” for Qe adjusting
was tested to be ±10 mm, as shown in Fig. 16,
corresponding to a variable Qe from 1.5E6 to 1E8, which
well covered the CEPC booster cavity requirement.

Figure 13: The coupler high power test setup.
Prior to the test, the couplers were cleaned according to
a dedicated cleaning procedure:1) Ultra-sonic cleaned with
detergent at 50℃; 2) Rinsed with ultra-pure water; 3) Dried
by dust-free nitrogen gas. Then, the vacuum components
were assembled in a Class 10 clean room (Fig. 14a), and
backed at 120 ℃ for 48 hours. After that, the test stand
were transported to Peking University under vacuum, then
installed with the cooling setup and the instrument
elements such as vacuum gauges, arc detectors, electron
probes and temperature sensors (Fig. 14b). Figure 15
WETEB8
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Figure 16: The antenna tip traveling range for Qe adjusting
was tested to be ±10 mm.
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High Power Conditioning
The high-power conditioning started with low duty
factor (DF) at 10Hz. Then the DF was increased by
gradually extending the pulse width and eventually reached
CW. RF interlock was added to protect the coupler against
bad vacuum, arc discharging and over-heating. An
automatic conditioning program was developed, with the
function of RF power controlling according to the vacuum,
fast
interlocks,
remote
operation
and
data
archiving. Figure 17 shows the RF conditioning
method. Three vacuum thresholds were set in the
program; and the RF power was automatically increased
or decreased according to the following algorithm. If the
vacuum was between the low level (5E-5 Pa) and the
middle level (1E-4Pa), the power amplitude was kept
constant. If the vacuum was between the middle level
and the high level (5E-4 Pa), the RF power was reduced
at a setting rate. If the vacuum was worse than the high
level, the RF power was switched off. When the vacuum
was better than low level, the RF power was switched on
and increased at a setting rate.

JACoW Publishing
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equilibrium temperatures when staying at 40kW for 30
minutes. A maximum temperature up to 103℃ at the inner
conductor of the warm part was observed, which far above
the simulation result of 72 ℃ . We speculate the
overheating was caused by poor copper plating and
insufficient cooling of the warm inner conductor. Further
improvements will be implemented by modifying the
cooling design and improve the copper plating.

Figure 18: The statistics of the time elapsed at each pulse
width.

Figure 19: The whole conditioning history: forward RF
power (black); upside warm vacuum (blue); downside
warm vacuum (red); cold side vacuum (green).

Figure 17: The RF conditioning method.
The initial conditioning with pulse width of 10 us
took the longest time, as can be seen from the statistics of
the time elapsed at each pulse width shown in Fig. 18.
Figure 19 shows the vacuum evolution during the whole
conditioning. The vacuum between two cold windows and
the connecting waveguide box was worse than the vacuum
of both warm sides. That’s because the baking temperature
of the connecting box was only 80℃ due to poor copper
plating of the box. After 60 hours conditioning, two
prototypes reached CW 70kW. No arc discharging was
observed during the whole conditioning process. Also no
hard Multipacting barrier was found after conditioning,
which agreed well with the simulation.
One of the main purpose is to check the temperature rise
of the coupler at high average power levels. More than 10
temperature sensors of Pt100 were arranged at the critical
parts of the coupler, as shown in Fig. 20. Though the
maximum RF power reached was CW 70kW, it was
difficult to keep the resonant ring tuned for more than 30
minutes as the power above CW 50kW due to the thermal
drift. So we lowered the RF power and stayed at 30kW for
60 minutes and 40kW for 30 minutes. Table 3 lists the
SRF Technology - Ancillaries
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Figure 20: The temperature sensors Pt100 distribution.
Table 3: The Equilibrium Temperatures When Staying at
40kW for 30 Minutes
Location
Inlet water
Outlet water
Doorknob WG up
Doorknob WG down
Warm inner conductor
Warm outer conductor
Warm outer bellow
Cold window up
Cold window down
Cold outer bellow
Connecting box

Temperature
up./down. (℃)
21.1/22.5
21.7/23.7
25.2/27.2
24.7/25.3
97.2/102.7
19.1/30.0
58/74.2
18.9/-24.6
15.6/-35.4
14.4/-35.5
52.5/50.7
WETEB8
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SUMMARY
A 1.3GHz variable, double-window coupler aiming for
transferring a CW RF up to 75 kW has been developed at
IHEP, which can be applied in CEPC Booster cavity. Two
prototypes have been fabricated and high power tested on
the test benches. A maximum of CW 70kW RF power has
been reached. Due to thermal drifting of the resonant ring,
the RF power was lowered below 50kW for power keeping
test. After staying at 40 kW for 30 minutes, a temperature
up to 103℃ at the inner conductor of the warm part was
observed, which far above the simulation result of 72 ℃.
The possible reasons are poor copper plating and
insufficient cooling of the warm inner conductor. Further
improvements will be implemented by modifying the
cooling design and improve the copper plating.
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Abstract
The Variable pulse length Storage Ring (BESSY VSR)
is a superconducting radio frequency (SRF) upgrade to the
existing BESSY II storage ring at Helmholtz-Zentrum Berlin
(HZB). BESSY VSR uses the RF beating of superconducting
cavities at 1.5 GHz and 1.75 GHz to produce simultaneously
long and short bunches. Higher power couplers capable of
handling 13 kW peak power at standing wave operation, are
required to provide an average power of 1.5 kW for both
the 1.5 GHz and 1.75 GHz cavities. These couplers must
also provide variable coupling with a range of Qext from
6×106 to 6×107 to allow flexibility to adjust to operating
conditions of BESSY VSR. Here the full design development
process for the 1.5 GHZ BESSY VSR coupler is presented
including the design for a diagnostic prototype to ensure
comprehensive monitoring of critical components during
testing and cool-down.

INTRODUCTION
The required 1.5 GHz and 17.5 GHz cavities that represent
the 3rd and 3.5th harmonics of the existing 500 MHz cavities
within the BESSY II ring will form the BESSY VSR upgrade,
creating simultaniously long and short bunches [1]. These
super conducting cavities [2] will be powered by higher
power couplers (HPCs), as detailed within this paper. However providing power to the cavities, though the primary
function of every coupler is not the only function. The
coupler must be designed to ensure that the required transmission characteristics for efficient operation are met and be
able to handle the high fields and gradients associated with
the operation of said cavities. In addition to this, the coupler
acts as a thermal bridge and provides a transition between
room and cryogenic temperatures thus must be able to withstand the differential thermal gradients and rates of thermal
contraction associated with this. It also acts as an interface
between ultra high vacuum and atmosphere and protects
the quality of the cavity vacuum preventing performance
degradation.
Thus the design of a coupler, particularly one for operation
at high power with SRF is a complex and challenging one.
This paper will focus on how the design for the VSR coupler
has developed and in particular how VSR in terms of the
high frequency and installation into an existing machine has
placed significant dimensional constrains on the mechanical
design.

The 1.5 GHz HPC for BESSY VSR is an adjustable coaxial coupler, with two cylindrical ceramic windows and three
sets of bellows to allow for control over the position of the
conical tip. This design is based on the design of the cERL
injector coupler built by Cornell [3]. The coupler is designed
to provide variable coupling with Qext from 6×106 to 6×107 .
This will allow for optimal coupling based on the operating
conditions of the machine. The full technical requirements
for the coupler are summarised in Table 1.
Table 1: Key Parameters for the 1.5 GHz Coupler
Parameter

Value

Central Frequency (f𝑐 )

1.5 GHz

Bandwidth

±10 MHz

Peak Power in the coupler

13 kW

Average Operating power

1.5 kW

Qext range

6×106 to 6×107

Qloaded

5×107

S11 (@ f𝑐 )

≤ -30 dB

S11 (@ f𝑐 ±5 MHz)

≤ -20 dB

As discussed the HZB coupler is inspired by an existing
coupler design that has shown reliability in operation. Nevertheless the specifications for BESSY VSR impose a higher
operation frequency and thus require smaller dimensions,
this represents an important challenge in the realisation of a
mechanical design.

Electromagnetic Design

emmy.sharples@helmholtz-berlin.de

The RF design of the coupler was performed using ANSYS HFSS [4]. Here the initial scaled model is discussed
along with the design optimisations performed to ensure the
best possible response at the correct frequency, ensuring the
desired Q values were reachable.
Strong coupling is characterised by strong transmission
through the coupler, which can be measured through the scattering parameter S11 . This transmission can be controlled
through the optimisation of the matching components/factors. These matching components/factors can be seen in
Fig. 1 and are listed below;
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Figure 1: The finalised mechanical model of the 1.5 GHz HPC for BESSY VSR.
The length of the coupler: To ensure good transmission
and to reduce reflection, the length of the coupler must be
on the order of 𝑛𝜆/2 to ensure constructive not destructive
interference.
The ratio between the inner and outer coax diameters: This
ratio must set so that the coaxial impedance is as close to
50 Ω as possible.
The waveguide to coax transition at the warm window: Just
inside the warm window at the waveguide to coax transition
is a cone, this cone acts as a matching component and therefore to optimise the matching of the coupler the dimensions
of this cone must be optimised.

to determine the ideal dimensions for the coupler to ensure
good transmission. Figure 2 shows the S11 response of the
optimised coupler.
In addition to analysis and optimisation of the matching
coefficients, the electromagnetic design phase focused on
creating a coupler that met the Qext range required for VSR
operation. This coupling coefficient is affected by both the
shape of the coupler tip and it’s position in the cavity relative
to the beam axis.”Pringle” like tips as found in the original
Cornell ERL coupler and the bERLinPro coupler [5] are
designed to maximize the coupling factors. Nevertheless
due to the lower specified coupling for VSR a simpler tip
design would work.

The warm to cold transition at the cold window: Once
again a cone within the cold window acts as the matching
component and the dimensions of this cone must be optimised.

Figure 3: Plot of Qext vs Coupler tip position for an initial
coupler tip design.

Figure 2: Plot of S11 for the optimised coupler.
These factors were analysed through parametric studies
of the scattering parameters, which show the coupler transmission in the form of S11 . In the case of the VSR HPC the
following S-parameter requirements were set; S11 must be
below -30 dB at 1.5 GHz with a bandwidth below -20 dB of
over 10 MHz. Through parametric sweeps it was possible
WETEB9
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Initially a simple rounded tip was chosen [6] this was made
hollow, similar to the Cornell design, to reduce stresses on
the cold window. However a closed hollow tip would have
meant a trapped vacuum which was not an option so the
tip was open at the cavity end, to avoid trapped vacuums
and ensure sufficient cleanability. This design with a hollow,
open ended rounded tip, did not provide enough coupling
to meet the requirements set out in Table 1. Hence the tip
design was changed and through a rigorous design study
it was found that a conical tip provides the desired level
of coupling. The exact dimension of this cone were fixed
SRF Technology - Ancillaries
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through parametric analysis of the Qext . To ensure the full
range of Qext required for VSR operation, Qext vs Coupler tip
position was analysed for the different designs and plotted as
shown in Fig. 3. The final tip design was then chosen such
that the Qext range required was obtainable with the range
of movement provided by the bellows of the coupler.
The electromagnetic design continues throughout the mechanic design phase as mechanic constrains lead to design
changes that alter the frequency and transmission of the coupler. Thus throughout the mechanical design phase, there
is continual parametric analysis of the electromagnetic response to ensure the design is both mechanically sound and
able to provide the correct coupling response.

Mechanical Design
Figure 1 shows the final mechanical design for the 1.5
GHz BESSY VSR coupler. The realisation of a mechanical
model represents one of the main project challenges due
to the difficulty in matching the basic RF geometry to the
fabrication and tooling techniques currently available. With
VSR operating at the higher frequencies of 1.5 GHz and 1.75
GHz this means smaller scales and smaller components. For
some parts this just mean unique tooling but for others it is
not realisable with current techniques and so components
must be redesigned and electromagnetic analysis must be
re-run.
In Fig. 1 it is evident that there is a difference in coax
dimensions between the warm part and the cold part. The
cold part has an inner conductor radius of 10 mm and an
outer conductor radius of 24.5 mm, where as the warm part
has an inner conductor radius of 16.5 mm and an outer radius
of 32 mm. For the cold coax part these dimensions are fixed
due to the higher order modes (HOMs) in the cavity [7]. To
protect the ceramic window, which could suffer a failure if
too much power from the cavity is incident on it, the cold
coax dimensions were optimised to decouple the HOMs and
push those powers more into waveguide HOM dampers [8].
The coax dimensions that led to the greatest amount of HOM
decoupling was found to be 10 mm inner radius and 24.5
mm outer radius.
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The warm coax dimensions are affected by two mechanical factors. The first is a constraint on the maximum dimension to ≤ 64 mm which is set by the dimension of the
80 K flange. This is is fixed by the cryomodule design [9]
and tooling restrictions for installation. The second factor
affecting the warm coax is the need for cooling of the inner
conductor bellows. As a result of the high power nature
of the coupler, heating of the inner conductor bellows during operation is a risk factor that must be mitigated. Due
to the level of heating and the associated complexity of a
water cooling system, a compressed air cooling system is
used. To ensure a flow sufficient to properly cool the bellows,
without having the inner conductor pressurised, the cross
sectional area for airflow must be increased. To maintain a
good electromagnetic response the outer conductor radius
must be increased as the inner conductor radius increases.
Additional sufficient space between the inner conductor and
outer conductor must be maintained so that it is still possible
to assemble the coupler without the need for special tooling.
The need to create a mechanical design that is assembleable is not trivial, and has led to the redesign of several components, most noticeably the cone that acts as the matching
component at the waveguide to coax transmission. Since this
component it crucial to the overall transmission capabilities
of the coupler the dimensions fixed by the electromagnetic
design phase must be maintain wherever possible. However
it must also allow for an assembly of the coupler in which
the outer conductor of the warm-part is slid over the inner
conductor of the cold-part without contact or damage to any
components. In the initial mechanical design the radius of
this cone component was too large for this assembly method,
however the dimensions were essential to ensure the correct electromagnetic response. The solution can be seen in
Fig. 4, in which it can be seen that cone is actually split into
two parts, the lower part is now part of the inner conductor
whereas the upper part forms part of the back section of
the coupler that is connected to the outer conductor. This
configurations allows for better assembly of the full coupler.
The process of producing the mechanical design of the 1.5
GHz HPC highlighted the challenges created when designing
components for a higher operating frequency. Through this
process greater insight into how these challenges may be
overcome has been gained. This knowledge will be of great
help during the designing of the 1.75 GHz coupler which
will have even smaller components.

THERMAL ANALYSIS

Figure 4: The new mechanical model of the cone that acts as
the waveguide to coax transition, showing the split to allow
for assembly.
SRF Technology - Ancillaries
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Since the coupler acts as a thermal interface between
the superconducting cavity at 2 K and the RF load at room
temperature it is important to understand the thermal stresses
and loads on it. As too high a stress will result in damage
to the coupler as a whole and too high loads could result in
heating of the SRF components and potentially a quench.
To ensure that there is good RF performance without too
much thermal transport the coupler is fabricated from stainWETEB9
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Figure 5: A temperature plot of the coupler at 16 kW operation, showing the two temperature peaks.
less steel with a thin copper coating. The thickness of this
copper coating varies depending on the location in the coupler and the heat load there. For tubes and flanges including
those at < 5 K a coating of 20±5 𝜇m is required to ensure
good RF transmission without significant thermal transport.
For the bellows this is more complex. Copper coating of
bellows results in uneven depositions on the convolutions
thus the bellows coating must be at least 20 𝜇m to ensure
good RF performance but no more then 30 𝜇m. The slightly
thicker coating is permissible on the bellows as better thermal transport will avoid hot spots on the bellows.
Initial analysis was performed by studying the field within
the coupler, identifying any areas of high field which could
result in hotspots, and altering the design accordingly. Then
the thermal load is calculated in ANSYS using the data obtained in the electromagnetic analysis. Figure 5 shows the
temperature plot in ∘ C of the coupler at a peak power of
16 kW, here it can be clearly seen that there are two points
of significant heating. The first on the warm bellows at
a temperature of 331 K and the second on the warm window of 319 K. Both of these peaks are manageable during
safe operation of the coupler. In previous designs the bellows hotspot reached much higher temperatures, this was
mitigated through altering the bellow position, reducing the
number of convolutions and allowing for thicker copper coating to increase thermal transport away from the hotspot. On
the warm ceramic this heating will be further mitigated by
compressed air cooling and the connection to the waveguide
is cooled using water.
It was through initial thermal analysis that the critical
nature of the cold window was identified, and through this
the cold part of the coupler faced a significant redesign. The
cold window, is the only component connecting the cold
inner conductor to the warm outer conductor and so acts
as a thermal bridge. In initial simulations the cold ceramic
window was experiencing a temperature gradient of over
100 K which would result in significant stresses. To reduce
the stresses on the window, the connecting sleeves were
redesigned, to provide more contact with the ceramic thus
improving thermal transport and the coupler tip was made
WETEB9
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hollow to reduce the mechanical stresses. With the cold
window redesign the temperature gradient is reduced to 40 K
across the window and the stresses were reduced by 60% so
there is no longer a risk of damage or deformation at peak
power operation.
In addition to computational analysis, further thermal
analysis will be performed on the prototype couplers during the testing and commissioning phase. This testing is
designed to mimic the temperatures and thermal gradients
experienced by the coupler during cool down. These significant temperature changes over a relatively short period
of time could potentially cause damage to certain components, which should be checked during the testing phase and
preventative measures should be taken.

DIAGNOSTIC PROTOTYPE
Due to the critical nature of certain components within the
coupler it is essential to monitor them during the prototyping
and testing phase to ensure there will be no failure during
operation of BESSY VSR. To this end two diagnostic prototypes will be produced, which incorporate more diagnostics
than will be found in the final series coupler. This diagnostic
prototype can be seen in Fig. 6, with all diagnostic types and
positions labelled.
These prototypes will be used to identify the optimal
positioning of sensors in the final series coupler. Since
the cold window is the most critical component within the
coupler, and was shown to be susceptible to heating issues
in simulations, four CF 16 ports for infra red (IR) sensors
will be placed around the window, angled so as to identify
the hotspots. These ports however are not compatible with
operation in the cryomodule, as they do not allow for the
flange connecting the coupler to the module to be mounted.
Therefore these prototypes can only be used for testing in
the test box. For module testing and coupler conditioning
additional outer warm conductors with PT100s in place
of the IR ports will be used. This alternative outer warm
conductor will undergo high power conditioning with the
whole coupler on the RF test-box before being integrated
into the module to reduce secondary emissions and identify
SRF Technology - Ancillaries
power coupler / antennas

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-WETEB9

Figure 6: A view of the diagnostic prototype showing the position and type of sensors throughout the coupler.
whether the anti-multipacting bias will be needed during
operation.
In addition to the careful monitoring of the cold ceramic
during testing, two sample ceramic windows have been ordered for temperature and stress testing prior to the fabrication of the prototype. These two sample windows, will be
of two different designs, one similar to the warm window
design with the connecting supports joined to the ends of the
ceramic, and one in the form of the cold window with the
supports over lapping the ceramic. In each case the supports
will be extended to allow for mounting. These windows
will undergo leak testing, thermal shocking, visual inspection and re leak tested. The aim of the tests is to confirm
the suitability of the two designs for integration within the
coupler.

CONCLUSION
The detailed development of the 1.5 GHz BESSY VSR
higher power coupler design, from initial electromagnetic
design to thermal analysis and the full mechanical model
has been presented here along with a discussion of proposed
diagnostics and testing. Special emphasis has been put on
the challenges in the mechanical design that arise from the
smaller scaling as a result of the higher frequency and how
these can be solved or mitigated. Techniques and mechanical modifications to aid with tooling developed during this
design process will be used when designing the 1.75 GHz
coupler. The coupler tender for the 1.5 GHz and 1.75 GHz
coupler was started in May 2019 with fabrication of the 1.5
GHz prototypes to begin in late September. With continuing
design development for the 1.75 GHz BESSY VSR coupler
running in parallel to ensure all components will be ready
for VSR commissioning.
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SAMPLE PREPARATION

Abstract
S-I-S’ multilayers promise to boost the performance of
bulk superconductors in terms of maximum field and surface
resistance. At HZB, RF-surface resistance measurements
were performed with a Quadrupole Resonator (QPR) and
an S-I-S’ sample (75 nm NbTiN on 15 nm AlN insulator on
bulk Nb) prepared at JLab. Measurements were performed
at 414, 845, and 1286 MHz at sample temperatures from
2 K up to well above the transition temperature of NbTiN
of ∼ 17.3 K. The RS exhibits an unexpected temperature
dependence: Rather than rising monotonically, as expected
from BCS theory, a local maximum is observed. There is
a temperature range where RS decreases with increasing
temperature. Such behavior indicates that an additional
interaction between the superconducting layers may have to
be included in the surface resistance model. Measurements
of the baseline Nb sample prior to coating exhibited no
such behavior; hence systematic measurement errors can
be excluded as the explanation. The maximum field was
limited by a hard magnetic quench near 20 mT, close to Hc1
of NbTiN, suggesting that the sample is limited by early flux
penetration.

The sample substrate as well as the coatings were prepared
at JLab. Compared to the standard sample chamber design as
described in [4], this one has a slightly different mechanical
design: The Nb part of sample chamber is still brazed to
the stainless steel flange at the bottom. Additionally, two
electron beam (EB) welds were performed. One circular
weld on the RF sample surface, inserting a disk of high
RRR Nb into a ring of RRR 50. This ring was then EB
welded to the niobium tube that has the same low RRR.
Fig. 1 shows a photo of the coated sample chamber. The
high RRR disk on the RF surface was mechanically polished
to mirror-like roughness. Possible contamination of the fully
assembled sample setup were removed by electro-polishing.
After baseline measurement at HZB, the sample was sent
back to JLab, cleaned again by electro-polishing and coated
afterwards. For details on the QPR at HZB refer to [4, 5].

INTRODUCTION
Pushing SRF systems beyond the fundamental limits of
(bulk) niobium, thin films and multilayer structures provide
a promising way. Coatings of Nb3 Sn or Nb are considered as
“thick” films since the deposited film thickness d is large compared to the RF penetration depth λ, justifying the assumption of one bulk-like superconductor carrying all screening
currents. In thin film systems with d = O(λ), screening
currents are distributed between several layers, requiring
an additional thick film or bulk superconductor underneath.
Theoretical work shows that coating niobium with a superconductor of higher Tc and specific thickness, significantly
increases Bsh and reduces the BCS surface resistance [1–3].
Inserting an insulating layer in between the superconductors
prevents vortices that might be generated at defects from
penetrating the entire superconducting structure.
In this work an S-I-S’ structure of NbTiN and Nb with
AlN as intermediate insulator was characterized using the
HZB quadrupole resonator. NbTiN and AlN were deposited
by DC magnetron sputtering on a bulk Nb substrate at JLab.
Prior to coating, a QPR baseline test of the substrate was
performed as well. In the following, the results of baseline
and coated sample are discussed simultaneously to provide
comparability.
∗
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Figure 1: QPR sample with AlN and NbTiN coating on the
top RF surface. Electron beam welds are visible on the top
surface and on the sidewalls. The niobium tube is brazed to
the stainless steel bottom flange.
After mounting into the coating chamber and evacuation to 5 · 10−10 mbar, the sample was heated up to 600 ℃
(p = 2 · 10−9 mbar) to reduce the natural oxide layer of the
niobium substrate. Sequentially, 15 nm of AlN and 75 nm
of NbTiN were deposited by DC magnetron sputtering. The
coating temperature was set to 450 ℃ to prevent diffusion of
aluminum and corresponding contamination of the substrate
or the top layer coating. Given by the deposition technique
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and the coating chamber setup, only the top RF surface of
the sample chamber and its outer edge are covered by the
S-I layers.

SURFACE RESISTANCE
Baseline Measurement
Prior to the coating process, a baseline surface resistance
measurement of the bulk niobium substrate was performed
at 414 and 846 MHz. BCS fits according to the empirical
expression

2


a
f
∆
RS (T) =
+ Rres
(1)
exp −
T 414 MHz
kT

S-I-S’ NbTiN-AlN-Nb Sample
Measurement data for surface resistance vs. sample temperature is shown in Fig. 4a for both, baseline and S-I-S’
sample. For the S-I-S’ sample, R(T) curves at all three frequencies show suspicious behavior that is both significant
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Figure 2: Baseline residual resistance Rres obtained from
fitting RS (T) curves for different values of RF field at frequencies of 414 and 845 MHz. Dark colored areas indicate the
fit stability when changing of upper limit. Semi-transparent
areas give the fit uncertainty including the systematic RF
uncertainty.
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were calculated. The resulting residual resistance as a function of the applied RF field strength is shown in Fig. 2. Measurement data as a function of temperature is shown later,
together with the one obtained for the coated sample (see
Fig. 4a).
Rres is nearly independent of RF field for both frequencies.
Assuming a field independent scaling factor of 73/23 ≈ 3.2
corresponds to a frequency dependence of Rres ∝ f 1.63 . Similar scaling has been observed on multi-mode test cavities
before and seems typical for bulk niobium [6, 7]. The absolute values however indicate non-ideal behavior, scaling
to a 1.3 GHz TESLA-shaped cavity yields Rres = 150 nW
and Q0 = 1.8 · 109 . The residual resistance might be due
to increased losses on the outer ’ring’ of the sample. As
mentioned above, only the inner ’disk’ of the sample surface is made of high quality high RRR niobium. Given by
the high temperatures during electron beam welding, the
’ring’ may have contaminated the ’disk’ due to diffusion.
In the case of such an inhomogeneity, the true residual resistance of the outer ring would be even higher, since the
calorimetric measurement principle always gives a surface
average value. Note that the fit uncertainty indicated by semitransparent areas in Fig. 2 is dominated by the systematic RF
measurement uncertainty of 9.2 %. This is mainly relevant
when comparing different frequencies since RF calibration
errors systematically shift the entire data set obtained at
one quadrupole mode. For a detailed discussion of errors
impacting fit parameters see [8].
After subtracting an RF field independent residual resistance of 23 nW (Q1, 414 MHz), resp. 73 nW (Q2, 846 MHz)
from measurement data, the temperature dependent BCS
resistance is shown as a function of RF field in Fig. 3. At
low fields of 10 and 20 mT the data perfectly matches the expectation of BBCS ∝ f 2 . Reversely, this excludes significant
frequency specific, systematic errors of the RF measurement
system. Towards higher RF field, the increase of RBCS is
suppressed at higher frequency.

200

3K:
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Figure 3: Temperature dependent BCS surface resistance
vs. RF field on sample for the baseline measurement. The
values were calculated by subtracting an RF field independent residual resistance of 23 nW (414 MHz), resp. 73 nW
(846 MHz) from measurement data (see Fig. 2). Note that
the y-axes are linked quadratically by (846/414)2 ≈ 4.2.

and reproducible. At Q1 (414 MHz) and Q2 (845 MHz) a
region of non-monotonic dependence on temperature is observed, each featuring a distinct local minimum that differs
in position and width. At Q1, comparable values of surface
resistance are obtained at temperatures of 8.2 and 8.9 K, indicating a local minimum near 8.55 K. An interjacent decrease
of more than 50 % is recorded. For Q2 this minimum lies
near 5.4 K with a width of about ±0.9 K. The decrease of
300 nW (or 30 %) is less pronounced than at Q1. For the
third quadrupole mode less data points are available. However, a decrease spanning several Kelvin can be excluded
while a change of slope is visible in between 6.5 and 7 K.
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Figure 4: (a) Measured surface resistance vs. sample temperature for baseline and S-I-S’ measurement. All points at
QPR modes Q1 and Q2 were taken at BRF = 10 mT, for Q3 BRF = 8.8 mT. (b) S-I-S’ temperature independent residual
resistance as a function of RF field. The right-hand y-axis for data points at Q2 and Q3 is shifted but has the same steps as
the left-hand axis. For baseline Rres see Fig. 2.
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Figure 5: Temperature dependent surface resistance vs. sample temperature for baseline and S-I-S’ measurement after
subtraction of Rres according to Figs. 2 and 4b. All points were taken at BRF = 10 mT.
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Figure 6: Surface resistance vs. RF field for the S-I-S’ sample. For baseline measurement data see Fig. 3.
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temperatures (T ≳ 5 K), RS depends only slightly on field.
For Q3, the surface resistance also depends slightly on RF
field with a tendency of increasing Q-slope towards higher
temperature.
As for the curves of R(T), the behavior of R(B) changes at
or near the characteristic temperature Tpk ( f ). This allows a
single mechanism which consistently describes the deviation
from expected BCS-behavior at all three frequencies: For
T ≪ Tpk the surface resistance decreases with field. Near
Tpk , RS increases with RF field, while it becomes nearly
independent of the applied RF field strength for T ≫ Tpk .
The value of Tpk itself decreases for higher frequency and
causes a distinct temperature range with enhanced surface
resistance. Note that this mechanism also includes RF field
dependent residual resistance.
The physical reason for this behavior is still unclear. One
possibility might be a quantum mechanical coupling of the
two superconducting layers. For this sample, the insulator
thickness of 15 nm is about three times the coherence length
of NbTiN but significantly smaller than ξ0,Nb = 39 nm. Further measurements to study the dependence of R(T, B, f ) on
the insulator thickness are ongoing.
1200
1000
800
600
400
200
15

]
ld [mT
RF Fie

Note that an increasing contribution of the niobium substrate
is expected at elevated temperatures since the S-I coatings
do not cover the sidewalls of the sample chamber. However,
this contribution is strictly monotonic in temperature and
cannot explain the observed features.
In the following, the partition of measured surface resistance into residual and BCS contribution for investigating
R(T) might be arguable. For that reason, the BCS approximation given by Eq. (1) is used only to extrapolate a temperature
independent residual resistance. This is justified due to the
fact that for a certain low-temperature range, both RMSE and
Rres values vary reasonably low when changing the fit data
range. Resulting values are shown in Fig. 4b. Compared to
the baseline measurement, a strong increase of residual resistance is observed. However, the rise of surface resistance
with temperature is suppressed, which is expected given the
comparatively high Tc of NbTiN. At the first quadrupole
mode, this becomes clearly visible after subtracting Rres
from the measurement data (see Fig. 5a).
For Q2 the effect of non-monotonic R(T) “overcompensates” the higher Rres , leading to a lower total surface resistance than for baseline niobium for T ≳ 5.2 K. Subtracting
Rres yields the contradicting picture of higher temperature dependent surface resistance in the range of ∼ 3.5 to 4.7 K than
for bulk niobium (see Fig. 5b). Hence, the observed local
minimum of R(T) is more likely a consequence of a temperature range with strongly enhanced surface resistance, than of
a mechanism reducing RS . A mechanism of enhanced losses
also fits to the visual impression of R(T) at Q1 in the temperature range of 7.8 to 8.5 K. At the peak, the measured RS even
exceeds the data obtained at 845 MHz (Q2). Furthermore,
such a mechanism could explain the comparatively small
change in surface resistance when increasing the frequency
from Q2 to Q3 (see Fig. 4a): Continuing the trend of a peak
in RS at Tpk , and assuming that Tpk decreases with frequency
might lead to Tpk < 2.5 K at Q3 (1286 MHz). Unfortunately,
surface resistance measurements were impossible in this
temperature range due to high RF heating. Hence, the value
of Rres = 584 nW could be affected significantly. Remember,
so far we only investigated data measured at constant RF
field of BRF = 10 mT (8.8 mT in case of Q3).
The measured surface resistance as a function of RF field
is given in Fig. 6. Again, significantly different behavior
is observed when changing the frequency. At the second
quadrupole mode, a detailed two-dimensional measurement
data grid was possible, as shown in Fig. 7. Intersections of
the black grid lines denote measured data points, the color
representation is interpolated for better readability. At Q1,
the surface resistance consistently decreases towards higher
field. At low temperatures of 3 and 4 K this effect is stronger
than the increase of RS (T). This requires an RF field dependent residual – or, more precise, temperature independent –
resistance, as visible in Fig. 4b. At Q2, a similar but quantitatively smaller decrease of surface resistance with RF field
is restricted to field levels larger than 7.5 mT and temperatures below 3.5 K. Approaching the local peak in RS at 4.5 K
yields a surface resistance growing with field. For higher
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Figure 7: Measured RS vs. sample temperature and RF field
strength at 845 MHz for the S-I-S’ sample. Intersections of
the black grid lines denote measured data points, colors are
interpolated for better readability.

PENETRATION DEPTH
In an SRF cavity, the superconducting penetration depth
of the used material can be deduced from measuring the resonant frequency shift as a function of temperature. Thanks to
the thermal decoupling of sample and surrounding cavity in
case of the QPR, this directly gives the penetration depth of
the sample material. However, for use with the well-known
formula
GSample
∆λ = λ(T) − λ0 = −
∆f
(2)
π µ0 f02
a single-valued penetration depth has to be defined. In
analogy to the simple case of B(x) ∝ exp(−x/λ) and
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exp(−x/λ) dx, the effective value λeff is defined
∫ ∞
1
λeff (T) =
B(T, x) dx.
(3)
B(T, x = 0) 0

B(x) is calculated using the analytic expression of [3], with
temperature dependence of the individual layers according
to the Gorter-Casimir expression
λ0
.
 4
T
1 − Tc

λ(T) = r

(4)

data 414 MHz
data 845 MHz
data 1285 MHz
fit 414 MHz
fit 845 MHz
fit 1285 MHz

0
-1
-2
-3
-4
-5
4

For simplicity, the integration is calculated numerically in
the range of x = 0 − 5 µm with variable resolution of dx =
0.1 nm for x ≤ 500 nm and dx = 0.5 nm for x > 500 nm.
When exceeding the critical temperature of a layer, λi is
replaced by the normal conducting skin depth δnc . Normal
state resistivities are taken from literature with σNb,RT =
6.58 · 106 S/m and σNbTiN,cryo = 2.86 · 106 S/m [9]. For
niobium, σRT is further increased by its RRR.
Ideally, the contribution of niobium can be described by
Tc and RRR only, with the latter yielding both, λ(T) and δ.
However, depending on T < Tc,Nb or T > Tc,Nb , a very different sample volume is probed by the RF field. Especially
the substrate purity (RRR, ℓ) can change significantly and
furthermore impacts the fit curve in the entire temperature
range. Hence, superconducting RRRsc and normal conducting δnc are fit individually, allowing for a vertical change in
purity of the niobium substrate.
In order to reduce coupled uncertainties and the number
of free parameters, the values of ξi and λL,i for each (superconducting) layer are fixed. Furthermore, an iterative fit
procedure is applied: The critical temperatures are determined in preliminary fit runs, in case of Tc,Nb the data range
is restricted to T < 9.25 K. Subsequently, the parameters
RRRsc , δnc and λ0 are obtained using a global fit to the full
temperature range of 4 − 18 K. Measurement data for the SI-S’ sample at all three quadrupole modes is shown in Fig. 8,
corresponding fit results can be found in Table 1. The measurements were done by performing frequency scans with a
computer-controlled vector network analyzer [10]. Individual thermal cycles were carried out for the three quadrupole
modes.
The critical temperature of the niobium substrate is found
throughout all three frequencies in very good agreement
with the expectation from literature of Tc,Nb = 9.25 K. The
superconducting RRRsc – or more precisely its value for the
uppermost ≈ 100 nm – scatters strongly but the weighted
average of RRRsc = 42 ± 8 is consistent within the big
statistical fit uncertainty for all three values. Note that in
the superconducting state the penetration depth should be
independent on frequency. The observed scatter together
with the absolute values can hence be interpreted as an indication for compositional inhomogeneities, e. g. part of the
deposited coating could be diffused into the RF layer of
the substrate, explaining the comparatively low values of
RRRsc . In contrast to that, RRRnc has no clear dependence
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Figure 8: Measured frequency shift vs. sample temperature
for all three quadrupole modes. Fits using Eq. (3) are shown
with solid lines, result data is given in Table 1.
on frequency, even though being obtained from significantly
different depths x of the probed sample volume. Hence, for
x ≳ 200 nm, i. e. below the region of sc RF currents, the
niobium substrate is found to be homogeneous and of high
purity. This is consistent with the expectation of RRR ≳ 300
from the used sheet material.
For the NbTiN top layer very consistent results are obtained for all three frequencies. The result of λ(0 K) ≈
246 nm is higher than literature values of λ = 150 − 200 nm
[9] but can be explained by a reduced mean free path due
to the film deposition technique. The observed critical temperature of about 14.3 K is significantly lower than expected
(confer 17.3 K [9]). This indicates issues of the coating
that might be a reason for the very high residual resistance
compared to the baseline measurement, or the small critical
field.

CRITICAL FIELD
The RF quench field of the bulk niobium substrate was
obtained in the baseline measurement using the single pulse
technique at 414 and 846 MHz as described in [10]. Experimental data is shown in Fig. 9 together with fits according
to the empirical expression
 2!
T
Bc (T) = B0 · 1 −
.
(5)
Tc
For quantitative fit results see Table 2. The temperature range
used for fitting is shown by solid lines, dashed lines indicate
the extrapolation to 0 K. Fit results of B0 ≈ 220 − 250 mT
are in very good agreement with the expected superheating
limit for niobium. However, a strictly quadratic dependence
on temperature is observed only at high temperatures, the
sample could exhibit reduced quench fields at lower temperature. Unfortunately, the QPR quench limit ruled out further
measurements in that range.
For the S-I-S’ sample, first hints for a low RF quench field
were observed during surface resistance measurements: The
measured RS jumped up suddenly when exceeding a field
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Table 1: S-I-S’ Penetration Depth Measurement. Error bars give statistical fit errors.
Frequency
Tc, Nb
λ(0 K)
δnc
λL
ξ0
RRRsc
RRRnc
Tc, NbTiN
λ(0 K)
δnc
ξ0
κ

bulk Nb
substrate

NbTiN
layer

414 MHz
9.26 ± 0.01 K
46 ± 2 nm
515 ± 4 nm

21 ± 4
350 ± 5
14.37 ± 0.03 K
246 ± 2 nm
14.63 µm
49.1 ± 0.4

414 MHz
846 MHz

25 ± 10
335 ± 12
14.32 ± 0.13 K
237 ± 6 nm
8.30 µm
47.3 ± 1.2

30

120

RF Quench Field [mT]

RF Quench Field [mT]

1265 MHz
9.29 ± 0.08 K
44 ± 4 nm
299 ± 6 nm

35

150

90

60

30

0

845 MHz
9.28 ± 0.04 K
50 ± 2 nm
378 ± 3 nm
32 nm (fixed)
39 nm (fixed)
15 ± 2
319 ± 5
14.22 ± 0.05 K
248 ± 3 nm
10.24 µm
5 nm (fixed) [9]
49.6 ± 0.5

25
20
15
10

414 MHz - data
- fit
845 MHz - data
- fit
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Figure 9: Baseline RF quench field of the bulk Nb substrate.
Semi-transparent areas give the total fit uncertainty, which
is dominated by the systematic uncertainty of the RF system.
Fit parameters are given in Table 2.

level of about 20 mT. This behavior consistently occurred
for CW and pulsed RF power, which indicates both, good
thermal connection to the substrate and a “magnetic” origin of the quench. Thermal runaway – even accelerated by
observed the Q-slope – can be excluded: Given the long
thermal path of the QPR sample chamber, the RF sample
can be operated “on the edge” where such a runaway occurs.
Increasing the RF field by few µT will then trigger a “slow”
runaway that takes several seconds for an temperature rise
of the order of Kelvins. Much higher fields, of course, will
lead to fast thermal quenches that can not be resolved in
time domain by eye. However, for this sample, very stable
sample temperature (and surface resistance data) was obtained close to the quench point with instantaneous jumps
of several Kelvin (or µW) when slightly increasing the RF
field.
For quantitative investigation of the RF quench field,
the single pulse technique was applied again at 414 and
845 MHz. Measurement data is shown in Fig. 10. Non-linear
fits use the expression of [3], including the temperature dependencies of λi and Bsh,i for each layer. For simplicity, the
empirical quadratic dependence on temperature of Eq. (5) is
used for Bsh,i . Resulting fit parameters are given in Table 2.
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Figure 10: RF quench field of the S-I-S’ sample, measured
at 414 and 845 MHz. Fit parameters are given in Table 2.
The error bars give statistical uncertainty and reproducibility
only, 6.5 % of relative systematic RF uncertainty has to be
added.

The temperature axis of Fig. 10 is scaled quadratically to
improve readability at high temperature. Note that for S-I-S’
structures non-linear behavior is expected in this representation.
The data confirms an RF quench field in the range of
20 to 25 mT which is even below the lower critical field of
Hc1,NbTiN = 30 mT [9]. Measurements at 414 and 845 MHz
are consistent within the measurement uncertainty. Fits are
shown by solid lines and extrapolated to low temperature
as indicated with dashed lines. Near 9.1 K the transition
of the quenching top layer (T < 9.1 K) to the quenching
substrate (T > 9.1 K) is visible. Below 8 K the observed RF
quench field does not depend on temperature as expected
but stays nearly constant. This is interpreted as additional
non-fundamental quench limitation, possibly due to local
defects with early vortex penetration.
The fitted temperature range contains only few data points
on each curve. In order to prevent overfitting with unphysical results, only Tc,Nb and B0,NbTiN are fitted, all other parameters were fixed to the results of the penetration depth
measurement (see Table 1). The RF field limit for the niobium substrate is taken from the baseline measurement.
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For the NbTiN layer a low-temperature quench field of
B0,NbTiN ≈ 17 mT is obtained at both frequencies. This
is about half of Hc1,NbTiN and far below the expected superheating limit of Hsh,NbTiN ≈ 440 mT [11]. Coating flaws as
already suspected from the high residual surface resistance
and the low critical temperature would also explain these
values as well as early vortex penetration.
The DC magnetic field of first vortex penetration was
measured for a witness sample that was coated together with
the QPR sample. The result of Bvp = 15−20 mT is very close
to the observed RF quench field but far less than expected
for such film thickness. A witness sample prepared under
comparable conditions with slightly increased thicknesses of
80 nm NbTiN and 20 nm AlN showed Bvp = 160 mT.Further
measurements on the coating characteristics are ongoing.
Table 2: Fit Results of the Critical Field Measurements for
the Bulk Nb Substrate (Baseline) and the S-I-S’ Sample

Nb

S-I-S’

Frequency
414 MHz
846 MHz

B0,Nb [mT]
250 ± 20
220 ± 24

Tc,Nb [K]
9.33 ± 0.01
9.34 ± 0.01

Frequency
414 MHz
845 MHz

B0,NbTiN [mT]
17.2 ± 1.9
17.0 ± 1.7

Tc,Nb [K]
9.28 ± 0.03
9.27 ± 0.04

CONCLUSION
In summary, a first successful measurement campaign
of an S-I-S’ sample using a quadrupole resonator together
with quantitative analysis using recent theoretical methods
is reported. Surface resistance data is available at frequencies of 414, 845 and 1286 MHz, in the temperature range
of 2 − 9 K. The RF quench limit restricted measurements
to BRF ≲ 23 mT. R(T) data at Q1 and Q2 shows nonmonotonic behavior with local maxima at Tpk,Q1 = 8.2 K
and Tpk,Q2 = 4.5 K. Near this characteristic temperature
the dependence of RS on the RF field changes as well. For
T ≪ Tpk , total and residual surface resistances decrease towards higher field; while at Tpk a strong increase of RS with
field is observed. Continuing the trend of Tpk decreasing
with frequency might lead to Tpk < 2.5 K at Q3, which was
not detectable because of too high RF heating. In that case,
the extrapolated surface resistance could be affected significantly. A possible physical reason for this behavior could be
a coupling of the two superconducting layers. The insulator
thickness of 15 nm is about three times the coherence length
of NbTiN but significantly smaller than ξ0,Nb = 39 nm. In
this case the theoretical models of [2, 3] that were used
throughout this work should be revised. Such a coupling
mechanism would impact the applicability of multilayer
structures for SRF systems significantly. Further measurements to study the dependence of R(T, B, f ) on the insulator
thickness are ongoing.
The performance of the current coatings is very likely
limited by non-fundamental issues: The observed critical
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temperature of Tc,NbTiN ≈ 14.3 K is significantly lower than
expected and Rres is clearly higher than for the niobium baseline measurement. The temperature-independent RF quench
field for T < 8 K indicates early vortex penetration, which
occurs preferentially at weakly superconducting locations,
e. g. at defects or spots of wrong composition. In that case,
single or few quench spots limit the global performance
while the surface averaging penetration depth measurement
is far less sensitive to small-sized effects.
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2pHmiBQM Q7 i?2 bmT2`+QM/m+iBM; +?`+i2`BbiB+b Q7
KmHiBAHv2` i?BMA7BHK bi`m+im`2b Q7 M$M M/ bCQ QM Tm`2
M$ bm#bi`i2
`Y FjwL . ?Y ?wNR. iY Fn$R. iY b3GC. F2F. B$aGC. DUN
?wjR BjR. bRG3N0C. B$aGC. DUN
vY Bsc@Cj. ?Y iRN<n. FwRjR B+`. mEC. FwRjR. DUN
+Y xY NjRCN3. +2gB`7m. ;C8AcnaAvq3jj3. 7aN,3
`Y BjR. iY M<j. mHp+. BN,. +@C$. DUN
$cja,j
BN a3,3Nj w3ac. Cj @c $33N URCNj30 Rnj j@j j@3 LuCA
LnL ,,3I3ajCN< <a0C3Nj R8  cnU3a,RN0n,jCN< `7 ,qCjw
,N $3 CN,a3c30 $w ,RjCN< j@3 CNN3a cna8,3 R8 j@3 ,qCjw
sCj@  LnIjCIw3a j@CNA~IL cjan,jna3 ,RNcCcjCN< R8 Ij3aNjA
CN< CNcnIjCN< N0 cnU3a,RN0n,jCN< Iw3acY BN j@Cc cjan,A
jna3. j@3 UaCN,CUI UaL3j3a j@j ICLCjc j@3 U3a8RaLN,3 R8
j@3 ,qCjw Cc j@3 ,aCjC,I L<N3jC, ~3I0 Ra 3{3,jCq3 ǂիџ j
s@C,@ qRajC,3c $3<CN U3N3jajCN< CNjR j@3 cnU3a,RN0n,jRa
Iw3aY i@Cc Cc Ua30C,j30 jR 03U3N0 RN j@3 ,RL$CNjCRN R8 j@3
~IL j@C,GN3ccY r3 L03 cLUI3c j@j @q3  M$MgbCQӝ j@CNA
~IL cjan,jna3 RN  Una3 M$ cn$cjaj3 sCj@ c3q3aI Iw3ac R8
M$M ~IL 03URcCj30 ncCN< /+ L<N3jaRN cUnjj3aCN< L3j@R0Y
?3a3. s3 a3URaj j@3 L3cna3L3Nj a3cnIjc R8 3{3,jCq3 ǂիџ R8
M$MgbCQӝ Vkz NLWgM$ LnIjCIw3a cLUI3c sCj@ j@C,GN3cc3c
R8 M$M Iw3ac CN j@3 aN<3 8aRL 9z NL jR 4zz NL $w ncCN<
j@3 j@Ca0A@aLRNC, qRIj<3 L3j@R0Y 2uU3aCL3NjI a3cnIjc
c@Rs j@j N RUjCLnL j@C,GN3cc 3uCcjc. s@C,@ CN,a3c3c j@3
3{3,jCq3 ǂիџ $w lkY4 XY

BMi`Q/m+iBQM
`3,3NjIw. Cj @c $33N URCNj30 Rnj j@j j@3 3{3,jCq3 ǂիџ R8 
cnU3a,RN0n,jCN< `7 ,qCjw ,N $3 CN,a3c30 $w ,RjCN< j@3
CNN3a cna8,3 R8 j@3 ,qCjw sCj@  LnIjCIw3a j@CNA~IL cjan,A
jna3 ,RNcCcjCN< R8 Ij3aNj3 CNcnIjCN< N0 cnU3a,RN0n,jCN<
Iw3ac )SĢk*Y ;3N3aIIw. j@3 3{3,jCq3 ǂիџ R8  cnU3a,RN0n,jA
CN< Lj3aCI ,N $3 3qInj30 $w UUIwCN< N + L<N3jC,
~3I0 jR j@3 Lj3aCI sCj@  cLII ,RCI N0 03j3,jCN< j@3 j@Ca0A
@aLRNC, cC<NI R8 j@3 ,RCI qRIj<3Y i@Cc j@Ca0A@aLRNC,
cC<NI R,,nac s@3N j@3 U@c3 jaNcCjCRN 8aRL j@3 8nII K3CccA
N3a cjj3 jR j@3 qRaj3uAU3N3jajCN< cjj3 @UU3NcY ?3a38j3a.
j@Cc L3j@R0 Cc ,II30 j@3 j@Ca0 @aLRNC, qRIj<3 L3j@R0Y
i@3 j@Ca0 @aLRNC, L3cna3L3Nj cwcj3L @c Ia30w $33N
,RNcjan,j30 j FwRjR mNCq3acCjw jR 3qInj3 j@3 cnU3a,RNA
0n,jCN< ,@a,j3aCcjC,c R8 cLUI3c R8 bABAb cjan,jna3 CN j@3
IRs j3LU3ajna3 a3<CRN nU jR j@3 j3LU3ajna3 R8 IC\nC0 @3A
ICnLY r3 @q3 q3aC~30 j@j j@3 3{3,jCq3 ǂիџ Cc 3N@N,30
8Ra  cLUI3 sCj@ bABAb cjan,jna3 j@j ,RNcCcjc R8 M$M Vlzz
NLW N0 bCQӝ Vkz NLW 8RaL30 RN  Una3 M$ cn$cjaj3 j@j
@c N ``` R8 l9z ):. 9*Y Qna L3cna3L3Nj a3cnIjc R8
j@3 j@Ca0 @aLRNC, qRIj<3 ncCN< + L<N3jC, ~3I0c R8 9
G?y N0 N LUICjn03 R8 I3cc j@N :: Li a3 a3URaj30 CN
j@3 HBM+S4 UaR,330CN<cY BN j@Cc ajC,I3. s3 sCII Ua3c3Nj


awRYGjwL"G3GYEU
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N3s L3cna3L3Nj a3cnIjc R8 3{3,jCq3 ǂիџ R8 M$MgbCQӝ Vkz
NLWgM$ cLUI3c sCj@ j@C,GN3cc3c R8 j@3 M$M Iw3a CN j@3
aN<3 9z NL A 4zz NL ncCN< N + L<N3jC, ~3I0 R8 9 G?y
sCj@ LUICjn03 nU jR $Rnj Oz LiY

i?B`/ ?`KQMB+ K2bm`2K2Mi
7Ra j@3 j@Ca0 @aLRNC, qRIj<3 L3j@R0. N + L<N3jC,
~3I0 j  8a3\n3N,w R8 9 G?y Cc <3N3aj30 $w  ,RCI ,IRc3 jR
j@3 cnU3a,RN0n,jCN< cLUI3Y i@3 j@Ca0 @aLRNC, qRIj<3
Ǩӗ Ǧ  ǐӗ cCN ٴǦ CN0n,30 CN j@3 ,RCI Cc cCLnIjN3RncIw
L3cna30 )f*d  ٴCc j@3 8a3\n3N,w R8  cCNncRC0I 0aCq3 ,naA
a3Nj. ǃա cCN ٴǦ a3Ua3c3Njc j@3 ,naa3Nj RsCN< CN j@3 ,RCI.
N0 ǐӗ Cc j@3 LUICjn03 R8 Ǩӗ Ǧ Y B8 j@3 j3LU3ajna3 R8 
cLUI3 CN j@3 cnU3a,RN0n,jCN< cjj3 Cc CN,a3c30 s@CI3 j@3
LUICjn03 R8 j@3 + L<N3jC, ~3I0 ǂա Cc ~u30. ǐӗ cn003NIw
aCc3c s@3N ǂա 3u,330c j@3 3{3,jCq3 ǂիџ R8 j@3 cLUI3 j 
UajC,nIa j3LU3ajna3Y BN j@3 L3cna3L3Nj U3a8RaL30 j FwA
RjR mNCq3acCjw. ǂա Cc ,RNjaRII30 $w 0aCq3 ,naa3Nj ǃա . N0 j@3
j3LU3ajna3 03U3N03N,3 R8 j@3 3{3,jCq3 ǂիџ Cc 3cjCLj30
8aRL j@3 j3LU3ajna3 j j@3 URCNj s@3N ǐӗ ǃա aCc3cY `383a
jR ):* 8Ra 03jCIc R8 j@3 L3cna3L3Nj c3jnU N0 RsY
7Ra 3uLUI3. j@3 j3LU3ajna3 03U3N03N,3 R8  jwUC,I
j@Ca0 @aLRNC, cC<NI Cc c@RsN CN 7C<YSY ?RaCyRNjI N0 q3aA
jC,I u3c a3Ua3c3Nj j@3 j3LU3ajna3 N0 j@3 j@Ca0 @aLRNC,
cC<NI. a3cU3,jCq3IwY i@3 a30 ,naq3 Cc j@3 a3cnIj R8 ~jjCN< 
cCN<I3 URIwNRLCI 8nN,jCRN jR j@3 $c3ICN3 qIn3 $38Ra3 j@3
cC<NI $3<CNc aCcCN<Y i@3 j@Ca0 @aLRNC, cC<NI Cc n,jnj30
aRnN0 j@3 $c3ICN3 sCj@  cjN0a0 03qCjCRN ٮ. cR j@j s3
03j3aLCN30 j@3 j3LU3ajna3 j s@C,@ j@3 j@Ca0 @aLRNC, cC<A
NI cn003NIw aCc3 $w ncCN<  RN3AjCI30 j3cj R8  cC<NC~,N,3
I3q3I R8 zYzSk XY
BN j@Cc cjn0w. j@3 ,RCI L<N3jC, ~3I0 Cc ,IC$aj30 sCj@
j@3 j@Ca0 @aLRNC, L3cna3L3Nj a3cnIj R8 Una3 $nIG M$.
ccnLCN< j@j j@3 8RIIRsCN< 8nN,jCRN ǀ ǎ a3Ua3c3Njc j@3
j3LU3ajna3 03U3N03N,3 R8 j@3 3{3,jCq3 ǂիџ R8 Una3 $nIG
M$Y `383a jR ):* 8Ra 03jCIc R8 j@3 ,IC$ajCRNY

ǀ ǎ ฃ
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VSW

/2iBHb Q7 K2bm`2K2Mi `2bmHib
r3 @q3 j3cj30 NCN3 LnIjCIw3a cLUI3c j@j ,RNcCcj R8 M$M
N0 bCQӝ ,Rj30 RN Una3 $nIG M$Y i@3 Una3 $nIG M$ cn$A
cjaj3 R8 j@3 cLUI3 Cc Ua3ja3j30 sCj@ j@3 cjN0a0 3I3,jaRURIA
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7C<na3 S- 2uLUI3 R8 j3LU3ajna3 03U3N03N,3 R8 j@Ca0
@aLRNC, cC<NIY i@3 @RaCyRNjI N0 q3ajC,I u3c 03NRj3 j@3
j3LU3ajna3 R8 j@3 L3cna30 cLUI3 N0 j@3 j@Ca0 @aLRNC,
cC<NI nc30 CN j@Cc cjn0w. a3cU3,jCq3IwY
Cc@CN< a3,CU3 8Ra $nIG M$ ,qCjwY i@3c3 LnIjCIw3a cLUI3c
a3 Ua3Ua30 ncCN< /+ L<N3jaRN cUnjj3aCN< j3,@NC\n3 V$w
mHp+. BN,YWY i@3 cLUI3c @q3  j@CNA~IL cjan,jna3 R8
M$M ~IL R8 qaCRnc j@C,GN3cc3c V9z NL. Szz NL. S9z NL.
lzz NL. l9z NL. lez NL. kzz NL. :zz NL. 4zz NLW N0
kzANLAj@C,G bCQӝ ~ILd j@3 03jCIc R8 j@CNA~IL Ua3UajCRN
a3 <Cq3N 3Ic3s@3a3 )e. 4*Y BN j@3 j@Ca0 @aLRNC, L3cna3A
L3Njc. j@3 j3LU3ajna3 aLUCN< aj3c s3a3 G3Uj j c3q3aI
zYzS FgLCNY i@3 cwcj3LjC, 3aaRa CN j@3 L3cna30 j3LA
U3ajna3 sc 3cjCLj30 jR $3 zYzl F RsCN< jR  j@3aLI
NRNAnNC8RaLCjwY BN j@Cc cjn0w. RNIw 8Ra 9z NL ~IL j@C,GA
N3cc R8 M$M. s3 nc30 j@3 L3cna3L3Nj 0j a3URaj30 CN j@3
HBM+S4 UaR,330CN<cY
Pure bulk Nb

250

NbN(250 nm)/SiO2(30 nm)/Nb
NbN(270 nm)/SiO2(30 nm)/Nb
NbN(400 nm)/SiO2(30 nm)/Nb

200

NbN(800 nm)/SiO2(30 nm)/Nb

03UC,j30 CN 7C<YlY BN j@Cc UIRj. ǂիџ R8 Una3 $nIG M$ nc30 8Ra
j@3 ,IC$ajCRN Cc IcR UIRjj30 8Ra ,RLUaCcRNY i@3 @RaCyRNjI
N0 q3ajC,I u3c a3Ua3c3Nj j3LU3ajna3 N0 3{3,jCq3 ǂիџ . a3A
cU3,jCq3IwY N nN,3ajCNjw RsCN< jR j@3aLI NRNAnNC8RaLCjw
N0 N 3aaRa R8 j@3 M$ ,IC$ajCRN ,naq3 a3 ccC<N30 jR
3,@ 0j URCNjY i@3 L3cna30 qIn3c R8 3{3,jCq3 ǂիџ R8
Una3 $nIG M$ cLUI3 N0 j@3 3{3,jCq3 ǂիџ R8 M$MgbCQӝ Vkz
NLWgM$ LnIjCIw3a cLUI3c a3 a3Ua3c3Nj30 $w j@3 RU3N ,CaA
,I3c N0 ,IRc30 ,Ca,I3c. a3cU3,jCq3IwY i@3 a30 ,naq3 Cc j@3
j@3Ra3jC,I ,naq3 R$jCN30 8aRL 3\njCRN VSW. s@C,@ Cc nc30
8Ra ,IC$ajCRNY Qj@3a ,RIRa30 ,naq3c a3 R$jCN30 $w ~jjCN<
j@3 0j URCNjc R8 j@3 cLUI3c R8 M$MgbCQӝ gM$ jR j@3 8nN,A
jCRN VlWY Bj Cc NRj30 j@j j j3LU3ajna3c $3IRs aRnN0 OYl
F. N bABAb cjan,jna3 Cc 8RaL30 $3,nc3 $Rj@ j@3 Una3 $nIG
M$ N0 j@3 M$M ~IL a3 CN  cnU3a,RN0n,jCN< cjj3Y 7C<Yl
j@nc a3Ua3c3Njc j@3 ,RLUaCcRN $3js33N 3{3,jCq3 ǂիџ R8
Una3 $nIG M$ N0 M$MgbCQӝ gM$ LnIjCIw3a cLUI3c s@3N
j@3 bABAb cjan,jna3 3uCcjcY +RNc3\n3NjIw. s3 ,RN~aL30 j@j
j@3 3{3,jCq3 ǂիџ R8 II M$MgbCQӝ gM$ LnIjCIw3a cLUI3c.
3u,3Uj s@3N j@3 M$M j@C,GN3cc Cc 9z NL. a3 CN,a3c30 8aRL
j@j R8 $nIG M$ cLUI3Y i@3 3{3,jCq3 ǂիџ R8 M$MgbCQӝ gM$
LnIjCIw3a cLUI3c qaC3c 03U3N0CN< RN j@3 M$M ~IL j@C,GA
N3ccY
Experiment Result
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Theoretical Curve for η = 0.9
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Theoretical Curve for η = 0.8
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7C<na3 k- /3U3N03N,3 R8 j@3 3{3,jCq3 ?,S R8 M$MgbCQӝ gM$
LnIjCIw3a cLUI3c RN j@3 j@C,GN3cc R8 j@3 M$M Iw3aY i@3
j@3Ra3jC,I ,I,nIjCRN Cc cnU3aCLURc30 8Ra ,RLUaCcRNY
#I,G jaCN<I3c a3Ua3c3Nj j@3 L3cna3L3Nj qIn3c R8 j@3
3{3,jCq3 ǂիџ 8Ra 3,@ M$MgbCQӝ gM$ LnIjCIw3a cLUI3Y
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7C<na3 l- +RLUaCcRN R8 3{3,jCq3 ǂիџ $3js33N Una3 $nIG
M$ cLUI3 N0 L3cna30 M$MgbCQӝ Vkz NLWgM$ LnIjCIw3a
cLUI3cY i@3 a30 ,naq3 a3Ua3c3Njc j@3 3\njCRN VSW. s@C,@
Cc nc30 8Ra ,IC$ajCRNY Qj@3a ,RIRa30 ICN3c a3 R$jCN30 $w
~jjCN< 0j URCNjc R8 M$MgbCQӝ gM$ LnIjCIw3a cLUI3c sCj@
3\njCRN VlWY
i@3 NIwcCc a3cnIjc R8 j@3 j3LU3ajna3 03U3N03N,3 R8
j@3 3{3,jCq3 ǂիџ R8 M$MgbCQӝ gM$ LnIjCIw3a cLUI3c a3
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i@3 NIwcCc a3cnIj R8 j@3 03U3N03N,3 R8 3{3,jCq3 ǂիџ
R8 M$MgbCQӝ Vkz NLWgM$ LnIjCIw3a cLUI3c j z F RN j@3
j@C,GN3cc R8 j@3 M$M Iw3a Cc c@RsN CN 7C<YkY i@3 @RaCyRNjI
N0 q3ajC,I u3c a3Ua3c3Nj j@3 ~IL j@C,GN3cc R8 j@3 M$M
Iw3a N0 j@3 3{3,jCq3 ǂիџ j z F. a3cU3,jCq3IwY i@3 3aaRa
RN j@3 q3ajC,I uCc Cc 0n3 jR  ~jjCN< 3aaRa R8 3\njCRN VlWY
BN 7C<Yk. j@3Ra3jC,I ,I,nIjCRNc $c30 RN )O* c s3II c
3uU3aCL3NjI a3cnIjc a3 cnU3aCLURc30Y ٢ Vz  ٢  SW Cc 
UaL3j3a jR CN0C,j3c @Rs j@3 3{3,jCq3 ǂիџ R8 j@3 M$M
Iw3a 03j3aCRaj3c RsCN< jR j@3 3{3,j R8 CLU3a83,j cna8,3c
cn,@ c 0383,jc N0 cna8,3 aRn<@N3ccY i@3 ,c3 s@3a3 ٢ 5 S
,Raa3cURN0c jR N C03I cLRRj@ cna8,3 R8 j@3 M$M Iw3ad j@3
cLII3a ٢ Cc. j@3 IRs3a j@3 3{3,jCq3 ǂիџ R8 j@3 M$M Iw3a
$3,RL3c )Sz. SS*Y 2uU3aCL3NjI a3cnIjc ,I3aIw c@Rs j@j
j@3a3 Cc N RUjCLnL j@C,GN3cc R8 j@3 M$M Iw3a jR LuCLCy3
3{3,jCq3 ǂիџ . s@C,@ Cc j@3 cL3 c Ua30C,j30Y i@3 LuCLnL
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3{3,jCq3 ǂիџ qIn3 8Ra Rna 3uU3aCL3Nj sc CN,a3c30 $w
lkY4 X ,RLUa30 jR Una3 $nIG M$Y BN UajC,nIa. 0j URCNjc
8Ra nU jR lez NL j@C,GN3cc a3 CN <RR0 <a33L3Nj sCj@ j@3
j@3Ra3jC,I Ua30C,jCRN 8Ra j@3 ,c3 R8 ٢ 5 zY4Y K3Ns@CI3.
0j URCNjc 8Ra <a3j3a j@N kzz NL j@C,GN3cc3c R8 j@3 M$M
Iw3a j3N0 jR c@C8j jRsa0 j@3 j@3Ra3jC,I Ua30C,jCRNc 8Ra j@3
,c3 R8 ٢  zY4Y i@Cc U@3NRL3NRN Cc ,RNcC03a30 jR $3 ,nc30
$w j@3 CLUaRq3L3Nj CN j@3 \nICjw R8 j@3 M$M Iw3a c j@3
~IL j@C,GN3cc CN,a3c3cY
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TT2M/Bt
BN j@Cc UU3a. j@3 8RIIRsCN< 8nN,jCRN Cc nc30 CN 7C<Ylǚ ǎ
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VlW

`272`2M+2b
)S* Y ;na3qC,@. Ȓ2N@N,3L3Nj R8 a8 $a3G0RsN ~3I0 R8 cnU3aA
,RN0n,jRac $w LnIjCIw3a ,RjCN<ȓ. UUIY T@wcY H3jjY. qRIY 44.
UY zSl9SS. lzzfY
)l* iY Fn$R. 3j IY. Ȓ`0CRA8a3\n3N,w 3I3,jaRL<N3jC, ~3I0 N0
qRaj3u U3N3jajCRN CN LnIjCIw3a30 cnU3a,RN0n,jRacȓ. UUIY
T@wcY H3jjY. qRIY Sz:. UY zklfzk. lzS:Y

#w ncCN< j@3 j@Ca0 @aLRNC, cwcj3L ,RNcjan,j30 j FwRjR
mNCq3acCjw. s3 3qInj30 j@3 j3LU3ajna3 03U3N03N,3 R8 38A
83,jCq3 ǂիџ R8 cLUI3c @qCN< N bABAb cjan,jna3 ,RNcCcjCN<
R8 N M$M cnU3a,RN0n,jCN< Iw3a N0 N bCQӝ CNcnIjCN<
Iw3a Vkz NLW 8RaL30 RN Una3 $nIG M$. s@3a3 j@3 j@C,GN3cc3c
R8 j@3 M$M ~IL a3 CN j@3 aN<3 8aRL 9z NL A 4zz NLY 2uA
U3aCL3NjI a3cnIjc ,I3aIw c@Rs30 j@j j@3 3{3,jCq3 ǂիџ R8
II cLUI3c 3u,3Uj 8Ra M$M ~IL j@C,GN3cc R8 9z NL a3 CNA
,a3c30 ,RLUa30 jR j@j R8 Una3 $nIG M$Y Bj Cc UaRq3N j@j
N RUjCLnL ~IL j@C,GN3cc 3uCcjc jR CLUaRq3 j@3 3{3,jCq3
ǂիџ R8 M$MgbCQӝ gM$ LnIjCIw3a cLUI3cd j@Cc a3cnIjc CN N
CN,a3c3 R8 lkY4X ,RLUa30 jR j@j R8 $nIG M$Y i@3Ra3jC,I
,I,nIjCRNc s3a3 ,RLUa30 jR 3uU3aCL3NjI a3cnIjcY r3 ,RNA
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Abstract
Understanding of Nb3Sn nucleation and growth is
essential to the progress with Nb3Sn vapor diffusion
coatings of SRF cavities. Samples representing different
stages of Nb3Sn formation have been produced and
examined to elucidate the effects of nucleation, growth,
process conditions, and impurities. Nb3Sn films from few
hundreds of nm up to ~15 µm were grown and
characterized using AFM, SEM/EDS, XPS, EBSD, SIMS,
and SAM. Microscopic examinations of samples suggest
the mechanisms behind Nb3Sn thin film nucleation and
growth. RF measurements of coated cavities were
combined with material characterization of witness
samples to adapt the coating process in "Siemens" coating
configuration. Understanding obtained from sample
studies, applied to cavities, resulted in Nb3Sn cavity with
quality factor 2 ×1010 at 15 MV/m accelerating gradient at
4 K, without "Wuppertal" Q-slope. We discuss the genesis
of the Nb3Sn thin film in a typical tin vapor diffusion
process, and its consequences to the coating of SRF
cavities.

INTRODUCTION
Discovered in 1954 by Bernd Matthias [1], Nb3Sn is a
promising alternative material to replace niobium for SRF
cavities. Its critical temperature (~ 18 K) and predicted
superheating field (~ 400 mT) are nearly twice those of
niobium, thereby promises the possibility of attaining
higher quality factor and accelerating gradient at any given
temperature [2]. It can also allow an increase of the cavity
operation temperature from 2 K to 4 K to reduce both
capital and operating cost significantly. However, lower
thermal conductivity and brittleness of Nb3Sn limits its
application to thin film/coating form. Nb3Sn thin films
should be deposited inside built-in metallic (e.g. Nb, Cu)
cavity structure. Since SRF cavities typically have
complicated geometries, and demands uniform coating,
suitable thin film deposition techniques are restricted.
Among several techniques attempted to deposit Nb3Sn thin
films, vapor diffusion coating is the most favorable and
successful technique so far.
Vapor diffusion coating of Nb3Sn on niobium cavities
dates back to 1970’s [3-5]. This technique is adopted
recently by several research institutions develop Nb3Sn
coated cavities [6-9]. Recent performance results of such
___________________________________________
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cavities are very promising by attaining high quality
factors, > 1010 operating at 4.2 K at medium fields at ≥ 15
MV/m in several labs. The essence of vapor diffusion
technique is to deliver tin vapor to the niobium at high
temperature environment, normally at 1100-1200 ºC.
According to Nb-Sn binary phase diagram, the Nb3Sn
phase forms exclusively at temperature > 930 ºC [10].
Attributed to Saur and Wurm [11], vapor diffusion
technique was first employed in Siemens AG to deposit
Nb3Sn films for SRF applications. The technique was then
adopted by Kernforschungszentrum Karlsruhe (KfK),
Wuppertal University and Cornell Universities in 1970’s.
Significant research and development work was done in
Wuppertal to refine the deposition technique, which was
then transferred as a “recipe”. The vapor diffusion process
in practice at several labs follow Siemen AG or Wuppertal
coating protocols with some modifications. Wuppertal-like
systems are equipped with a secondary heater to control the
temperature of the Sn-source independently. Siemens-like
coating systems are single heater system. While
application of Nb3Sn films is so promising and has a long
history, only limited research are available addressing the
growth of Nb3Sn thin film during the vapor diffusion
process, explicitly used to coat SRF cavities. The quality
of coated Nb3Sn layers is contingent on understanding
coating layer formation and growth during the process.
To elucidate the Nb3Sn film growth during the
deposition process, samples were coated with various
coating variables, and studied them with several material
characterization techniques. Several witness samples were
also coated with SRF cavities to assess process parameters.
In this paper, we will discuss the genesis of Nb3Sn thin film
in a typical vapor diffusion technique used to coat SRF Nb
cavities including RF results from coated cavities.

Nb3Sn THIN FILM DEPOSITION
Nb3Sn thin film deposition at JLab consists 99.999% or
better purity tin and 99.99% tin chloride powder, both
purchased from Sigma Aldrich or American Elements,
which are placed at the bottom of the sample chamber or
SRF cavity made of niobium (RRR~300). Samples are
mounted inside the chamber and both sides are closed with
Nb foil or Nb covers. The setup assembled in the
cleanroom is then transported to Nb3Sn deposition system
in the thin film lab. The deposition system is comprised of
two parts: the furnace, to provide a clean heating
environment, and the insert, made of niobium, inside which
the experimental setup is loaded for each experiment. The
coating setup is installed into the insert and evacuated.
Once the insert pressure reaches ≤ 10-5 Torr range, the
Fundamental R&D - non Nb
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heating profile is initiated. It comprises of two-steps:
nucleation-then-growth sequence. The first temperature
plateau at 500 ºC is dedicated to the nucleation process and
the second at 1200 ºC facilitates coating growth, see Fig. 1.
Cavity coating normally uses the similar temperature
profile.

Figure 1: Temperature profile used for coating Nb3Sn on
niobium samples at Jlab. Temperature of the insert during
the process is monitored with three themocouples at
different sections of the insert. Because of very similar
temperature readings, the temperature curves are
overlapped.
Several sets of experiments were run to get an insight on
coating genesis during the process. The coating process
was interrupted at different stages to observe the evolution
of Nb3Sn thin films. Several samples were produced by
varying the nucleation parameters during the nucleation
studies. A set of experiments were run to determine the
effects of different coating parameters. Several samples
were coated for different coating times and temperatures.
To understand the coating growth mechanism, a set of
“overcoat” experiments were designed. Samples were
systematically coated with Nb3Sn under conditions, where
a number of Nb3Sn samples were subjected to coating over
several times for different durations. Witness samples were
coated and studied with cavities to correlate coating
characteristics with RF performances.

NUCLEATION
Following the nucleation step at 500 ºC for an hour, all
the SnCl2 was evaporated. Tin vapour pressure at this
temperature is low and can be ignored. Secondary electron
microscopy (SEM) examination of nucleated samples
showed sub-micron sized spherical particles, appearing as
bright features in SEM image shown in Fig. 2. Spherical
particles were examined with energy-dispersive X-ray
spectroscopies (EDS), showed 40-70 at. % Sn depending
on size indicating to be tin particles. Larger particles
showed more tin, as would be expected, since the spatial
resolution limit of EDS is larger than the particle size.
Therefore the data from individual particles included more
or less Nb signal as well from adjacent or underlying
material. EDS was unable to detect any tin in between
Fundamental R&D - non Nb
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those particles. Surface coverage of those particles was < 5
%.

Figure 2: SEM image obtained from sample coated at
500 ºC for one hour. Note that the circular bright features
are Sn.
Further analysis of similar samples with XPS resulted in
~ 30% total tin. Note that the XPS signal is obtained from
only few nanometer of a top surface. This discrepancy of
tin content between SEM and XPS analysis indicated the
presence of more tin than the particles visible in SEM. To
gain more insight, similar samples were examined with
scanning auger microscopy (SAM), which has ability
collect auger electrons for elemental analysis, and map it
to corresponding SEM image. Elemental mapping of Sn
corresponding to an SEM image is shown in Fig. 3. Large
bright features, consistent with Sn particles seen in the
SEM, like Fig. 3 show expectedly high tin content. The
intervening area between Sn particles also shows the
presence of tin. Transmission electron microscopy (TEM)
was used to examine cross-section of a nucleated sample,
treated at 500 °C for 5 hours. TEM- EDS line scans, not
shown here were then obtained passing through and away
from the particles in the cross-section. An EDS line scan
passing of an area away from Sn particles also showed tin
and oxygen signal close to the surface indicating the
presence additional tin in between visible tin particle in
SEM. Niobium substrate evidently develops Sn particles
and ultra-thin Sn film at the surface following the
nucleation. Nucleation parameter variation could result in
drastically different surfaces following nucleation, but
mostly with ultra-thin film of Sn. More details are available
in [12].

Figure 3: SAM elemental mapping of Sn coverage after
sputtering for thirty seconds is shown in the image (lower
left). The brighter areas are richer in Sn than darker area as
shown in intensity scale.
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GROWTH
Following the nucleation at 500 °C, temperature is
ramped at the rate of 12 °C per minute to reach the coating
temperature. Tin starts to evaporate and reacts with
niobium which readily deposits Nb3Sn thin film, even
before the coating temperature is attained. Figure 4 (a)
shows an SEM image obtained from a sample, coated for 5
minutes at 1200 °C, which shows the uniform coverage of
Nb3Sn coating. The grain sizes are on the order of few tens
of nanometers at this point. It has been found that, the
coatings are often susceptible to non-uniformity in absence
of SnCl2, as shown in Figure 4 (b). These patchy regions
were also seen after 3 hours of longer coating. Note patchfree coatings have been observed without SnCl2 in a few
experiments which was linked to higher amounts of tin
evaporation with provided larger surface area of tin source.
Grain size grows swiftly with longer coating. For the same
set of coating parameters used to produce 4 (a), the grain
size was few hundreds of nanometers after an hour and
about one micron with complete coating of 3 hours.

Figure 4: SEM images obtained from coated samples with
[left] and without [right] SnCl2, soon after reaching the
coating temperature [13].
After the first layer of Nb3Sn is established on the
surface, further growth of Nb3Sn requires the mobility of
Sn or Nb through Nb3Sn thin film. To understand the
growth mechanism of Nb3Sn during a coating step, a set of
standard niobium samples were coated for 1 hour at
1200 °C. After the run, several samples were removed, and
the remaining samples with added new niobium samples
were then coated, “overcoated”, again for 1 hour without
SnCl2. The overcoat procedure was repeated for 1, 1, 3, 12
and 60 hour respectively in successive coating runs. The
total cumulative coating time varied from 1 hour to 78
hours. The supplied amount of Sn was always more than it
consumed in each experiment. A set of SEM images, seen
in Figure 5, were obtained from sequentially overcoated
samples and show microstructure evolution. EDS
examination showed
(24± 0.5) at. % Sn without any
notable changes in surface composition following each
overcoat. Average grain sizes were estimated for both the
single-coat and overcoat samples from each coating run of
the sequential overcoat series. Several SEM images were
captured from each sample with magnifications where
grains were distinctly visible. 4-6 lines were drawn along
the length over each image, and the number of intersections
between the lines and grain boundaries were manually
counted. The average grain size was determined as the
average distance between intersections. The average grain
size was found to increase following each overcoat, and
THFUA6
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varied between 1.6 to 6.6 µm as shown in Figure 6. The
average grain size was found to follow power law
dependence with total coating time,
𝑧 = (1.53 ± 0.06)𝑡

.

± .

(1)

Where z and t are grain size (µm) and time (hour)
respectively.
Coating cross-sections from each overcoat run were
examined by XPS sputter depth profiles, electron
backscatter diffraction (EBSD), and optical microscope.
XPS sputter depth profiles, not shown here, showed that
the tin concentration from the surface to Nb3Sn-Nb
interface were similar in different overcoats, and
qualitatively resembles XPS depth profiles from single
coat samples. A near constant tin composition exists from
surface through the thickness of the coating, and ends with
steady drop near Nb3Sn-Nb interface. The thickness of the
coating increased after each overcoat. The depth of near
constant tin concentration close to the surface increased
with each overcoat. Similarly, the depth over which tin
dropped at Nb3Sn-Nb interface increased with each
overcoat.

Figure 5: Surface evolution following sequential overcoats.
Note that images are captured at same magnification

Figure 6: Average grain size variation with total coating
time.
Fundamental R&D - non Nb
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EBSD data on samples coated for 1 hour at 1200 °C with
SnCl2 showed columnar grain structures mostly. Grainith
deeper cupping, a depression in the middle of Nb3Sn grains
at Nb3Sn-Nb interface, see Fig. 7(a) were also present.
Grains appeared to be elongated next to grain boundaries
(GB) towards the substrate niobium in several locations.
Following the first overcoat for one hour, see Fig. 7(b), new
smaller grains were observed next to the intersection of
Nb3Sn GB and the substrate niobium. Locations where no
additional grains formed mostly show cupping at the
Nb3Sn-Nb interface. Similar observations were made from
the sample subjected to plus one-hour overcoat as shown
in Figure 7(c). The next overcoat for 3 hours resulted in
more grains at the interface with cupping in larger grains,
Fig. 7(d). The EBSD cross-section obtained after an
additional 12 hours of overcoat, Figure 7(e), shows smaller
grains at the interface and/or cupping of grains. In some
areas two layers of smaller grains (marked with black
rectangle) were seen. An EBSD image from 60 hours
overcoat is shown in Fig. 7(f). The longest coating resulted
in large columnar grains traversing the thickness of Nb3Sn
layer. At Nb3Sn-Nb interface, small triangular Nb3Sn
grains were observed in between these columnar grains at
the end of grain boundaries. Most of the grains including
smaller grains had depressions at the center at Nb3Sn-Nb
interface away from grain boundaries.
EBSD and XPS data suggested that the overcoat did not
result in a new Nb3Sn layer either below or above the
existing one. The grains grew axially and laterally during
each overcoat. Smaller grains occasionally observed at the
Nb-Nb3Sn interface in single-coat sample appeared
frequently in overcoat sample indicating additional grain
formation as shown in Fig. 7.b. Note that smaller grains
had almost always formed at the end of Nb3Sn grain
boundaries next to Nb substrate, and they are
comparatively smaller than columnar grains seen in singlecoat sample. Furthermore, grain growth appeared faster
next to Nb3Sn grain boundaries where it intersects the
substrate niobium. This can be seen as “cupping” at the
base of many Nb3Sn grains as shown in Fig. 7. The
appearance at the interface seems consistent with the
concentration contour suggested by [14]. According to
[15], an excess of diffusing atoms may build up in the
vicinity of grain boundaries of polycrystalline compound
layers, adjacent to the other phase resulting in uneven
interface. It indicates grain boundaries are the Sn
transporting channels to the interface, where coating
growth proceeds. These observations strongly suggest that
grain boundary diffusion primarily controls the growth
process.
Nb3Sn layer thicknesses were estimated from the XPS
depth profile data and several EBSD images obtained from
representative overcoat sample from each experiment.
Some discrepancy between the two measurements is
expected because of the surface and interface roughness
which may preserved throughout the sputter profile.
Additionally, sputtering itself can induce roughness.
Compared to XPS and EBSD, thickness estimation from
optical images is assumed to be most accurate as it allows
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non-Nb films

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THFUA6

direct examination of cross-sections. Optical micrographs
were further captured from each cross-section for
comparison. Estimated coating thickness as a function of
coating time is shown in Figure 8. It shows non parabolic
relationship between coating thickness and coating time,
equation 2,
𝑦 = (2.48 ± 0.10)𝑡 . ± . (2)
where y and t are layer thickness (µm) and total coating
time (hour) respectively.

Figure 7: Cross-sectional EBSD images from top to bottom
follows sequential overcoat samples. Different colors here
refer to different crystallographic orientations. Nb3Sn
grains are significantly smaller compared to Nb grain,
which is represented by single color on top of each image.
The black regions within the Nb3Sn layer were likely to be
crack produced during the specimen preparation.
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experiments is attributed to a higher coating temperature of
1200 °C compared to the Wuppertal data obtained on
samples coated mainly at 1160 °C.

Figure 8: Variation of thin film thickness with coating
time.
Past studies have also shown that Nb3Sn layers grown
via vapor diffusion process, does not follow a parabolic
relationship (y ∝ t0.5) between the coating thickness (y) and
the deposition duration (t) [16]. Non-parabolic dependence
indicates that the growth process is not purely diffusioncontrolled [17]. The deviation from parabolic growth was
often explained by the influence of the grain boundaries,
e.g., [18, 19]. Other researchers at the same time proposed
alternate interpretations, e.g., “solution-deposition”
mechanism for non-parabolic growth exponent [20, 21].
Note that if the growth is controlled via bulk diffusion or
GB diffusion, it is expected have parabolic dependency
between the thickness and the coating time.
Coating thickness obtained from 1-6 hour of coating
(first four data points) was compared with that obtained
from 3 - 78 hours coating (last four data points) in Fig. 9.
Obtained growth exponent, (0.49 ±0.09) show a parabolic
relationship between the layer thickness and coating time
for shorter coating up to 6 hours. The growth exponent
reduced to (0.37 ±0.02) for relatively longer coating of 378 hours. It indicates that coating growth is diffusion
controlled at the beginning, and deviates from it with
longer coating. It is speculated that with higher density of
grain boundaries (small Nb3Sn grains) and thinner coating
(short diffusion length) at the beginning, supplied tin
maintains the natural growth rate at Nb-Nb3Sn interface via
bulk or grain boundary diffusion. The growth rate reduces
with longer coating because of reduced GB density (larger
grains) and thicker coating (longer diffusion length)
coating. It has been reported that bulk diffusion in Nb3Sn
gets frozen and GB diffusion dominates for longer coating
[22].
Estimated coating thickness dependence on time from
Fig. 5 was compared with similar measurements reported
from Wuppertal University [16] in a log-log plot in Fig. 10.
The growth exponent (0.40) was close to the one reported
by Wuppertal (0.38), but the coefficient (specific growth
rate at t=0) was higher in our case. [Note that the actual
Wuppertal data from [23] appears to have growth exponent
of 0.36 instead of 0.38]. The higher specific growth rate,
pre-factors (2.50 vs 1.377) measured in present
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Figure 9: Growth kinetics observed in single-coat and
overcoat samples. Two straight lines here represent growth
kinetics for coating time of 1-6 hours and 6-78 hours.

Figure 10: Growth kinetics observed in single-coat and
overcoat samples compared to Wuppertal data [16].
It is normally expected that the coating growth rate k
follows an Arrhenius dependency on temperature [24-25]:
ln 𝑘 = −

+C

(3)

where Q and R are activation energy and ideal gas constant
respectively, and C is a constant. The dependency of
coating thickness on time may be expressed as,
(4)
𝑦 = 𝑘(𝑇) 𝑡
where y is the thickness of coating. Here the reported value
for n greatly varied between 0 to 1 for Nb3Sn growth for
different preparation methods [26]. For n=0.5, the layer
thickness has a parabolic time dependence as is expected
for pure bulk diffusion. Parabolic time dependency exists
also for the coating growth via grain boundary diffusion
through a fixed array of grain boundaries [27]. Reported
values of grain boundary diffusivity of tin in Nb3Sn up to
800 °C are several orders higher compared to bulk
diffusivity [26].
The present data shows a similar power law dependency
for both the average grain size, Fig. 6, and coating
thickness, Fig. 8. With substantial increase in grain size,
Fundamental R&D - non Nb
non-Nb films

SRF2019, Dresden, Germany

the number of diffusion paths is reduced, depleting the tin
supply at the growth interface. The length of diffusion path
also gets longer following increased thickness of the
coating.
Average grain size comparison before and after the
overcoat experiment, reported before, showed that the
grain growth rate varied inversely with pre-overcoated
grain size supporting faster growth with higher density of
grain boundaries [28]. Farrel et al. [18] had proposed a
relation between layer thickness and the grain growth
exponent for appreciable growth in grain size:
)
(5)
𝑧 = 𝛽(𝑇)𝑡 . (
where m and z are grain growth exponent and layer
thickness respectively. β(𝑇) is temperature dependent
prefactor. For m ~ 0.34, equation (7) gives 𝑦 ∝ 𝑡 . ,
which is slightly different what we obtained
experimentally. Within the framework of grain boundary
diffusion model, it is possible to understand the commonly
observed patchy regions.
Patchy regions are thin regions of few tens to few
hundreds of nanometer thickness compared to 2-3 µm
thickness of regular coating. They affect RF performance
adversely. EBSD analysis shows that patchy regions are
composed of monocrystalline Nb3Sn [29] as shown in
Fig. 11, where larger single-colored regions were patchy
areas when examined with SEM. Patchy regions are clearly
deprived of GB’s to facilitate Sn-flux to the growth
interface underneath. As discussed above, the coating
growth is significantly hindered, so the patchy area, once it
forms, grows much slower than regular. The origin of
patchy regions is yet all understood. Our observations in
several experiment indicates that the patchy regions likely
to form because of
- Poor nucleation as indicated by Fig. 5.
- Significantly low tin evaporation. i.e., low flux
of tin [13].
- Farther distance from the tin or tin source, e.g.,
without secondary tin source the patchy region
was found in the witness sample at top unlike
sample at the bottom [30].
- Out-of-sight area, e.g., cutout study of Nb3Sn
coated cavity showed comparatively higher
coverage of patches in equator compared to
cavity region [31].
One possible reason for the formation of patchy
regions could be the higher sticking coefficient and lower
surface ad-atom mobility during the nucleation stage,
which may result in out-of-sight or farther areas to remain
poorly covered with tin. Once the process progresses to
growth stage, such areas may present large bare niobium
areas to arriving tin atoms with higher mobility at this
stage. Due to the absence of pre-nucleated centers and
high tin mobility, such areas will promote the growth
of large single crystal grains, i.e., the patchy areas. Note
that there are some studies which also showed some link
with substrate orientations, which may also link with
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mobility and sticking phenomenon. More discussions are
available in [31-32].

RF PROPERTIES
Several other thin film deposition techniques are in
progress, but they have yet to be able to produce promising
Nb3Sn RF cavities. Nb3Sn thin films prepared by vapour
diffusion process is presently leading the RF application.
Notable Nb3Sn coated SRF cavities were produced at
Wuppertal University three decades ago, which resulted in
low field quality factors of 2 × 1010 at 4 K and 1 × 1011 at
2 K, tested at JLab. Despite promising quality factor and
accelerating gradient, cavities suffered precipitous Qslope, also known as “Wuppertal slope” with increasing
field. Reproducible Q-slope at that time was assumed to be
fundamental as the Q-slope onset was near the lower
critical magnetic field of Nb3Sn. Similar sharp Q-slopes
were later reproduced in multiple Nb3Sn cavities produced
at Cornell University, Jefferson Lab and Fermilab at early
stages of their Nb3Sn programs following the revival of
Nb3Sn for SRF cavities in 2009. It has been then
demonstrated that the Q-slope is not fundamental, and
several Q-slope free cavities were produced [33].
Wuppertal-like slope still appears with slight deviation in
coating parameters. The origin of Wuppertal slope is not
fully established yet.

Figure 11: EBSD image obtained from sample with patchy
regions. Here single colored large areas appear patchy in
SEM image [29].
JLab coating followed the Siemens configuration with
a single heater and active pumping during the coating, and
early cavities consistently suffered Q-slope similar to
Wuppertal cavities. Following the demonstration of Qslope removal at Cornell University, samples prepared at
the Jefferson lab coating facility and Cornell University
were compared by analyzing them with several material
characterization techniques. Microstructure, composition
and topography were found very similar for each sample.
SIMS analysis on the other hand showed higher presence
of titanium throughout the Nb3Sn layer in JLab coated
sample compared to sample obtained from Cornell [34].
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Titanium was likely derived from TIG welds present in the
sample chamber. Since cavities coated before, which had
Q-slope, had NbTi flanges, we suspected Ti contamination
during the coating. Molybdenum hardware, white at the
beginning, used during the coating of those cavities were
found to develop purple color afterward. EDS examination
showed Ti on those parts corroborating titanium
contamination speculation in coated cavities. Note that Ti
foils were used as gettering material to maintain the purity
of niobium during the Nb3Sn coating at Wuppertal [35]. It
is also known that Ti can affect field dependence in
niobium cavities [36-37]. Under assumption that Ti is
likely the cause of Q-slope in Nb3Sn cavities, Ti
contamination was avoided to the extent possible following
the coating system upgrade in 2017.
Production of an almost Q-slope free Nb3Sn singlecell cavity was produced for the first time, but the Q was
below 1×1010 at 2 K [30]. Several cavities were coated later
including witness samples. Several cavities still suffered
Q-slopes to a different extent. Inspection of cavities and
analysis of witness samples linked observed Q-slope to
- Macroscopic surface defects in the substrate
- Condensation of tin residue at the surface
- Non-uniform coating with probable patchy
regions
During the coating of 5-cell cavities, it had been observed
that non-uniform coating limits the quality factor and the
accelerating gradient. New cavities with no surface defects
were added to Nb3Sn program. The coating process was
then modified to eliminate possible residual tin
condensation and non-uniformity. Two-cavity setup was
implemented, where the cavity of interest was positioned
at the bottom close to the tin source. Another dummy cavity
was placed on top and a temperature gradient of ~ 85 °C
between the top (cold) and bottom (hot) of paired cavity
setup. It was expected that any residual tin would condense
on the cavity at the top position. A secondary tin source was
employed to increase tin flux and to avoid patchy regions
by facilitating a uniform coating. RDT7 and RDT10 were
coated uniformly before, but tin residues were seen in
witness samples, and the cavities suffered from a strong Qslope. Same cavities were coated later by coupling with
another dummy cavity in two-cavity setups. Almost Qslope free results were achieved as shown in Figure 12. The
measured value of low field Q0 was 3×1010 at 4 K and
1×1011 at 2 K without a significant Q-slope. The cavity
maintained a Q0 of ~ 2×1010 at 4 K and > 3×1010 at 2 K
before quench at >15 MV/m. Further details on cavity
coatings are available in [38].

SUMMARY
Samples representing different stages of Nb3Sn
formation have been produced and examined to elicit the
effects of nucleation, growth, process conditions, and
impurities. Nb3Sn films from few hundreds of nm up to
~15 µm were grown and characterized using different
material characterization techniques. Nucleation yields
two tin forms. Three-dimension particles are visible to in
SEM, and a two-dimensional form no thicker than a few
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atomic layers, which are evident to XPS, SAM and
analytical TEM-EDS. Following the nucleation step, a
layer of Nb3Sn forms readily with a rapid temperature
ramp. Tin primarily diffuses downward through grain
boundaries to the Nb3Sn-Nb interface, resulting in growth
of Nb3Sn that extends into the Nb bulk. Grain size and
thickness both had a power law dependency on total
coating time. The lateral grain growth rate is slower than
thickness growth rate. Non-parabolic growth dependence
is consistent with significant grain growth, which is
superimposed on GB diffusion. Patchy regions in Nb3Sn
coating are large single crystalline grains, which are a
significantly thinner coating because of the few grain
boundaries available for tin transport. Nb3Sn coating layers
produced after overcoats are similar to the continuous layer
obtained in single-coat. We modified the cavity coating
process to eliminate possible candidates responsible for Qslope. The best coated cavity had a Q0 of ~ 2×1010 at 4 K
and > 3×1010 at 2 K before quench at >15 MV/m.

Figure 12: Comparison of latest RF test results from
RDT10 and RDT7 with those after their first coating.
RDT10 is expected to have higher Q0 at 4 K than presented
here as we expect losses on the flanges because of shorter
beam pipes.
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Abstract
Fermilab's Nb3Sn coating program produced its first
1.3 GHz single cell cavities in early 2017 and since then
has explored the performance of Nb3Sn on a wide variety
of cavity substrates and performed microscopic studies
down to atomic resolution. We show that the latest films
produced at Fermilab have extremely small surface roughness and unusually small thickness and grain size. We
briefly discuss studies of defects to avoid in Nb3Sn films.
We show results from studies of a number of practical considerations for Nb3Sn cavities, including frequencies
<1 GHz, processing multipacting, and using a cold tuner
on a cavity. Finally, we present results of the first 1.3 GHz
9-cell cavity coated with Nb3Sn.

PROGRESS IN Nb3Sn FILM
QUALITY
Nb3Sn is a very promising material for SRF applications,
and there has been significant development in the material
over the last decade [1]. However, accelerator cavities have
been consistently found to be limited to gradients of at most
17-18 MV/m in CW operation [1]. At TTC 2019 in Vancouver, the Nb3Sn team at Fermilab showed that we had
made a Nb3Sn cavity that reached 22.5 MV/m, a new record CW accelerating gradient for Nb3Sn (25% increase) [2]
(shown in Fig. 1). Since TTC, we have repeated the coating
as closely as we could and found there are some major differences in appearance, surface roughness, grain size, and
thickness compared to typical Nb3Sn films.

Figure 2: Typical Nb3Sn coating (left) and new Fermilab
coating on CBMM-D (right), which reached 22.5 MV/m.

Surface Roughness
Surface roughness was measured using a Keyence laser
confocal microscope. Figure 3 shows example profiles
from an electropolished niobium sample before coating, a
coating typical of previous Fermilab Nb3Sn, and a new
shiny Fermilab Nb3Sn-coated sample. Table 1 compares
roughness measurements over the 30x30 micron areas of
the profiles in Fig. 3. Figure 4 compares several line profiles measured in each of the samples. The surface roughness of the shiny films is found to be much smaller than
that of the previous typical films, much closer to that of the
niobium EP sample.

Figure 3: comparison of surface roughness of 3 samples:
EP’d niobium sample before coating (left), a coating typical of previous matte Nb3Sn (middle), and a new shiny Fermilab Nb3Sn-coated sample (right).
Table 1: Roughness Measurements

Figure 1: Q vs E curves at 4.4 K and 2.0 K for Fermilab
Nb3Sn-coated cavity CBMM-D, showing a record CW accelerating gradient for Nb3Sn.

Appearance
Nb3Sn films are typically matte in appearance, but the
recent Fermilab films are shiny/lustrous, as shown in
Fig. 2.
___________________________________________

† sposen@fnal.gov
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Nb EP
Typical Nb3Sn
Shiny Nb3Sn with new
FNAL coating parameters

Ra [nm]
40
130
63

Rq [nm]
48
174
81

Grain Size
The grain size of the newer films was found to be significantly smaller than that of previous films. One of the shiny
coatings was measured to have grain size 0.7±0.2 µm. A
sample with coating typical of the previous typical matte
Nb3Sn was found to have grain size 1.2±0.5 µm. The previous coatings also were found to have a much wider
spread of grain sizes.
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multipacting is expected to occur in the 1.3 GHz cell.
Additional testing including attempts to process possible
multipacting are planned in the future.

Figure 4: Line profiles of the 3 samples showing many
more sharp peaks for the matte coating.

Film Thickness
The thickness of the films was measured via cross
sections extracted in a focused ion beam tool at
Northwestern University. The shiny films were found to
have substantially smaller thickness compared to the new
matte films, approximately 1 µm (see Fig. 5), compared to
2-3 µm for typical matte films [1].

~1um
Figure 5: Measuring thickness of Nb3Sn films via a cross
section extracted using a focused ion beam tool at
Northwestern University.

Figure 6: Q vs E curve for a Nb3Sn cavity at Fermilab
before and after the first quench (top) and T-map after
quench (bottom). The similar quench field after the first
quench (which results in >1 K heating at the quench spot)
suggests that the quench is not thermal.

Possible Effect on Quench
The smaller film thickness may help to improve maximum field for thermal reasons. Nb3Sn has poor thermal
conductivity, and the thinner films may help to reduce
overheating.
The smaller surface roughness may help to improve the
maximum field for magnetic reasons. Smoother films have
less field enhancement.
Some previous observations suggest that quenching in
Fermilab Nb3Sn films is magnetic rather than thermal. An
example is shown in Fig. 6, in which a Nb3Sn film traps a
large amount of field in the quench spot leading to significantly increased dissipation (∆T>1 K measured on T-map),
and yet the quench field remains the same after quench. If
overheating were the cause of quench in this case, one
would expect a lower quench field. As a result, the more
likely canidate for improved quench field seems to be the
improved surface roughness rather than the smaller thickness.
We include another quick note about quench. The cavity
from TTC that reached 22.5 MV/m was retested with Tmap. This cavity had an unusual heating pattern after
quench. Nb3Sn cavities tend to trap flux in the quench
region, presumably due to thermocurrents. Figure 7 shows
the unusual T-map pattern after quench, compared to the Tmap before quench. There is a band of heating all around
the equator. The explanation is currently unknown, though
it is interesting that the location corresponds to where
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Figure 7: T-maps of CBMM-D before (top) and after
(bottom) quench. Note the difference in color scale.

DEFECTS TO AVOID IN Nb3Sn
COATINGS
As part of the development of Nb3Sn at Fermilab, several
defects have been studied. These defects are not observed
in most coatings. However, there are several cases in which
they were observed and correlated with poor performance
in cavities.
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The first is thin regions. In a collaboration between Fermilab and Cornell the first 1.3 GHz Nb3Sn cavity coated at
Cornell was re-tested with T-map and then coupons were
cut from its surface. This cavity had strong Q-slope degradation. In this study it was found in the low Q regions of
the cavity spots that had very thin coatings, on the scale of
just about one penetration depth. For more details, see [3].
A collaborative study between Northwestern and Fermilab
took these studies further, exploring the influence of relative grain orientation between the film and the substrate in
these regions [4]. Recent studies at Fermilab with a 9-cell
sample host showed a strong correlation with tin flux. In
these studies, it was observed that thin regions tend to form
when tin flux is low [5].
The second type of defects studied is tin segregation at
grain boundaries. Witness samples coated with cavities
with Q-slope analyzed by TEM and APT show segregation
of tin in grain boundaries in regions with size ~ξ [6,7].
Both these types of defects appear to be avoidable, as
neither are observed in samples from cavities with strong
performance.

PROGRESS IN DEMONSTRATING
PRACTICALITY OF Nb3Sn CAVITIES
As researchers begin to seriously consider Nb3Sn SRF
cavities for accelerator applications, there arise practical
considerations that must be better understood. Recently, we
evaluated some of these important concerns in a series of
experiments that go beyond standard vertical test of single
cell 1.3 GHz cavities.

Can We Successfully Coat at Frequencies
<1 GHz?
At TTC 2019, we showed results of our first coating of
a 650 MHz single cell cavity [2]. This frequency of cavity
is under evaluation as part of the Fermilab compact Nb3Sn
SRF accelerator program [8]. At TTC 2019, the results
were a very good start, but recent results significantly improved. The same cavity had its coating removed, and then
it was recoated but with very similar parameters as to the
coating of CBMM-D from Fig. 1, resulting in a similar
shiny film, as shown in Fig. 8. The results of the new coating are compared to the previous coating in Fig. 9.

Figure 8: Pictures of the Nb3Sn coatings of the 650 MHz
cavity B9AS-AES-002 from the first coating (left) with
matte appearance and the second coating (right) with shiny
appearance.
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Figure 9: Q vs E curves at 4.4 K and 2.0 K for the 650 MHz
cavity B9AS-AES-002 from the first coating and improved
performance from the second coating. In the first coating,
the gradient was power limited. In the second coating, the
cavity quenched at both temperatures.
The results show that it is very possible to achieve strong
performance with Nb3Sn at 650 MHz. The dissipated
power at 10 MV/m is just 1.1 watts, showing strong potential for cryocooler-based accelerator applications. It also
gives a second case of a maximum gradient exceeding the
17-18 MV/m limit observed previously.

Can We Process Multipacting on Nb3Sn
Surfaces?
To the authors’ knowledge, there is no known case of
processing multipacting in a Nb3Sn cavity in CW mode.
Only sample studies have been performed, which suggest
that the SEY of Nb3Sn is only slightly higher than that of
Nb [9]. The 650 MHz cavity results confirm that, similar
to niobium, multipacting can be processed in Nb3Sn. In the
second coating, the cavity reached a multipacting barrier at
~10 MV/m. As shown in Fig. 9, at 4.4 K, minimal effort
was spent processing multipacting, and instead the RF
power was raised quickly to “jump” over the multipacting,
reaching 15 MV/m and then slowly recording data higher
than that. Before recording data at 2.0 K, more time was
spent processing multipacting, and the cavity easily spent
time in the multipacting band without multipacting occurring, as shown in Fig. 9.

Can We Tune a Cold Nb3Sn Cavity?
To operate an accelerator with multiple cavities, it is important to be able to tune them to match their frequencies.
However, Nb3Sn is a strain sensitive superconductor. For
example, its critical current may be degraded on the order
of tens of percent by strain on the order of several tenths of
a percent [10]. As a result, Nb3Sn wires in magnets must be
pre-stressed so that they are closer to neutral loading under
operating conditions. Similarly, one may be concerned
about degraded superconducting properties when straining
a cold cavity to tune its frequency. Might this increase BCS
or residual resistance for example?
To evaluate this, we placed a tuner on a 1.3 GHz cavity
under vertical test, as shown in Fig. 10. The tuner was only
engaged to the cavity once it was cold. A Q vs E curve was
measured at 2 K up to ~11 MV/m (the cavity had a sharp
Q-slope limitation above this field). After this, the tuner
was applied to the cavity and it was tuned by several kilohertz, and Q was measured at several field points. This was
repeated until the cavity was tuned by 1.4 MHz. The cavity
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was then warmed to 4.4 K, Q vs E was measured, then the
tuner was fully relaxed and Q vs E was measured again, as
shown in Fig. 11. At both 2.0 K and 4.4 K, no change in Q0
was observed beyond measurement uncertainty. It therefore appears that there was minimal effect on residual or
BCS resistance. Comparing the tuning range of ~1.4 MHz
to the tuning range typically used in SRF cryomodule of
several hundred kHz, it looks like it should be very possible
to tune a cold Nb3Sn cavity. For more information on the
tuner in vertical test, see [11].
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To prepare for the coating, a 9-cell sample host cavity
was made out of a cavity with a manufacturing error. Its
NbTi parts were removed by machining and holes were
added at each equator and each inner iris to hold witness
samples. The cavity was used to develop the coating parameters for a 9-cell cavity to achieve good uniformity. Details of these studies are presented in [5].
After the sample-host studies were completed, a real 9cell ILC cavity, TB9ACC014, was coated, including all its
features that are difficult for coating (e.g. HOM cans and
F-hooks, NbTi flanges and conical end-dishes). Pictures of
the coated cavity are shown in Fig. 12.

Figure 12: TB9ACC014 after coating with Nb3Sn.
Figure 10: Setup for vertical test with tuner.

The cavity was vertically tested at 4.4 K and <1.5 K, as
shown in Figs. 13 and 14. The cavity quenched at a maximum gradient of 10.5 MV/m, with a Q0 > 8x109 at 4.4 K.
In addition to having a high Q0 at 4.4 K at useful accelerating gradients, this cavity sets a record for accelerating
voltage in a Nb3Sn cavity ~10 MV. The result shows that it
is now possible to produce accelerator-style Nb3Sn cavities
with performance that is useful for applications.

Figure 11: Results from vertical test with tuner show no
effect on Q vs E at 2.0 K or 4.4 K from tuning up to
1.4 MHz.

Can We Successfully Coat an Accelerator-Style
Structure?
An extremely important and difficult step in evaluating
whether Nb3Sn cavities are ready for practical applications
is scaling up from R&D structures like 1.3 GHz single cell
cavities to the kind of structures more typically used in accelerators. Likely the SRF structure with the most cavities
in use or planned today is the 1.3 GHz 9-cell cavity (e.g.
EXFEL, LCLS-II, SHINE, ILC, and many more). Showing
a performance that would be usable in an accelerator with
this structure was chosen a key milestone for the Fermilab
Nb3Sn program.
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Figure 13: Q vs E curves measured at 4.4 K and <1.5 K for
the first ever Nb3Sn-coated 9-cell cavity.
The measurements in Fig. 13 were performed in liquid helium. Additional measurements were performed in helium
gas. The reported temperatures are approximate, as the dissipation caused a dissipation-dependent increase of the
outer surface temperature during the measurement of the
curve. The curves measured at 6.2 ± 0.3 K, 5.8 ± 0.3 K, and
5.3 ± 0.2 K were administratively limited to avoid quench.
The curves measured at 4.7 ± 0.2 K, 4.4 K, and <1.5 K were
limited by quench.
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Figure 14: Comparison of the 4.4 K Q vs E curve of the 9cell cavity to curves measured at higher temperatures in helium gas. Dissipated power curves are plotted as well.

CONCLUSIONS
In this paper, we presented studies of the Nb3Sn coatings
that resulted in accelerating gradients exceeding the 17-18
MV/m range previously observed as limiting Nb3Sn cavities. These coatings were unusually shiny, had very low
surface roughness, had relatively small grain size, and were
relatively thin. We discussed implications for quench field.
We discussed studies of avoidable defects in Nb3Sn films.
We overviewed several experiments designed to study
practical considerations for Nb3Sn cavities, in each case,
showing that Nb3Sn was able to meet the requirements. We
showed that we can coat at 650 MHz and achieve Q0>1010
at 20 MV/m at 4.4 K. Figure 15 shows the extremely small
dissipated heat for this single cell cavity, showing strong
promise for cryocooler-based compact accelerators applications (e.g. see [8]). We showed that we can process multipacting if needed. We showed that we can tune a cold cavity without degradation. And with the first ever Nb3Sn
coating of a 9-cell cavity, a record accelerating voltage was
achieved for a Nb3Sn cavity, with a Q of 8x109 at 4.4 K.
These results show very promising progress towards realizing the first accelerator applications of Nb3Sn cavities.
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Figure 15: Dissipated power for the 650 MHz 1-cell cavity
at 6 MV/m before coating, after the first coating, and after
the second coating. These are compared to the capacity of
a PT420 cryocooler.
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PROGRESS WITH Nb HiPIMS FILMS ON 1.3 GHz Cu CAVITIES*
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Abstract
In recent years, efforts have been invested to leverage
the different processes involved in energetic condensation
to tailor Nb film growth in sequential steps. The resulting
Nb/Cu films display high quality material properties and
show promise of high RF performance. The lessons learned
are now applied to 1.3 GHz Nb on Cu cavity deposition via
high power impulse magnetron sputtering (HiPIMS). RF
performance is measured at different temperatures.
Particular attention is given to the effect of cooldown and
sensitivity to external applied magnetic fields. The results
are evaluated in light of the Nb film material and
superconducting properties measured with various
microscopy and magnetometry techniques in order to
better understand the contributing factors to the residual
and flux induced surface resistances.
This contribution presents the insights gained in
exploiting energetic condensation as a path towards RF Qslope mitigation for Nb/Cu films, correlating film material
characteristics with RF performance.

INTRODUCTION
Superconducting radio frequency (SRF) cavities based
on bulk Nb have been used for decades in particle
accelerators [1]. However, bulk Nb suffers from many
drawbacks among which are included: fundamental
accelerating gradient limitation, poor thermal conductivity,
manufacturing difficulties and high material costs. One
proposed possibility for alleviating some of these
challenges is to take advantage of the surface nature of the
SRF phenomenon.
In order to truly engineer the active SRF surface, one can
exploit the shallow RF penetration depth by using
alternative materials for the bulk resonant cavity structure
with more favourable properties, such as Cu, and coating a
~1 µm Nb thin film on the interior as the active SRF
surface. One can then optimize the RF response by tuning
the various coating parameters available during film
growth; theoretically allowing performances outside of the
bulk material property bounds.
Thin film SRF cavities were first implemented in the
1980’s at CERN for LEP II [2], with Nb/Cu thin film
cavities deposited using DC magnetron sputtering
(DCMS). While these films had good low field Q-values,
they exhibited a strong decreasing trend of the Q-value on
RF field, known as the “Q-slope”, limiting their
applications. To this day, the cause of the Q-slope has not
been understood and has yet to be overcome.
Many causes proposed for the Q-slope [3-5] can be
associated with the low energy film deposition methods
____________________________________________
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utilized. DCMS has been shown to yield superconducting
films with properties inferior to bulk. However, energetic
condensation methods, such as high-power impulse
magnetron sputtering (HiPIMS), promise to create films
with enhanced SRF properties [6]. Among these methods,
HiPIMS is of specific interest due to its ease of adaptability
to coating tri-dimensional shapes and capability of
implementation within existing DCMS cavity coating
system designs.
In HiPIMS, the magnetron is pulsed to extremely high
power densities thereby increasing the plasma density by
several orders of magnitude over DCMS and resulting in
ionization of a significantly higher fraction of the metal
atoms [7, 8], thus, allowing control of the deposition
energy by application of a substrate bias. HiPIMS has been
shown to yield films with much improved microstructure,
density, surface roughness, adhesion and overall quality
compared to the low energy DC methods [9-12]. This
opens the possibility to produce higher quality films for
SRF application.
In order to explore HiPIMS for SRF application, a cavity
deposition system was designed, built and commissioned
at Thomas Jefferson National Accelerator Facility (JLab)
[13]. This system offers many benefits such as the ability
to mount and unmount cavities while leaving the larger
system under vacuum which allows a higher turn-around
cycle and reduced risk of contamination; as well as
allowing deposition of small coupon samples under the
same pump down cycle as the cavity through a load-lock
and enables conditioning of the magnetron isolated from
the cavity and samples before deposition. A custom built
HiPIMS pulser powering a cylindrical Nb cathode in a Kr
atmosphere is used to deposit Nb films. Here we present
HiPIMS coated cavity RF results and data from small
samples carried out in the same system.

EXPERIMENT
Within the last year, the cavity deposition system
described above underwent its first full-scale maintenance
cycle initiated by the Nb cathode reaching the end of its
lifetime. These repairs included many pre-planned
upgrades but focused mainly on cathode replacement. As
previously reported, and recapped below in this paper, a
study of Nb films on Cu substrates was performed within
the last system iteration in order to investigate the effect of
peak pulse power and applied substrate voltage bias on the
resulting film properties. Since the system maintenance,
calibration samples were created in order to verify
continuity of film quality. Also, a new sample temperature
series of Nb films on Cu substrates was done holding peak
power and bias parameters constant at the “optimized” set
determined from the previous peak power and bias series,
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while exploring the effect of varying deposition
temperature.
The Cu substrates used were commercially bought,
polished polycrystalline OFE Cu with a rated surface
roughness of less than or equal to 5 nm. Substrates were
ultrasonically cleaned in successive acetone and methanol
baths then mounted in a clean environment prior to growth
to limit particulate contamination. Depositions were
performed with a target-to-substrate distance of 10cm, the
approximate distance to the equator of a 1.3 GHz low
surface field (LSF) cavity.
After
growth,
the
structural,
surface
and
superconducting properties of the samples (lattice
parameter, grain size, crystal orientation, roughness, RRR,
Tc…etc.) were determined via X-Ray diffraction (XRD)
Electron Backscatter Diffraction (EBSD), atomic force
microscopy (AFM) and RRR.
For cavity depositions, 1.3 GHz LSF Cu cavities were
manufactured at JLab and centrifugal barrel polished
(CBP). Prior to deposition the cavities received an acid
etch, typically 15 um, via SUBU [14], rinsed and dried via
methanol sheeting. For all the assembly stages, deposition
and RF testing, the cavities were high pressure rinsed,
methanol sheet dried and assembled in an ISO-4 cleanroom
following stringent quality procedures. Cavities were also
mounted on the deposition system under a portable clean
hood that creates a local ISO-5 quality environment in
order to keep particulate contamination within the
deposition system and on the deposition surfaces minimal.
The coated cavities were RF tested in JLab’s Vertical Test
Area (VTA). After RF testing, the Nb film was stripped
from the interior cavity surface via Nb BCP in preparation
for the next coating cycle.

RESULTS
Small Samples
Previously, before system maintenance, a peak power
and bias series were performed [15] to attempt to determine
the effects of these parameters on film properties, and the
results are summarized in Figs. 1 through 4. The power
series samples were deposited at a constant Kr pressure of
3.9 mTorr, substrate temperature of 350 °C, bias of -100 V
and constant pulse parameters, 83 Hz frequency and 110
µs pulse width, while the peak power (voltage) varied
between samples. Power values were varied between 69
and 391 kW. The bias series samples were held at the same
deposition parameters from the power series, except for the
pressure at 4.2 mTorr, due to a pressure gauge change, and
the “optimized” peak power setting of around 220 kW, as
determined from the power series. In order to explore the
effect of applied bias voltage, the bias was varied between
0 and -300 V for this series.
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Figure 1: Representative XRD scan of Nb/Cu samples in
power series

Figure 2: EBSD scans performed on Cu and Nb/Cu
samples. From left to right: (a) an uncoated Cu substrate,
(b) low peak-power Nb/Cu sample, and (c) high peakpower Nb/Cu sample. OIM colour maps included on right
for reference of crystal phases.
To summarize the results from these two sample series,
microstructurally,
both
series
exhibited
clear
polycrystalline texturing dominated by the Nb (011)
orientation, as evident from both the XRD and EBSD scans
shown in Figs. 1 and 2. Figure 2 also shows the heteroepitaxial nature of the film growth when images of both the
Cu substrate and Nb/Cu films are analysed together.
With regard to surface morphology, AFM results,
presented in Fig. 4, show a clear increasing trend of surface
roughness with increasing power and bias independently.
The samples exhibited very low surface roughness at the
lower end of each parameter range, however both increased
quickly with power and bias, with bias having a much
stronger increasing trend than peak power. Applied bias is
an extremely important parameter for energetic
condensation methods due to the high sputtered metal ion
fraction present in the plasma. In fact, many different
deposition schemes proposed for overcoming Q-slope rely
on this characteristic of energetic condensation, such as
deposition at ion implantation energies to overcome
adhesion issues. This result may hint at a possible
roughness limitation to applied bias near the RF layer and
require mitigation efforts to achieve high RF performance.
It is noteworthy as well that no sharp features, detrimental
to the RF performance, were observed on the surface of the
samples by either SEM or AFM.
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Figure 3: Plot of lattice parameter and grain size vs. (a)
peak power in Nb/Cu power series and (b) applied bias in
Nb/Cu bias series; horizontal dashed line included to
represent the bulk Nb lattice parameter as reference.
After the system was shut down and had intensive
maintenance performed in the spring of 2018, efforts were
restarted to perform another sample series investigating the
effect of substrate temperature on film properties. This
effort also served a dual purpose of providing a quality
check on the deposition system performance postmaintenance and gave feedback to confirm performance
in-line with those previously observed in the power and
bias series summarized above.
Temperature series samples were deposited at the same
parameter set as the power and bias series with both the
power and bias held constant at the “optimized” values
inferred from the respective series analysis; “optimized”
referring to attempting to achieve bulk-like microstructure
and maintain good surface roughness and crystallinity. A
list of temperature series deposition parameters and
resulting sample properties is shown in Table 1.
After deposition, the samples were analysed using XRD
to determine the resulting out-of-plane lattice parameter,
grain size and mosaicity. The XRD scans exhibited similar
behaviour to the power and bias series showcasing a
polycrystalline texture dominated by the Nb (011) phase.
Average grain sizes were obtained using the Scherrer
equation and the FWHM of the Nb (011) peak.
Figure 5 shows the results from the XRD analysis of the
samples; plotting both out-of-plane lattice parameter and
grain size against the substrate deposition temperature. As
can be seen, the samples exhibited no clear trend of lattice
parameter with deposition temperature. However, the grain
size shows a clear direct increasing trend with respect to
temperature. This result is fully expected from the volume
of research done on the relation between these two values.
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Figure 4: Plot of RMS roughness, on 50×50 µm scale, vs
(a) peak power for Nb/Cu power series samples, and (b)
applied bias for Nb/Cu bias series samples. Note the
roughness scale difference compared to the power series
results above.

Figure 5: Plot of lattice parameter and grain size vs
substrate deposition temperature. Dashed line included to
represent bulk Nb lattice parameter value as reference.
One of the main takeaways from the temperature series
is found in the analysis of the samples with respect to the
previous power and bias series samples. The temperature
series samples do not vary wildly from the previous sample
properties. The lattice parameters and grain sizes are still
well within the bounds of the previously measured values
for each series. This result confirms the consistent and
reproducible quality, from a microstructural perspective, of
the films pre and post system maintenance.
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Table 1: Deposition Parameters and Film Properties of Interest for Temperature Series Samples
Temperature (C)

Peak Power (kW)

350

332

Applied Substrate
Bias Voltage (V)
25

250
150
50

360
377
400

35
25
25

Cavity RF Results

Figure 6: Quality Factor of 1.3 GHz HiPIMS Nb/Cu LSF
cavities (Bpeak/Eacc=3.68) at 2 K. No field emission was
detected.
Nb/Cu RF cavity results, shown in Fig. 6, exhibit low
field Q values in the mid to high 109 range and performing
up to ~21 MV/m. After high pressure water rinsing, the
Nb/Cu cavities had no detectable particulates during
assembly, anecdotally relating to the fact that no field
emission was detected during RF testing. The first Nb/Cu
coating (LSFC 12.1) was hindered by a misalignment of
the Nb cathode during coating, i.e. a non-uniformity in
coating thickness. After cathode alignment corrections, the
same coating parameters were applied to LSFC 9.2 which
showed a net improvement. However, the film had a Tc of
9.5 K suggesting significant intrinsic stress in the film. In
an effort to reduce the stress in the film, the next coating
was performed at a lower bias (-25 V). The cavity (LSFC
12.2) exhibited a slight improvement at low field but had a
mid-range Q-slope that seems to be substrate related.
It is important at this point to make a note on substrate
manufacturing and preparation, it was discovered after
these tests that continued removal from acid etching, in
preparation for the next cavity coatings, revealed cracks in
the cavity beam pipe seam welds, resulting from non-fully
penetrating welds, which were able to be seen by eye; in
some cases extending almost all the way to the iris. In
response, the Cu cavities were re-inspected using a cavity
optical inspection tool at JLab, an example of which is
shown in Fig. 7. The results showed macroscopic pits and
cracks present even in areas that they were not visible by
eye.
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Out-of-Plane Lattice
Parameter (nm)
0.3316

Out-of-Plane Grain Size
(nm)
43.77

0.3314
36.24
0.3325
27.38
0.3320
24.69
This anecdotal and qualitative finding brings into
question the reported RF results and may imply that these
are lower bounds to the actual film performance. Cracks
present during deposition could cause locally poor
microstructure and, more importantly, areas where the film
thickness is significantly thinner than expected. Areas with
extremely thin Nb films or, in the extreme case, even
uncoated Cu showing, could have the RF field probe the
normal conducting Cu substrate resulting in significant
deterioration of the measured RF performance.
Upon this discovery, cavity depositions were paused to
allow time for extra electron beam welding to be performed
on all Cu cavity substrates to fix the known bad seam welds
and give confidence in welds where no cracks had been
discovered yet, since the operating assumption at the time
was that all seam welds would reveal cracks at some point
since they were all manufactured using the same welding
parameters. Even with the underlying substrate issues,
these results show a gradual increase in performance of
films deposited in this system and hold promise for future
film manipulation for RF performance improvement.

Figure 7: Representative image of seam weld cracks
discovered in low surface field Cu cavities, LSFC-12
shown here, after SUBU acid etching.

CONCLUSION
The results presented here have shown that HiPIMS has
great promise for high quality SRF thin films. Small
coupon samples were produced with bulk-like lattice
parameters and low roughness with implications for future
surface engineering. System performance and reliability
was confirmed after required system maintenance. The
preliminary results on cavities have also shown great
promise. We have achieved Nb thin film cavities with
reasonable low-field Q values and remaining relatively flat
up to moderate accelerating gradients. The reported Nb/Cu
cavities exhibit performance in line or better than
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previously reported results at similar deposition
parameters; even with using now known bad Cu substrates.
Plans for the future of this project involve overcoming
many known challenges such as: applying Cu
electropolishing to cavity geometry, which is far superior
to SUBU, and changing film deposition parameters
throughout the coating process for active engineering of
film properties throughout the thickness of the film. These
results give a starting point to begin pursuing control over
the flaws observed in the technology over the last 40 years
leveraging the increased film deposition control and
quality offered by energetic condensation methods.
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LARGE SCALE SRF FACILITIES∗
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Abstract
Optimization of SRF cavities mainly focuses on pushing
the limits of bulk Niobium, cost reduction of cavity fabrication and development of new SRF materials for future accelerators (ILC, FCC). Nowadays chemical etching is the only
surface treatment used to prepare SRF surface made of Nb.
However the operational cost of chemical facilities is high
and these present a very bad ecological footprint. The search
of an alternative technique could make the construction of
these future large scale facilities possible. Metallographic
polishing (MP) is a candidate not only for bulk Nb treatment,
but could also provide the mirror-finished substrate for alternative SRF thin films deposition. Recent R&D studies,
conducted at IPNO & IRFU, focused on the development
of 2-steps MP procedure of Nb flat samples. Roughness
of polished surface has been proven better than standard
EP/BCP treatment and less polluted than CBP. MP provides
on flat surfaces a high removal rate (above 1 µm/min) and
high reproducibility. The paper will describe the optimized
method and present all the surface analysis performed. The
first RF characterization of a polished disk will be presented.

INTRODUCTION
Standard production processes of SRF cavities (rolling
of Nb ingots, forming of half-cells and electron beam welding) cause the appearance of damaged layer of the order of
100-200 µm into the inner surface of the material [1]. Damaged layer has to be removed in order to recover optimum
superconducting properties and avoid limited performances.
Moreover high electro-magnetic fields (up to 50 MV/m and
200 mT) penetrate typically through a thin layer of Niobium inducing a high current density (up to 1012 A/m2 )
decaying exponentially over several hundreds of nanometres into Nb bulk [2]. Due to the reasons mentioned above,
good superconducting properties of the material have to
be preserved not just on the surface layer, but also over a
few hundreds of nanometers. The standard Nb preparation
for SRF applications are either buffered chemical polishing
(BCP), electropolishing (EP), or centrifugal barrel polishing
(CBP) in combination with light chemistry (10-20 µm of
EP) [3, 4]. In standard pathway of cavities production the
surface polishing is applied on the closed geometry after
∗
†
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forming. However in order to find an alternative to the heavy
chemistry and to possibly reduce the cost of cavity fabrication, mechanical polishing may be applied on flat sheets
before forming steps. It has been shown that the observed
damaged layer after forming is significantly thinner (∼ 10
µm) than after rolling step of Nb sheets and would only
require a flash BCP or EP [1].
Metallographic polishing (MP) is a sub-type of mechanical polishing (for example as CBP) used for metal, wafer,
optical lenses and others material preparation [5]. C. Z. Antoine initiated the investigations of metallographic polishing
for SRF purposes [6]. This article will describe the advances
done at IPNO and CEA on this specific topic.

METALLOGRAPHIC POLISHING
REQUIREMENTS FOR SRF
So as to ensure optimal superconducting properties and
also to be competitive to standard polishing processes for
SRF the following requirements have been defined:
• Remove polluted and damaged layer induced by Nb
sheets fabrication (lamination of niobium ingots and
rolling of sheets).
• Preserve superconducting properties of material over
few hundreds of nanometers.
• Limit the number of steps to 2 or 3 (instead of 5-6 steps
in metallographic polishing) to allow industrialization
of process and to be competitive compared to standard
techniques of the treatment (BCP - 5 hours, EP - 8
hours and CBP - weeks).

EXPERIMENT
Experimental Set-up and Specimen Preparation
Metallographic polishing has been performed on a machine MasterLAM 1.0, see Fig. 1, manufactured by a French
company LAM PLAN [7]. Polishing disks may be charged
with various type of abrasives (diamonds, silica carbide,
aluminium oxide and etc.) with different size (from 100s
microns down to nanometers scales. Abrasives could be embedded in the polishing disk or added as a liquid suspension
between the disk and the specimen.
In both cases material removal is due to the combined
actions of normal and tangential applied forces. The normal
force defines the depth of abrasives penetration into the bulk
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First step, called the abrasion step, has to planarize the
surface and remove the polluted and the damaged layer created due to the rolling process. A compromise has to be
done in order to have at the same time a high removal rate
(µm/min), low surface roughness, low damaged and polluted layer. Abrasion step requires to remove few hundreds
microns of the material. Second step (may consists from additional sub-step), named the polishing step, has to remove
damages and depollute (embedded abrasives) the surface
after abrasion step and achieve surface average roughness
Sa < 0.1 µm.
Figure 1: Metallographic polishing (MP) device (LAM
PLAN company).
Nb and is controlled by a pneumatic adjuster on the centre
of sample holder. The tangential force creates a cutting
effect and results in the material removal. The efficiency
of material removal (removal rate) depends on: hardness of
used abrasives, carrier of the abrasives (metal, resin or cloth),
applied pressure, rotational speeds of holder and polishing
disk.
The rotational speeds of the sample holder and the polishing disk were 150 and 300 rotations per minute (RPM).
Working pressure is typically set to 305 g/cm2 corresponding to a pressure of 30 kPa for 3 samples (10 x 40 mm). The
polishing procedure was optimized on small flat specimens
(10 mm x 40 mm) and than the recipe has been transferred
to Nb disks of diameters of 50 and 126 mm.
In order to remove the influence of the specimen preparation history all specimens before MP were etched by BCP
mixture to 1:1:2.4 (HF:HNO3 :H3 PO4 ) to remove about of
200 µm of the surface layer. Fig. 2 shows topography of
Nb surface after BCP treatment with Sa = 1 ± 0.25µm and
Sz = 16.4 ± 2.75µm.

Step 1. A suspension of polycrystalline diamonds of 3
microns in grain size in combination with rigid composite
disk have been chosen for abrasion step. Approximately 100
µm layer has been removed within 90 minutes in order to
simulate the removing of the damaged layer. Removal rate
corresponds to 1.1 µm/min (constant during abrasion step)
to be compared to BCP - 1 µm/min, EP - 0.5 µm/min and
CBP - some µm/hour.
Step 2. Polishing step has been performed by a special
solution composed of 50 nm grain sized particles of colloidal silica (SiO2 , pH = 9) diluted in the deionized water
(20 %), carried on microporous polyurethane cloth. In this
case, polishing of Nb material happens due to the combined
action of the mechanical and the chemical action (chemicalmechanical polishing (CMP)). Removal rate of material corresponds to 0.01 µm/min (constant during polishing step),
however this parameter could be increased with increased
concentration of colloidal silica in solution.
As shown in Fig. 3, mirror finished surfaces have been
obtained for all Nb samples by using 2 steps polishing recipe.

Figure 2: 3D reconstruction of Nb surface state after BCP
treatment.

Two Steps Polishing Recipe
So as to be competitive the number of polishing steps
has been significantly and successfully decreased down to 2
steps.

Fundamental R&D - Nb
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Figure 3: Raw Nb specimens before metallographic polishing (a-rectangle sample, c-disk of 50 mm diameter, e-disk
of 126 mm diameter). Mirror finished specimens after 2
steps polishing recipe (b-rectangle sample, d-disk of 50 mm
diameter, f-disk of 126 mm diameter).
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SURFACE ANALYSIS
Roughness Characterization
The surface roughness has been measured by the laser
confocal microscope (Keyence VKX-200). To reduce impact of local defects and to ensure sufficient statistics a set
of 10 measurements at different positions of each sample
have been performed. The average roughness (Sa ) and the
maximal height difference (highest peak and deepest valley)
Sz are measured. Sz is an important local parameter giving
in our case the deepest scratch caused by the abrasion step
and thus, the minimal thickness to be removed by polishing
step.
Figure 4 depicts the evolution of the average surface
roughness after each abrasion and polishing step. The abrasion step (first 90 minutes in Fig. 4) removes the polycrystalline structure created by BCP, planarizes the surface, creates amorphous structure that will increase the efficiency of
the following polishing step. Unfortunately this step leaves
embedded particles all over the surface.

Figure 5: 3D reconstruction of Nb surface state after abrasion step of MP.

Figure 6: 3D reconstruction of Nb surface state after polishing step of MP.

of the surface layer are required to be comparable with SRF
standards.
Figure 4: Evolution of the average surface roughness as a
function of time.
The best average surface roughness is achieved after 1
hour of abrasion and remains constant if processed for a
longer time. Average surface roughness has been saturated
after 1 hour of abrasion. Fig. 5 shows final topography of
Nb surface after the abrasion step with Sa = 68 ± 11 nm and
Sz =3.27 ± 1.09 µm.
The polishing step reduces the roughness down to 30 nm
after 20 minutes, but tends to reveal some roughness of the
surface with time due to reappearance of grains because of
the combined chemical-mechanical (CMP) action. However
polishing step can’t be stopped because of embedded abrasives remaining in the material. For this reason polishing
step has to be extended at least up to 200 minutes. Fig. 6
shows the final topography of Nb surface after 200 minutes
polishing step with Sa = 100 ± 50 nm and Sz = 2.58 ± 0.426
µm. As seen in Figure 7, all surface damages and embedded
abrasives are removed.
The control of surface roughness is important, however,
not sufficient as chemical composition and microstructure
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Figure 7: DIC images of Nb surface state during MP polishing in different periods of time. Note: figure shows also the
de-pollution effect, grain formation and grain growing with
time.
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Damaged Layer Characterization
In order to characterize the damaged layer created by MP
procedure, investigations of the polished specimens have
been performed with two methods: multi-step BCP followed
with optical analysis and electron backscattered diffraction
(EBSD) on SEM microscope.
Etching process during the BCP treatment tends to reveal not only the grain structure, but also subgrain damages
caused by mechanical processes. In order to estimate the
depth of affected layer (high density of dislocations), the surface has been observed after multiple BCP etching of 5 µm
(confocal imaging in DIC mode). Sub-grain structures are
visible and presented in Fig. 8. Sub-grain patterns present
in the affected layer, disappear approximately after 85 µm
of BCP.

Figure 9: Kernel Average Misorientation (KAM) and Inverse
Pole Figures (IPF) of cross-section after abrasion step (left,
CMP 45 minutes) and polished face after 2 steps polishing
(right, CMP 90 minutes).

RF Characterization

Figure 8: Etching figures of Nb surface after abrasion step.

Evaluation of affected layer has been done thanks to another method. This one involves EBSD analysis performed
on the cross-section of the sample. In that sense this requires
some additional surface preparation (cutting, mounting in
resin and cross-section polishing). Figure 9 shows kernel
average misorientation (KAM) and inverse pole figures (IPF)
of polished face after 2 steps polishing procedure (right) as
described before and secondly cross-section after abrasion
step (left).
As EBSD analysis is typically sensitive to the first hundred
of nanometeres under the surface, we can conclude that 2
steps polishing procedure is causing very limited residual
crystal damages. Indeed this IPF image (right) is showing
crystallized surface comparable to bulk unaltered crystal.
On the other side, the cross-section analysis tends to show
some surface damages (higher dislocation density at the edge
of sample). However, these damages have been more likely
created during the preparation of the cross-section (cutting
procedure) rather than from 2 step polishing procedure of
the face. Additional analysis will be carried out to confirm
this statement.

Fundamental R&D - Nb
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RF measurements have been done at SLAC (Stanford
Linear Accelerator Center) in a hemispherical cavity which
operates in pulse mode at high frequency (11.4 GHz) and at
cryogenic temperatures between 12 K and 3.8 K [8]. The test
bench gives the possibility to mount flat disks with diameter
of 50.8 ± 0.3 mm. Two samples were prepared at IPNO,
one with 2 steps CMP polishing recipe and the other with
standard BCP used as a reference (samples with thicknesses
of 3 ± 0.1 mm).
The quality factors of both samples (CMP and BCP) are
shown in Fig. 10. At 9.2 K both samples show a sharp
increase of quality factor as a consequence of the transition
of Nb material from normal to the superconducting state.
However, a lower quality factor is observed below 4 K after
CMP process, indicating the presence of surface pollution
or damages.
Fig. 11 shows the behaviour of extracted surface resistance versus Tc /T ratio. Measured surface resistance consists of the sum of the BCS surface resistance (ideal Nb) and
the residual resistance (presence of the impurities in Nb). As
shown in Fig. 11, the BCS model predicts that the surface
resistance should be well below measured values (at 4 K and
at frequency 11.4 GHz the BCS resistance would be typically
of the order of 80 µΩ). However the tested samples, even the
BCP treated Nb shows a very early saturation of the surface
resistance caused by a very high residual resistance (2 mΩ).
These early stabilizations of the surface resistance for both
samples may be the sign of the Q-disease (as samples were
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This test performed at SLAC showed very promising results.
Unfortunately, because of technical limitations inducing a
very early saturation of the surface resistance, the decay of
superconducting BCS resistance with Tc /T ratio couldn’t be
measured properly. A way to mitigate these “high frequency”
limitations would be to test a sample at a lower frequency, as
on IPNO test bench as soon as this one would be available
(the sample disk is ready to be tested).
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RESULTS ON BULK NIOBIUM SURFACE RESISTANCE MEASUREMENT
WITH PILLBOX CAVITY ON TE011/TE012 MODES
G. Martinet, Institut de Physique Nucléaire d’Orsay, CNRS/IN2P3, Université Paris-Sud, France
Université Paris-Saclay, 91406 Orsay, France
Abstract
Surface measurement of superconducting sample is required to characterize processes of bulk niobium preparation for SRF resonators. In order to reduce characterization
cost and improve measurement performances, a pill-box
cavity has been developed at IPN Orsay. Using TE011 and
TE012 modes, we describe the latest results based on calorimetric method.

INTRODUCTION
Nowadays a major effort on research and development
on superconducting materials are pushed forward for SRF
accelerating technologies development. It includes surface
preparation of bulk niobium (chemical and mechanical
treatment, baking, infusion, ), alternative superconducting
matérials on copper and/or on niobium (NbN, Nb3Sn,
MgB2, …), or alternative processes and structure as multilayer on bulk niobium. Because the amount of characterization, it is less expensive and more affordable to use samples instead of accelerating cavities. Several apparatus already exist with their own specificities. One can cite
CERN [1] and HZB [2] QPR resonators, Cornell devices
[3] and Jefferson Laboratory cavity [4]. Both take the benefit of calorimetric method measurement which allows accessing directly the power dissipated on the sample with
high accuracy. For this purpose, we have developed a pillbox cavity [5] based on previous instrument [6, 7]. We present here last results on bulk niobium sample with the apparatus which has been developed in our laboratory.

Bradley sensors which are encapsulated in copper part. 3
Sectors are disposed at 120° which are composed of 10
sensors: 2 paired sensors are disposed to measure thermal
gradient near the border, and 6 other along the radius with
a step of 7 mm (12.4 mm – 47.4 mm from the center). The
thermal contact of thermometers on sample is made with
Apiezon grease. Bronze-beryllium springs allow a contact
force in the range of 1 DaN. The pumping system dedicated to the cavity is composed of membrane dry pump,
turbomolecular pump and ionic pump whereas the system
dedicated to measurement cell is composed of dry scroll
pump and turbomolecular pump. All the apparatus is
cooled in liquid helium bath and the sample is cooled down
by the flange all around the disk as showed on Figure 1. A
static heater is fixed on the center of the sample with
Stycast epoxy to perform calibration of the temperature
variation.

EXPERIMENTAL DEVICE
The experimental device is a modified pill-box cavity
which is working on TE011 and TE012 modes. The top of
the cavity has been modified with a curved shape in order
push away the degenerated modes TM111 and TM112.
This modification does not change the magnetic field map
and the sample surface. Figure 1 shows a cutting view of
the device. On the top is the RF cavity which is made with
bulk niobium of 4 mm thick. A Nb/Ti flange with a Ra 0.1
surface state allows clamping the sample with the thermometric chamber. Indium gasket is used on both sides of the
sample to seal the cavity vacuum and chamber vacuum
from helium bath. Three pipes with 12 mm inner diameter
on the top of the cavity allow pumping and RF coupling
(Input and transmitted coupling). The stainless steel chamber is closed with standard CF-100 flange with five 16 mm
pipes. One is used for dedicated pumping, the four others
are closed with CF-16 glass-metal feedthrough (Deloy) to
connect thermometers to the acquisition system at room
temperature. The thermometric chamber contains 30 Allen
Fundamental R&D - Nb
material studies

Figure 1: Pill-box cavity equipped with sample and calorimetric chamber. A bottom view shows the disposition of
the 30 thermometers on the backside of the sample.
The cavity with all instrumentation is then fixed on the
insert of the cryostat of 350 mm diameter as shown on Figure 2. The liquid helium volume capacity is roughly 80 L.
The static losses on the bath are in the range 1 W to 2 W
depending on the level of liquid helium which allows
THP003
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measurement during 12 hours without refilling. A movable
coupler has been developed to adapt critical coupling with
surface resistance variation of the cavity and the sample.
There, a wide range of surface resistance measurement can
be explored. Typically, a loaded Q of 106 up to 109 can be
achieved.

Where kλ is the thermal conductivity, Pstat the applied static
power, e the thickness of the sample, Ti the temperature at
the position Ri and Ti+1 the temperature at the position Ri+1.
Then, the static heater is switched off and the RF field is
applied on the sample. The resulting temperature variation
is coming from RF power dissipated on the sample which
is determined by the calibration curve. Knowing the RF
magnetic field HS applied on the sample from the transmitted pickup, the surface resistance is calculated from the relation:
𝑃

=

1
2

𝑅 𝐻 𝑑𝑆

(2)

The solution RS is then found regardless of the thermal
exchange condition with the Helium bath and the temperature range. One can obtain the residual component and the
BCS part of the total surface resistance.

Figure 2: Drawing of the cavity mounted inside the cryostat with movable coupler.

MEASUREMENT METHOD
The principle of the method has been described previously [5, 7]. The Helium bath temperature is fixed by controlling the pressure by the way of roots pump on the cryostat and a MKS regulated butterfly valve. This fixes the
temperature of the entire system. Then, it has been shown
that the temperature variation on the outer circle composed
by the last temperature sensors is the same whether the
power is applied by static heater or by RF dissipation.
Thus, the calibration curve is obtained by applying several
steps of static power. This is described by the curve
ΔT(Pstat) which is bath temperature dependent because of
the effective thermal exchange coefficient. A typical calibration set is shown on Figure 3. Another asset here is to
measure the thermal conductivity of the sample. Assuming
the thermal conductivity is constant between two consecutive thermometers (ΔT<100 mK), because of the axis-symmetry configuration, the thermal conductivity is calculated
from the Fourier’s Law:
𝑘 =
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𝑃
2𝜋𝑒 𝑇 − 𝑇

ln

𝑅

𝑅

(1)

Figure 3: Calibration curves for the 9 outer thermometers.
The temperature variation is strongly dependent of the exchange coefficient (surface roughness and Kapitza conductance à Nb/He(II) interface).

EXPERIMENTAL RESULTS
For the commissioning of the cavity, a bulk niobium
sample has been used from the same grade of the niobium
cavity. This RRR300 polycrystalline niobium is provided
by Tokyo Denkai industry. The cavity and the sample were
treated with standard BCP used at IPN and cleaned with
high pressure rinsing with high purity water. All parts (except thermometric flange) were mounted in ISO-100 clean
room.

Thermal Conductivity
During calibration of the temperature elevation with the
static power applied on the backside of the sample, the radial temperature gradient is measured by the way of three
temperature arms (6 Allen Bradley thermometers) disposed
with an angle of 120° from each other. Assuming a surface
S for heat exchange with He bath at 4.235 K, a parietal temperature Tp, one obtains the heat exchange coefficient hk
with the relation:
Fundamental R&D - Nb
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(3)

Depending on S which is not really known in experimental condition (a part is in contact with cavity and thermometric chamber, see Fig. 1), the exchange coefficient is
found at 240 W/m²K if all the surface external to indium
gaskets is taken, or 900 W/m²K if only the outer surface is
taken. In both case, we obtain a good agreement with temperature distribution as it is shown on Figure 4. The thickness is fixed à 2.2 mm which is in agreement with the removed thickness after several BCP.

of phonons and B is related to the phonon scattering at crystal boundaries.
The theoretical thermal conductivity has been taken
from [8]. The thermal conductivity at 4.2 K is in agreement
with the RRR of sample which has been stated to roughly
in a factor 4. The RRR has been measured with 4-wires
method at 380.

Figure 5: Thermal conductivity measured on sector 1 with
bulk niobium. The fit curve is obtained according given
expressions in eq. (4) [8].

Surface Resistance
Figure 4: Temperature variation profile along radius of
sample. The theoretical curve has been obtained from ANSYS
calculation
with
following
parameters:
Pstat=12.5 mW, e=2.2 mm, hk= 900 W/m²K. The thermal
conductivity has taken from experimental measurements.
These calculations allow fixing the boundaries conditions especially for the heat exchange coefficient to calculate temperature distribution coming from RF losses on the
sample.
Each temperature profile is measured for various Pstat
steps from 0.5 mW up to 500 mW at a fixed temperature
bath in the range of 1.6 – 4.25 K. Using equation (1) for
each step of applied static power, the thermal conductivity
of the sample is measured. Figure 5 presents the thermal
conductivity of RRR300 grade bulk niobium sample which
has been supplied from Tokyo Denkaï. The results are compared to the parametrization of the thermal conductivity
which has been calculated in [8] using the following expression:
𝜅 =𝑅 𝑦

𝜌
+ 𝐴𝑇
𝐿𝑇

+

1
1
+
𝐷𝑒𝑥𝑝 𝑦 𝑇² 𝐵𝑙𝑇

(4)

Where y=Δ(T)/KBT, Δ(T) the BCS superconducting gap,
R is the ratio of the electronic conduction of superconducting state to the normal state, ρ is the residual resistivity, L
the Lorentz constant (Wiedeman & Franz), A the coefficient of moment exchange with the lattice vibrations, D related to phonon scattering by electrons, l the mean free path
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The main RF parameters of the cavity have been calculated with Ansys/HFSS and are presented in table 1 and are
closed to the analytical calculations.
Table 1: RF Parameters of Cavity
Parameter
TE011
TE012
Frequency (GHz)
3.87
5.16
0.451
0.598
𝐻 /√𝜔𝑈 (𝐴/𝑚/ 𝐽/𝑠)
G (Ω)

763

913

The movable coupler allows reaching critical coupling
for both modes and for the temperature range of 1.5 –
4.3 K. The critical coupling is applied for RF measurement
to minimize errors.
Regardless the origin of the dissipated power on the sample, the exchange coefficient is considered as constant for
a fixed applied power. Equation (3) shows the direct relation of the temperature variation of the outer thermometers
and dissipated power. Using calibration curve, the RF
power dissipated on the sample is calculated directly from
the temperature variation. The surface resistance is calculated from eq. (2). Indeed, the surface magnetic field on the
sample is described with Bessel’s functions as a result of
solving Maxwell’s equations. In this case, assuming the
surface resistance as constant along the radius for small RF
field and small temperature variation, one can have analytical solution by using Lommel’s integrals:
𝑃

= 2.2761 × 10 𝑅 𝐻

(5)
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Where Rs is the surface resistance and Hs the peak magnetic field on the sample
Figures 6 and 7 show respectively the surface resistance
for the TE011 and TE012 modes at 1.66 K using eq. (5).
High values of surface resistance are measured with the
thermometer T120 for both frequencies. The origin if this
defect must be investigated (Indium gasket or bad BCP
treatment of sample and cavity).

Figure 8: Surface resistance measured with the thermometer T110 at B≃1mT for 4.3 K, 3.0 K, 2.0 K and 1.65 K.
Straight lines are the theoretical RBCS.

CONCLUSION

Figure 6: Surface resistance at 1.66 K for the TE011 mode
(3.87 GHz) measured with the 9 outer thermometers.

The pillbox cavity has been successfully operated to
characterize bulk niobium sample. The measured thermal
conductivity is in agreement with RRR=300 grade niobium. RF measurements highlight defect on the sample
which can be localized. These results show the efficiency
of the method despite issue on RF coupling. Indeed, the
cold transmitted Q value is much higher than expected.
Further investigations are carried out to determine how the
adaptation of feedthrough to the antennas must be fixed to
enhance RF magnetic field measurement on the sample
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Abstract
Being able to obtain BCS surface resistance and material properties from the same surface is necessary to gain
a fundamental understanding of the evolution of SRF surfaces. A test resonator which will allow to obtain BCS
properties from samples is currently under development at
Universität Hamburg (UHH) and DESY and is based on the
Quadrupole Resonators developed and operated at CERN [1]
and HZB [2]. The current status of the necessary infrastructure, the procurement process and design considerations are
shown. In addition, an outline of the planned R&D project
with the Quadrupole Resonator will be presented and first
RF measurements and surface analysis results of samples
will be shown.

and/or the Hemispherical cavity [5]. Another important tool,
developed in 1998 at CERN, is the Quadrupole Resonator
(QPR) [6].
The advantages of the QPR over other systems are the
ability to perform measurements at frequencies and temperatures typical for SRF cavities, the capacity to add a magnet
system which allows the study of flux pinning effects, the
possibility to change multiple parameters freely and at low
frequencies to study the contributions of the residual and
BCS resistance [7].

INTRODUCTION
Modern accelerator facilities study the performance of
superconducting radio frequency (SRF) niobium cavities in
vertical test stands which allows for the understanding of radio frequency properties, i.e. the accelerating field, the quality factor or the peak magnetic and electric fields. Moreover,
new surface treatments techniques such as nitrogen-doping,
thin-film deposition or nitrogen-infusion have been developed to further reduce the surface losses and the operational
cost of SRF cavities.
Samples of superconducting materials are studied in a
different approach that aims for the understanding of the
atomic composition of the lattice. Information about the
mean free path, surface resistance or the London penetration
depth can be obtained, but no radio frequency properties.
Additionally, these samples are usually cheaper, easier to
handle and can also be treated to form different materials,
e.g. Nb3 Sn [3] and S-I-S structures [4].
Bridging the gap between SRF studies of cavities and
material studies on samples is possible with the Quadrupole
Resonator.

THE QUADRUPOLE RESONATOR
The characterization of different superconducting materials is performed at laboratories around the world with
tools such as the TE host cavity, the Sapphire loaded cavity,
∗
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Figure 1: Cross-sectional view of a quadrupole resonator
(left) and a parametrized model of the pole shoes (right) [8].

The QPR specifically can be used to characterize the surface resistance Rs , London penetration depth λ L , the mean
free path ℓ and the critical magnetic field Hc in a continuous
or pulsed wave mode of niobium samples with a diameter of
75 mm. These properties are typically measured at temperatures (T) of 1.5 to 4 K, with magnetic fields (B) up to 120
mT (equivalent to an accelerating gradient of 25 MV/m in
a TESLA shaped cavity) and frequencies ( f ) of 0.42, 0.86,
and 1.3 GHz. A schematic overview of the QPR and its most
relevant parameters is given in Fig. 1.
Furthermore, a close-up of the calorimetry chamber is
observed in Fig. 2, where more detail can be seen of the
position of the temperature sensors and heater on the sample.
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A more detailed description of the measurement of Rs
including the calculation of λ L , ℓ, and Hc , can be found in
Refs. [1, 9] .

Pole shoe
Sample

Nb wall

Q ext Calculation for the UHH/DESY QPR

Temp. sensor
Heater
Cut-off tube

Stainless steel flange

Figure 2: Detailed view of the calorimetry chamber. The
temperature sensors and heater are placed on the surface of
the sample. The cut-off tube and Nb walls are screwed to
stainless the steel flanges.

The UHH/DESY QPR is mostly based on the design of
the HZB QPR, but some changes need to be made due to
material availability or just to further reduce systematic inconsistencies in the measurements detected in other test
resonators. One of these important changes is the increase
of the diameter of the antennas feed-throughs from 36 mm
to 40 mm and 2 mm in its radial separation.
In order to study the effect of these changes, simulations
in CST using the HZB QPR and the modified UHH/DESY
QPR design were performed to obtain the external quality
factor (Q ext ) values. In Fig. 4, a comparison of the Q ext of
the HZB QPR and the UHH/DESY QPR for the first three
quadrupole modes is reported.
1.0x1012

HZB QPR M1
UHH/DESY QPR M1
HZB QPR M2
UHH/DESY QPR M2
HZB QPR M3
UHH/DESY QPR M3

1.0x1011

Measurement Principle of the QPR

1.0x1010
Qext

The process to obtain the surface resistance of the superconducting sample with the QPR is explained below.
First, a heater connected in a closed-loop controller with
temperature sensors increases the temperature of the sample
from Tbath to a desired value (Tinterest ). The power PDC1
required by the controller is recorded. Then, the RF system
is turned on, heating up the sample. The heater decreases
its temperature until reaching thermodynamic equilibrium.
Finally, the new power PDC2 required by the controller is
recorded. The previous process can be schematically seen
in Fig. 3.
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Figure 4: Q ext vs. angle between the antenna loop and the
magnetic field. These values correspond to the first three
QPR modes which are M1=0.42 GHz, M2=0.86 GHz, and
M3=1.3 GHz.

Heater regulation

Sample
temperature

Power

Tinterest
Tbath
PRF

0
PDC1

PDC2

Time
DC on RF on
Figure 3: Schematic representation of the measurement principle of the QPR [2].
0

Assuming the Rs of the sample is constant, it can be calculated with Eq. (1)

2 ∗ PDC1 − PDC2
∫
Rs =
.
|H | 2 dA
sample
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(1)

The new design of the QPR antennas feed-throughs has a
minor effect on the Q ext values for angels between 0 and 80
deg. Hence, the observed difference is neglectable and no
performance change of the QPR itself is expected.
Another important change is an increased stiffening structure inside the rods to reduce mechanical vibrations of the
QPR (symmetry breaking of the quadrupole modes), which
are most likely caused by Lorentz Force Detuning, exciting
additional dipole modes that increases the measurement of
the surface resistance in the 3rd QPR mode [9].
More sophisticated multiphysics simulations in collaboration with Universität Rostock are underway and presented
in Ref. [10].

First UHH/DESY Sample at the HZB QPR
To further improve the versatility of the quadrupole resonator, a first approach to design a detachable sample holder
has been done [11]. The current sample design requires
that the calorimetry chamber be welded to the sample. As
a consequence, flat samples would be possible, which are
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Figure 5: Large-grain sample (75 mm diameter) after BCP.
Fabricated and treated in-house.
First measurements showed an abnormal high surface
resistance which is probably caused by currents across the
gap between sample and sample holder, see Fig. 6.
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easier to treat and analyze in comparison to samples welded
to the calorimetry chamber.
In-house fabricated and treated detachable sample, as
shown in Fig. 5, was tested at the HZB QPR.

Surface Resistance, nOhm
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Figure 6: Surface Resistance vs. B-Field on sample at 1.3
GHz. The resistance is several orders of magnitudes higher
than for cavities.
Further tests to analyze dependencies and material influence were done using an initial prototype of a flat sample
produced at DESY. Unusual temperature, frequency and
field dependencies are observed in the measurements. Another R&D project has been established recently and will
carry out extensive simulations and experiments to identify
the problems and optimize the flat sample holder design to
gain the higher versatility of the detachable sample design.

to understand dynamic processes such as Lorentz force detuning, mode excitation and propagation and the influence
of symmetry breaking by fabrication are currently done.
A call for tenders is currently fixed and the technical drawings will be finalized after the results of the simulations.
The material is now purchased. Existing vacuum and low
level RF infrastructure is currently modified, or necessary
parts will be purchased. New samples, already welded to
the calorimetry chamber, are prepared within our collaboration. Those samples will be studied in our CW studies,
including thermal nitrogen treatment and coating of niobium
surfaces. The antennas will be made in-house and designed
first based on the CST simulations. A future, planned R&D
project will study the fields in the coaxial gap and currents
on the sample holder surface and will further optimize the
detachable sample holder design.
The commissioning of the quadrupole resonator is foreseen to be in Spring 2021, while sample preparations, treatments and measurements will be pursued until then in collaboration with HZB.

CONCLUSION
The construction of the QPR at DESY will allow for further studies of superconducting materials; including nitrogen
doped or nitrogen infused niobium samples and layered structures applied to niobium or copper surfaces. The HZB QPR
is a powerful tool and only minor modifications where made
for the DESY design. Our studies show that the changes
which were made at the new design do not alter the RF
performance.
To further improve the versatility of the QPR, a detachable
sample holder which is not limited by a significant higher
surface resistance has to be designed. First studies of the inhouse production of such samples were successful, although
the measurements were limited again by the holder design.
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OUTLOOK
The last steps to finalize the UHH/DESY QPR design
will be made by the end of the second quarter of 2019. The
UHH/DESY QPR designing process is in its final phase.
After fabrication and handling issues are resolved and minor changes have been decided, the consequences of this
changes are currently simulated. In-house simulations to
study the fabrication tolerances and multiphysics simulation
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IN-SITU EXAFS INVESTIGATIONS OF Nb-TREATMENTS IN N2 AT
ELEVATED TEMPERATURES
P. Rothweiler*, B, Bornmann, J. Klaes, S. von Polheim, R. Wagner, D. Lützenkirchen-Hecht
Fk. 4 – Physics, University of Wuppertal, Germany
Abstract
Polycrystalline niobium metal foils of different thickness were exposed to dilute nitrogen atmospheres at elevated temperatures of up to 900 °C, and the resulting
changes of the atomic short range order structure were insitu studied by transmission mode X-ray absorption spectroscopy (EXAFS) experiments. High quality EXAFS
data were collected prior to any heat treatment as well as
during the different process steps at elevated temperature,
and finally after cooling to room temperature. Due to the
low solubility of N2 in niobium, only very small changes
of the EXAFS data could be detected after the processing
in N2-atmospheres, and the present experiments gave no
evidence for bulk formation of Nb-nitrides such as NbN
or Nb2N. Thus, one major purpose of this contribution is
to identify the positions of nitrogen within the bcc-lattice
of the Nb host. A quantitative EXAFS data evaluation is
possible using only slightly distorted metallic Nb-Nb
coordinations, and the obtained results suggest that Natoms are increasingly incorporated on octahedral interstitial sites in the host lattice with increasing N2-exposure.

INTRODUCTION
The preparation of superconducting Nb-cavities for particle accelerators comprises several treatments, in particular e.g. buffered chemical polishing (BCP), electropolishing (EP), high pressure rinsing and dry-ice cleaning
(DIC) (see e.g. [1]). Recent experiments have shown that
the RF-superconducting properties of Nb-cavities can
substan-tially be improved, if heat treatments under dilute
nitrogen or argon atmospheres are included in the conditioning procedures of the cavities, yielding a significant
reduction of the electrical resistivity and an increased
quality factor in medium acceleration fields [2-4]. The
formation of niobium nitride (NbN) with an increased
critical temperature was discussed to explain the observed
phenomena [5], however, a full understanding of the
structural changes which lead to these improvements is
still incomplete. Recent surface analytical experiments
have indicated that Nb2N, Nb2O5 and NbNyOy oxynitride
phases may occur at the surfaces of the nitrogen-treated
materials, while however no major alterations of the bulk
material seem to occur as probed by X-ray diffraction [6].
In this context, X-ray absorption fine structure spectroscopy (EXAFS) is a valuable alternative and supplemental
method to investigate the structure of Nb-samples treated
with nitrogen at high temperatures. Due to its inherent
sensitivity to probe the atomic short range order structure
around the X-ray absorbing atom, it may reveal subtle
___________________________________________
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differences in the coordination environment of the Nb that
may not be detectable using other techniques.
The protocol for the Nb-cavities currently comprises
the following steps (see e.g. [2, 4]), i.e. a substantial electropolishing of up to 200 m material removal, a short
high pressure rinse with ultra-pure deionized water, a
buffered chemical polish and ethanol rinse prior to the
introduction of the Nb into a vacuum system with a base
pressure of better than 10-7 mbar. The heat treatment starts
with a slow heating to 800 °C, eventually even more, and
a dwell time of three hours to outgas any H2 dissolved in
the Nb primarily from the previous EP. The doping is
subsequently performed by introducing N2 at a level of ca.
25 mbar in the process chamber for 2 minutes, followed
by an additional annealing at 800 °C for six minutes under ultrahigh vacuum conditions. Thereafter, the samples
are cooled down to room temperature, and a light EP
(few m removal) is applied to remove possible niobium
nitrides on the surfaces.
Due to the limited penetration of X-rays through matter
in the order of some 10 m, the structure of real Nb cavities can hardly be investigated by transmission mode
EXAFS spectroscopy. Thus, in order to learn about the
structural changes in niobium induced by N-doping at
elevated temperatures, we have substantially simplified
the preparation processes, i.e. we have exposed polycrystalline, smooth thin Nb foils of suited thickness to a nitrogen atmosphere (pressure between 3x10-3 and
5x10+1 mbar) in a temperature range from 25 °C to ca.
900 °C, and probed the induced structural modifications
in-situ in a newly developed high temperature cell.

EXPERIMENTAL DETAILS
For the in-situ preparation, a dedicated vacuum chamber (base pressure < 10-7 mbar) featuring a small, oil-free
turbomolecular pump and a ceramic heating plate suited
for temperatures of up to 1200 °C was realized (see
Fig. 1). Heating rates of more than 500 °C/minute are
possible, while cooling takes much more time. The preparation chamber is entirely remote-controlled, lightweight
and sufficiently small to fit on a standard EXAFS beamline, enabling transmission as well as fluorescence mode
EXAFS experiments at elevated temperatures. Highpurity (5.0) N2-gas was fed in by a needle valve, and the
gas pressure was measured using a standard ultrahigh
vacuum gauge. Temperature measurements were performed using a thermocouple placed on the sample holder, resulting in a slightly larger temperature readouts
compared to the sample. More details of this chamber will
be published elsewhere [7].
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Fig. 2(a), with a slight decrease in the magnitude of the
Fourier-transform related to the first nearest neighbor. It is
important to distinguish such an effect from the N-doping
under investigation, and thus the samples were carefully
investigated prior to any N2-exposure.

Figure 1: Photography of the high-temperature cell
mounted on the diffractometer at DELTA beamline 8.
The entrance and exit windows of the samples are cooled
by pressurized air.
Processing, i.e. N doping of the Nb samples (foils of 6,
12 and 25 m thickness) included an annealing treatment
in vacuum for 1 h at 900 °C, and a subsequent exposure to
high-purity (5.0) N2-gas under a pressure range from
3x10-3 to 5x10+1 mbar for varying times. EXAFS data at
the Nb K-edge (18986 eV) were collected prior to any
heat treatment as well as during the different process steps
at elevated temperature, and during and after cooling to
room temperature under high vacuum.
The experiments presented here were performed at the
wiggler beamline 8 of the DELTA storage ring (Dortmund, Germany) [8] and the SuperXAS beamline at the
Swiss Light Source (Villigen, Switzerland) [9], employing Si(311)-monochromators and using gas-filled ionization chambers for the intensity measurements in the incident and transmitted beams. The energy scans covered a
range from ca. 220 eV below the edge up to 1600 eV
above the edge, resulting in a k-range of up to 20 Å-1. Up
to now, about 30 samples have been prepared and analyzed.
The EXAFS data analysis was performed using the
Demeter software [10]. The energy scale for each spectrum was calibrated using the absorption edge of a Nb
reference foil measured simultaneously with each of the
specimen. While a k-range of 2.6 Å-1  k 15.0 Å-1 was
used for the Fourier-transform (FT), the radial distribution
from 1.8 Å  R 3.2 Å was back-transformed into kspace and fitted with phases and amplitude functions
calculated in FEFF 8 [11] using the bcc Nb lattice (space
group Im-3m, no 229) with a lattice parameter of
3.3004 Å as a starting parameter. While the amplitude
reduction factor S0² and the inner potential shift E0 were
treated as global fit parameters, the distances R1 and R2 of
the first two Nb-Nb shells as well as the related mean
squared displacement 12 and 22 of those shells were
fitted separately. Fits were optimized using k1-, k2- and
k3-weighted fine structure data (k) simultaneously. Polycrystalline NbN and Nb2N reference samples were measured for comparison.

RESULTS AND DISCUSSION
The EXAFS of pristine Nb foils already alter with annealing in a vacuum of about 10-7 mbar, as can be seen in
Fundamental R&D - Nb
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Figure 2: (a) Magnitude of the Fourier-transform of the
k3-weighted EXAFS fine structure |FT((k)*k3)| after the
treatments as indicated, in comparison to the FT of a Nb
metal reference foil. All the presented data were recorded
at room temperature after cooling down from the reaction
temperature. (b) Exemplary fit to a sample treated by a
N2-exposure at 900°C under a pressure of 22 mbar for 20
minutes, modeled by a least-square fit using the single
scattering paths of the first two bcc Nb shells.
In general, after about 15 minutes heat-treatment in
vacuum, no additional changes were detectable in the
EXAFS data. However, after increasing the N2 pressure to
levels between 5x10-3 mbar up to 50 mbar, additional
distinct reductions of the EXAFS signals were found, that
can unambiguously be associated to the influence of the
supplied nitrogen gas. In all cases, a reduction of FTamplitude with no substantial change in shape may be
noted, and for all the different thicknesses of the Nb-foils
investigated. The quantitative EXAFS data evaluation
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shows that all the data sets can be well fitted using metallic Nb-Nb coordinations only (see Fig. 2(b)), suggesting
that no Nb-containing impurity phases were formed in
substantial amounts. From experiments on oxidized Nbfoils performed for comparison, the detection limit can be
estimated to less than one atomic %. Therefore, we can
give no evidence for the formation of substantial amounts
of Nb-nitrides as reported by previous studies in the past
(see, e.g. [5]).
By collecting data and fitting parameters for each treated sample at room temperature, within the errors we find
no significant structural changes for the annealed samples, i.e. the bcc structure of the pristine Nb-material is
entirely preserved after the N2-exposure at elevated temperature, in agreement with recent diffraction experiments
[6]. However, by increasing the N2 - exposure, the subtle
changes detected in the FT of the measured data (see Fig.
2(a)) lead to systematic changes of the derived short range
order parameters, as can be seen in Fig. 3, where the
evaluated Nb-Nb bond distances (R1 and R2) and the
related mean squared displacements (12 and 22) are
plotted as a function of the nitrogen exposure, i.e. the
product of the N2-pressure and the duration of the treatment at 900°C. It is important to note that this temperature is slightly larger than those of the optimized recipe
applied for N-doping niobium at Fermilab (e.g. [3, 4]).
However, due to the position of the thermocouple used
for temperature measurements here, the temperature of
the sample is systematically lower by more than about
50 C compared to the readout of the thermocouple. Thus
we are currently improving the temperature measurement
by the implementation of an IR-camera allowing also to
access the temperature distribution of the sample.
Since the temperature was constant for all measurements, the changes in mean squared displacements 12
and 22 can accordingly be directly attributed to an increase in the disorder in the coordination geometry of the
X-ray absorbing Nb atoms. For dilute nitrogen atmospheres we find 12 and 22 to increase with N2-exposure.
This trend eventually reaches a plateau and starts to decrease for samples treated at large N2-pressures of
50 mbar and prolonged heating for 1 hour or more. Intriguingly the Nb-Nb bond distances R1 and R2 stay almost
constant within measurement uncertainty on the full range
of more than 5 decades of N2-exposure, with only a very
slight increase of about 10-3 Å per decade (see the dashed
lines in Fig. 3). Such a linear increase of the bond length
with exposure is well compatible with diffusion limited
processes, i.e. diffusion of N-atoms in the Nb-matrix in
the present case. The increase in disorder combined with
slightly increasing bond distances may be explained by a
location of nitrogen atoms onto interstitial lattice sites,
leading to a small and only local deformation of the niobium bcc structure, which in average leads to the observed dependencies.
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Figure 3: Structure parameters for the first two Nb-Nb
shells, derived from least-square fits of the in-situ room
temperature EXAFS data from Nb foils treated at 900 °C
in N2, as a function of the N2-exposure, i.e. N2-pressure
times the duration of the treatment. (top) Bond distances
R1 and R2. The dashed lines show a slight increase of the
bond lengths with exposure. (bottom) mean squared displacements 12, and 22.

CONCLUSION
According to the presented EXAFS experiments, a heat
treatment of smooth, polycrystalline Nb foils in dilute N2atmospheres at elevated temperatures leads to an increasing disorder in the bcc Nb lattice, however with an almost
neglectable expansion with increasing exposure time, i.e.
the EXAFS method seems to be sensitive enough to detect the small structural changes induced by N-doping.
The possible formation of Nb-nitrides, could not be
proved on the basis of the EXAFS data measured and
analyzed so far, and any star-like features on the Nbsurface, that are characteristic for NbN/Nb2N formation,
could not be detected on the samples prepared here. Similarly, energy dispersive electron spectroscopy gave no
evidence for N-signals for samples treated under less than
an exposure of 100 mbar minutes.
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Obviously, N2 is adsorbed and diffuses into the bulk Nb
metal, where interstitial sites are randomly occupied in
increasing amounts. Since the solubility of N in niobium
is only small, with a value below 1 at. % at 900°C [12], it
is likely that above a certain concentration impurity phases may appear at grain boundaries with the polycrystalline
niobium. Future experiments using larger N2-exposures
are planned to elucidate this effect in more detail. First
time resolved experiments have already been conducted
to directly study the dynamics of the structural changes at
elevated temperatures, and better to compare with the
shorter exposure time used during N-doping of cavity
materials according to [2, 4]. Furthermore, it is planned to
investigate samples prepared by the established process
protocol for comparison. Last not least, doping experiments using inert gases such as argon and krypton are
currently under way [13].
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THE TECHNICAL STUDY OF NB3SN FILM DEPOSITION ON
COPPER BY HiPIMS
Li Xiao †, Xiangyang Lu, Datao Xie, Weiwei Tan, Yujia Yang, Liang Zhu
Peking University, Beijing, China
Abstract
Our work is mainly focused on the deposition methods
of Nb3Sn films on Cu substrates and film’s properties. The
superconducting transition temperature (Tc) of Nb3Sn film
is 12K. There are diffraction peaks of Nb3Sn in the X-ray
diffraction patterns in which without diffraction peaks of
copper compounds. Scanning electron microstructures of
Nb3Sn film reflect its nice compactness and binding force
between film and substrate.

INTRODUCTION
Niobium is extremely useful in superconducting radio
frequency (SRF) cavities because of its properties, so that
it is by far the material of choice for modern SRF accelerators, but now cavities are being produced that reach close
to the fundamental limits of this material. To continue to
increase the reach of particle accelerators for frontier scientific research and to open new industrial applications, for
accelerators, researchers are examining the potential of alternatives to niobium with superior SRF properties [1]. An
overview of the different materials being considered for
SRF applications is given in [2], but one especially promising material is Nb3Sn. It offers both a large critical temperature (Tc as high as 18 K) and large predicted Hsh, both
of which are approximately twice those of niobium[3,4]
And to avoid that the poor thermal conductivity of Nb3Sn
causes the cavity to quench, we choose Oxygen free copper
substrate which has higher thermal conductivity. At the
same time, the cost of copper is lower. So it is significant
in the SRF accelerator filed to deposit Nb3Sn film on Cu
substrate. Programs to produce Nb3Sn coatings by methods have made continuing progress throughout the current
decade, such as multilayer sputtering, vapor diffusion,
chemical vapor deposition, liquid tin dipping, mechanical
plating, electron beam co-evaporation, bronze processing,
and electrodeposition [5– 15]. Compared with all the other
deposition methods of Nb3Sn films, multilayer sputtering
can increase the diffusion efficiency of the atoms in the
process of annealing so it is easy to form Nb3Sn film.

EXPERIMENT
High Power Impulse Magnetron sputtering (HiPIMS)
method and vacuum annealing technology were used to deposit the Nb-Sn multi-layer on copper substrate in this paper. After that, we analyze the thin films by such as Magnetic Property Measurement System (MPMS) , X-ray diffraction (XRD) and high resolution field emission scanning electron microscopy (SEM), and continuously explore the preparation process and conditions of Nb3Sn film
based on copper substrate.

Films Preparation and Heat Treatment
At first, we deal with the copper substrate to get Smooth
and clean surface. We polish copper substrate with 1200#,
2000#, 3000# sandpaper. After Electrochemical Polishing,
we use ultrasonic to clean it for more than 10 mins, and dry
it by nitrogen, then installed it on the substrate holder in
vacuum chamber of HiPIMS device. HiPIMS device like
Fig. 1 was used to deposit precursor film which included
niobium and tin. The targets of Nb and Sn are detached,
they deposit the film at the same time.

Figure 1: Schematic diagram of the principle of magnetron
sputtering.
The base pressure of the chamber is 1 × 10 Pa. The
working air pressure maintains at 0.5Pa. Pulse Width is
200μs，frequency of operation is 60Hz.The parameters of
coating procedure are listed in Table 1.In order to avoid the
reaction between copper and tin, and importing unnecessary impurities, we decide to deposit Nb on the copper substrate at first as the isolating layer [16]. After that, Nb and
Sn deposit on the substrate.
Table 1: The Parameters of Coating Procedure
Project
Electric
Voltage
Frequency
current
/V
/Hz
/A
Nb
120
590
60
Sn
10
590
20
Then the precursor was put in the vacuum tube furnace
whose air pressure is 1 × 10 Pa, The highest temperature
is 650 ℃, which lead to the formation of Nb3Sn crystal.
Next, the furnace cooled down naturally.

RESULTS AND DISCUSSION
The Tc of Nb3Sn film is around 12 K which measured
by MPMS, image is given in Fig.2. This proves that thin
films have superconducting properties, but it can be further
improved by optimizing preparation process.
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We adopted HiPIMS device to prepare the Nb3Sn film
whose substrate is copper. After annealing, Tc of Nb3Sn
film achieved 12 K, and there are enhanced diffraction
peaks of Nb3Sn in the X-ray diffraction patterns .It means
that Nb3Sn crystal has been generated . So the experiment
demonstrates the feasibility that Nb3Sn can be deposited
on the copper by HiPIMS device. By further improving the
content and cleanliness of Nb3Sn films on copper substrate
is in progress.
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PULSE LASER ANNEALING OF NIOBIUM FILM ON
COPPER FOR SRF CAVITIES
Yujia Yang†, Xiangyang Lu, Datao, Xie, Weiwei Tan, Li Xiao, Liang Zhu,
Peking University, Beijing, China
Abstract
Thin film cavities were proposed as the most promising
next generation superconducting cavities. The challenges
are improving the surface superconducting performance
and reducing defects of the coating film, which can be
greatly solved by laser annealing. Laser annealing system
has been set up in Peking University, and experiments with
niobium thin film sample have been carried out. Superconducting performance and other properties of Nb/Cu samples before and after annealing were compared. Recrystallization happened and surface structure improved a lot according to the results.

(a)

INTRODUCTION
The niobium sputter-coated accelerating cavities have
advantages of low surface loss, better thermal conductivity,
better mechanical stability, and lower cost over bulk Nb
cavities [1].
The quality of the niobium thin film is limited by substrate processing [2], impurities, grain structure, surface
defects, film-substrate bonding force [3] and etc., which
leads to the Q-slope of thin film cavities under high accelerating gradient electric field. Generally, the grain structure
of the niobium films deposited on copper prepared by magnetron sputtering is of columnar crystal structure with
voids, and the grain size is about tens to hundreds of nanometres (Fig. 1). Excessive grain boundaries and voids per
unit area will increase the surface resistance [4]. It is one
of the main factors limiting the superconducting radio frequency performance of the film cavities.
During the sputtering process, we can reduce impurities
by improving vacuum conditions, using high-purity target
material and working gases. In addition, according to the
extended SVD (structure zone diagram) model proposed
by Andre Anders [5], we can increase the energy of sputtering particles and the substrate temperature to grow larger
grains and better compactness Nb films on copper. However, on the one hand, during manufacturing process, setup
and operation, the gas impurities adsorbed by the film cavities and the local surface defects generated may also affect
its superconducting properties, causing local quenching,
etc. on the other hand, due to the melting point of copper
(1084℃), we are unable to increase the growth temperature
and annealing temperature of copper-based films beyond
the melting point of copper.
In order to solve these challenges, we have studied the
post-treatment of Nb/Cu samples by laser annealing, aimed
at reducing surface defects and gas impurities, improving
films morphology and finally improving superconducting
RF performance by re-melting niobium films.

(b)
Figure 1: The SEM (a) and FIB (b) results of Nb/Cu samples deposited by dcMS [6]. It can be observed that (a) the
grain size of niobium film is about several tens of nanometres, and (b) it has a network structure from the cross-section appearance and there are many voids and dislocations
inside.

LASER ANNEALING SYSTEM SET UP
Sketch Diagram of Laser Annealing System
Laser annealing uses short pulsed laser to interact with
metal, and the heat deposition generated will be concentrated only in the range of film thickness (~μm), forming a
local thermal field. When the laser reaches a certain energy
density (or the surface temperature rises beyond Nb melting point), the Nb film will melt gradually without the copper substrate affected. To carry out more experiments, we
set up the laser annealing system in Peking University. The
layout diagram of this system is shown in Fig. 2. The Nd:
YAG laser is used and the pulse width is about 6ns. The
energy of laser pulse is adjustable in the range of
100~370 mJ. The scanning system consists of a scanner
and a PC terminal, with adjustable scanning area, scanning
speed and scanning path. Annealing takes place in a vacuum chamber up to 10 Pa.

___________________________________________
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Figure 2: Sketch diagram of laser annealing system. It consists of Nd: YAG laser, scanning system, vacuum chamber
and sample room.

Proper Annealing Parameters
According to the heat conduction equations and our experimental results, the melting phenomenon of niobium
film (thickness ~1 μm) can only be observed when a single pulse laser energy is beyond 150 mJ. The surface appearance of annealed samples is strongly dependent on the
adhesion force of the thin films. It was found in the experiment results that with the same annealing condition, the
samples with poor bonding force delaminated more easily
and required higher uniformity of laser scanning. It will be
explained in detail in the experiments results below. In order to obtain better copper-based Nb films, it is required
that films have better binding force, and the laser scanning
path is reasonably set to make the energy deposition more
uniform. The intensity distribution of our laser spot is
shown in Fig. 3, and the laser repetition frequency is 3 Hz.
In order to obtain a more uniform scanning area, we set the
scanning speed to 3 mm/s and the path spacing to 0.5 mm,
as shown in Fig. 4.

Figure 3: The intensity distribution of single laser pulse.
We intend to improve the uniformity of energy deposition
by optimizing the scanning path set. The spot diameter is
about 6 mm.
When the laser pulse energy distribution is not uniform,
reducing the path interval will make the energy deposition
more uniform, but too small interval will increase the unit
energy deposition. For Nb films with poor bonding force,
the thermal resistance at the interface is larger, which may
cause Nb/Cu spall by excessive energy deposition.
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(a)
(b)
Figure 4: Simulation of the effect of scanning path setting
on laser energy deposition. The scanning area is 10
10 mm (but because of divergence angle the actual annealed area is larger), the laser frequency is 3 Hz, the scanning speed is 3 mm/s, and the path interval is (a) 1 mm and
(b) 0.5 mm.

RESULTS AND DISCUSSION
Exfoliation of Nb/Cu Film After Laser Annealing
The Nb/Cu samples of smooth surface we used were all
deposited by dcMS. Figure 5 shows the annealing results
with the same scanning parameters but different laser pulse
energies. For the samples with weak film-substrate binding
force, which can be observed the exfoliation of the edge
and the sheared edge. After annealing with slightly lower
laser energy (such as Fig. 5(b) laser energy is
200 mJ/pulse), the laser would leave clear scanning traces.
If the laser energy is increased (Fig. 5(c) laser energy is
Annealed
area
(a)
unannealed
area

Annealed
area and
footprint
of laser

(b)

Annealed
area and
exfoliation

(c)

Figure 5: Effect of Nb/Cu binding force on laser annealing. (a) has the best binding force of these three samples.
Scanning parameters are the same, and the laser energies
are respectively (a) 352 mJ/pulse, (b) 200 mJ/pulse, (c)
300 mJ/pulse. After annealing, (a) a bright surface was obtained, while (b) and (c) both showed severe exfoliation.
THP009
849

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

SRF2019, Dresden, Germany

Direction of scanning

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP009

300 mJ/pulse), the surface will be severely etched, even exposing the whole copper substrate.
In addition, we also carried out annealing experiments
on Nb/Si samples (Fig. 6). And severe delamination occurred at low energy density (179 mJ/pulse). Compared
with Nb/Cu films, the thermal conductivity of silicon substrate is much lower and the adhesion of Nb coating is
weaker. Besides, the weak adhesion leads to the high interfacial thermal resistance 𝑅 / . The extra 𝑅 / is generated because of the interfacial gap, oxide and carbon impurities. It is speculated that the presence of interfacial
thermal resistance leads to excessive heat deposition on the
interface, and finally local temperature rise leads to the
evaporation of Nb. Laser annealing may also be used as a
method to measure the adhesion of films.

(a)

Annealed
area and
heavy delamination

(b)

Figure 6: A result of Nb/Si annealing. The bonding force is
weaker than Nb/Cu samples. Laser energy used was
179 mJ/pulse, and severe delamination occurred on the surface.

Reduction of Surface Defects

(c)

After annealing, the surface often becomes brighter
(Fig. 5(a)) and it can be observed that a significant reduction in holes and pits by metallomicroscope (Fig. 7). Increasing laser energy and annealing times can make the defects disappear gradually.
Annealed
area

Unannealed
area

Figure 8: (a) The grain boundary is very clear without annealing in the SEM images. Annealing energy is
270 mJ/pulse, annealing times respectively are (b) 10 times
and (c) 20 times. The grain boundary gradually disappeared and re-melting occurred.

CONCLUSION
20μm

Figure 7: Metallomicroscope image of annealed Nb/Cu
film. Laser energy used is 370 mJ/pulse. The defects are
obviously reduced after annealing.

Grains Re-Melting
The melting process was observed by increasing the annealing times (Fig. 8). Since the laser pulse width is only
6ns and the repetition frequency is low (3 Hz), better annealing effect can be obtained by increasing the annealing
times.
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The laser annealing experiments of Nb/Cu film in Peking
University are reported. The laser pulse energy range for
annealing is 100~370 mJ, and the scanning path is adjustable. Due to the nonuniformity of our laser spot, it is necessary to reduce the path interval to obtain uniform energy
deposition for the surface. The adhesion of Nb coating is
an important factor affecting the quality of laser annealing.
Samples with poor film adhesion may be exfoliated before
the uniform melting of niobium film. For samples with better adhesion, the annealing quality can be improved by increasing unit energy deposition (such as increasing laser
energy density, annealing times, etc.). Further experiments
including superconducting performance tests are carrying
out too.
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THE MECHANISM OF ELECTROPOLISHING OF NIOBIUM FROM
CHOLINE CHLORIDE-BASED DEEP EUTECTIC SOLVENTS *
Qingwei Chu†, Andong Wu, Shichun Huang, Zhiming You, Hao Guo
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, P. R. China
Abstract
The mechanism of electropolishing of niobium (Nb)
from choline chloride-based deep eutectic solvent (DES)
was studied by anodic polarization tests and
electrochemical impedance spectroscopy (EIS) using a Nb
rotating disk electrode (RDE). Based on the results of an
anodic polarisation test, the electropolishing of Nb is mass
transport controlled. EIS results are consistent with the
compact salt film mechanism for niobium electropolishing
in this electrolyte. The influence of rotation rate, applied
potential and electrolyte temperature on the
electropolishing mechanism of Nb was investigated. As the
applied potential positively shift, Rct, Rp and L increase,
CPE decrease and Rs unchanged. The increase in rotation
rate and electrolyte temperature leads to a decrease of Rs,
Rct, Rp and L, and an increase of CPE.

INTRODUCTIONS
The inner surface state of niobium cavity is thought to
be one of the crucial factors in determining the
performance of SRF cavity (unloaded quality factor and
the maximum accelerating field). In recent years,
electropolishing (EP) and buffered chemical polishing
(BCP) are gradually becoming the chief means for SRF
cavity treatments processes to eliminate the unevenness of
the material's surface and to achieve possibly the highest
surface smoothening effect. During the standard EP
process, the electrolyte used for cleaning Nb surface is
composed of HF and H2SO4 in a volume ratio of 1:9. BCP
solution is an acid mixture of H4PO3, HF and HNO3 by
volume ratio of 1:1:1 or 2:1:1. EP and BCP have been
widely used to remove the damaged layer and provide a
superior surface finish, but BCP treatment normally
produces an enhanced etching rate at grain boundaries and
defect locations leading to a relatively rough Nb surface
comparing with EP. However, these processes are not ideal
due to the risk of personnel safety and the performance
inconsistency of SRF cavities. The mixed acid solution has
huge potential hazards for operating personnel and
environment. Differ from other acids, HF can readily
penetrate the skin, resulting in destruction of deep tissues
layer, including bones. If HF is not rapidly neutralized and
F- bound, tissues destruction may continue for days and
often results in limb loss or death. Due to the hazard of HF,
HF-free electrolyte for the electropolishing of Nb is an
important research direction. As an alternative, some nonaqueous solvents, for example, ionic liquid, provide an
alternative to replace hazardous acidic mixtures to try to
overcome some drawbacks of the conventional EP and
BCP mentioned above.
___________________________________________
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Ionic liquids have been utilised for a long time due to its
particular features such as wide potential windows, thermal
stability, high solubility of metal salts, high electrical
conductivity, environmental safety and the opportunity for
repeated usage. Abbott and co-workers introduced a
relatively new class of ionic liquid, deep eutectic solvent
(DES), based on eutectic mixtures of choline chloride
(ChCl) with a hydrogen bond donor species [1]. DES, in
particular, offers relatively low cost and low environmental
impact. Some researchers have used DES for a range of
metal finishing processes, including electropolishing of
steel, Ni, Cu, Al and some biomedical alloys. However, to
date, there are few studies on the electropolishing of Nb
from DES. Tarek M. Abdel-Fattah et al. [2] used VB4 ionic
liquid to smooth Nb samples. The authors believed that
ionic liquid was a viable replacement for acid-based
methods for preparation of SRF cavities. V. Pastushenko
et. al. [3] used Choline Chloride with Urea and different
additives to polish Nb samples and cavities. It was found
that mirror-like surfaces could be obtained at temperature
higher than 120 °C, with high throwing power. However,
the electropolishing mechanism of Nb from ionic liquid is
unknown. It is critical to make clear of electropolishing
mechanism for the optimization of electrolyte formulation
and of operating parameters.
Nb was electropolished from a 1:2 ChCl-based ionic
liquid in the present study. The aim of this work is to
understand the electropolishing mechanism of Nb in more
details by anodic polarization studies and electrochemical
impedance spectroscopy (EIS) using a Nb RDE.

EXPERIMENTAL DETAILS
Choline chloride (ChCl) [HOC2H4N(CH3)3Cl, AR ,
≥99.0%], urea [CON2H4, AR, ≥99.0%] and ammonium
fluoride (AF) [NH4F, AR, ≥99.0%] were used as obtained.
The ChCl-based ionic liquid was formed by stirring the
mixture of the two components in a mol ratio of 1ChCl:
2urea in a beaker at 80 °C until a homogeneous, colorless
liquid formed. Then NH4F was added to the mixture with
gentle stirring to give a final ratio of 1ChCl: 2urea: 1AF.
Anodic polarization test and electrochemical impedance
spectroscopy (EIS) were performed through an autolab
PGSTAT302N electrochemical workstation with a threeelectrode system. A pure Nb wire of 2 mm diameter was
used as a RDE (working electrode). The wire was inserted
into a Teflon holder exposing only the cross section as disc
with a surface area of 0.0314 cm2. An Al plate (10 mm×10
mm) was used as the counter electrode (CE) and an
Ag/AgCl electrode as reference electrode (RE). Before
each set of experiment, the electrodes were cleaned in an
ultrasonic acetone bath, rinsed with distilled water and
dried. The anodic polarisation curve of Nb RDE was
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measured by scanning a potential range from −1 V to 9.0
V (vs. Ag/AgCl) with a scan rate of 0.1 V/s.
Electrochemical
impedance
spectroscopy
(EIS)
measurements were carried out by scanning a frequency
range from 50 kHz to 1 Hz.

absolute temperature.The diffusion limiting current density
can be described as Eq. (2)
iL = nFDCδ-1 (2)
where n is the number of electrons transferred, F is Faraday
constant, D is diffusion coefficient of dissolving species, C
is the concentration of the electroactive species, δ is the
thickness of the anodic diffusion layer. Combining Eq.(1)
and (2):
iL = nFD0Cδ-1 exp(-Ea/RT) (3)
Following Eq.(3), increase of the temperature can
result in an increase of the current density.
The Levich equation can reveal the diffusion and
solution flow conditions around an RDE. Following the
Levich behaviour conditions at RDE, the limiting current
density can be calculated using Eq. (4)
iL = 0.62nFD 2/3ν−1/6ω1/2C (4)
where ν is kinematic viscosity, ω is the electrode rotation
rate.

Figure 1: Anodic polarization curves of Nb RDE in DES at
various rotation rates at temperatures of 60 oC (a) and 80
oC (b).

Figure 2: The limiting current density of Nb disk electrode
plotted as a function of the square root of rotation rates.

RESULTS AND DISCUSSION
Anodic polarization tests of Nb RDE were used to
investigate electrode reaction kinetics of electropolishing
in ChCl-based DES in a range of rotation rate (100-2000
rpm) at different temperatures (Fig. 1). A well-defined and
wide potential range of limiting current density plateau
(ranging from 3 V to 9 V) is exhibited in all the polarization
curves. In this plateau range the current density is
insensitive to the applied voltage which suggests a mass
transport limited dissolution. The limiting current density
increases with an increase in rotation rates, which is in
accordance with a diffusion-controlled mechanism. High
rotation rates can thin the thickness of the diffusion layer
on Nb RDE surface and shorter the diffusion path length.
Compared with low temperature, the limiting current
density is higher and less well defined with increasing
electrolyte temperature (Fig.1b). The temperature effect is
explained by the diffusion coefficient of dissolving species
in the electropolishing bath, see Eq. (1)
D=D0 exp(-Ea/RT) (1)
Where D0 is the exponential pre-factor, Ea is the activation
energy, R 8.314 J mol-1 K-1 is the gas constant and T is the
Fundamental R&D - Nb
material studies

The limiting current density taken from the current
plateau at a potential of 5 V is plotted as a function of the
square root of RDE rotation rates. The limiting current
density approximately linearly increases and nonzero
intercept with increase in ω1/2 at all temperatures studied as
shown in Fig. 2. The linearly change follows Levich
equation indicating a mass transport controlled process.
The nonzero intercept may be due to the presence of
electrode kinetic mechanism. The slope of curves
dramatically increases with electrolyte temperature.
The relationships between current density and process
temperature can be described by Arrhenius plot (Eq. 5-6)
(see Ref. [4]).
iL = k0 exp(-Ea/RT) ω1/2 (5)
ln iL = -Ea/RT + ln(k0ω1/2) (6)
with constant and independent of temperature k0, gas
constant R 8.314 J mol-1 K-1 and activation energy Ea.
Figure 3 shows Arrhenius plot of the limiting current
density as a function of the inverse of temperature with
different rotation rates. The activation energy of the
process deducing from the slope of the curves was
approximate 48.5 kJ mol-1.

THP010
853

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

Figure 3: Arrhenius plot of the limiting current density at
different rotation rate and temperature.
In order to investigate the mechanism of electropolishing,
a series of EIS measurements was made at different
electropolishing conditions namely, changing applied
potential, rotation rate and electrolyte temperature
(Figs. 4-6). Nyquist plots were measured at the applied
potential 3-9 V at 70 oC within the limiting current plateau.
The similar EIS curves have been also obtained at 50 oC,
60 oC and 80 oC. From Fig. 4, the diameter of the highfrequency semicircle arc increases with increasing applied
potential. Additionally it is not a perfect semicircle in the
high frequency regime which may be due to the nonuniform current-distribution effects on the surface of Nb
RDE. The high frequency limit on the left intercept to the
real axis represents the ohmic resistance (Ro) from
reference to dissolving metal electrodes which is relatively
insensitive to potential. In Fig. 5, the curves reveal that the
diameter of the high-frequency semicircle decreases with
increasing in rotation speed while there is almost no change
on the left intercept (Ro). It is accorded with a salt film
model that increasing rotation rate enhances ion transport
in the electrolyte leading to thinner films and faster films
dissolution rate [5]. The effect of temperature is reported
in Fig. 6. A decrease in electrolyte temperature leads to an
increase in diameter of the high-frequency loop due to
decreasing electrolyte conductivity. All the Nyquist plots
show a high frequency capacitive loop and a low frequency
inductive loop. These results will be discussed in the next
section.

Figure 4: Nyquist plot of Nb RDE obtained at 3-9 V in
stationary ionic liquid at 70 oC.
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Figure 5: Nyquist plot of Nb RDE obtained at 7 V in ionic
liquid at 70 oC. The rotation rate was 0, 100, 300 and
500 rpm.

Figure 6: Nyquist plot of Nb RDE obtained at 7 V at
different temperature. The rotation rate was 0 rpm.
It is critical to make clear of mass transport mechanisms
in electropolishing systems for the optimization of
electrolyte formulation and of operating parameters.
Different mechanisms of electropolishing namely, the
duplex salt-film model which has a duplex structure
composed of an inner compact layer and an outer porous
layer, and an adsorbate-acceptor model which looks at the
role of adsorbed metallic species and the transport of the
acceptor which solubilises them can be observed in the
impedance spectra [6]. The existence of a salt film can be
indicated by any of the following three responses: (i) the
solution resistance Rs, varies with applied potential or
rotation speed; (ii) the interface capacitance Cdl, changes
with applied potential or rotation speed and (iii) the
polarization resistance Rp, varies with applied potential [7].
The electrical circuit of the impedance makes deep
analysis of Nyquist plot given in Fig. 7, in which a constant
phase element CPE (Q) connects in parallel with charge
transfer resistance Rct and inductance resistance RL, and
RL connects in series with the inductor L. An ideal doublelayer capacitance Cdl is replaced by CPE (Q), and then the
EIS results of the practical electrodes can be fitted more
agreeably. By fitting impedance curves (Figs. 4-6), the
values for variation of the impendence parameters as a
function of the applied voltage, rotation rate and
temperature can be obtained and are presented in
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Figure 7: Equivalent circuit model for the impedance data.
Tables 1-3, respectively. The measured solution resistance
Rs is roughly unchanged, independent of the applied
potential, and Rs decreases as rotation rate and temperature
increase. It is noticed that with the applied potential shift
negatively, and rotation rate and temperature increase, the
charge transition resistance Rct decreases, which indicates
the increase in the kinetics of the charge transfer reaction
at the metal/oxide film interface and the capacitance of the
film used to calculate the thickness of film decreases which
conforms to the compact salt film model [8]. The high
frequency capacitive loop is associated with a charge

transfer process and may be attributed to the presence of a
protective salt film covering the surface of niobium. The
low frequency inductive loop may be related to the
relaxation process obtained by adsorption and
incorporation of F- ions on and into the salt film. With the
potential decreases, and the rotation rate and temperature
increase, the soluble products are more easily removed and
increased mass transport furnishes larger quantities of Fion to the electrode surface which can lead to the decrease
of L and RL.
When an inductive loop is present, the polarization
resistance Rp can be calculated from,
Rp = (RL × Rct) / (RL + Rct)
The polarization resistance Rp increases with the applied
potential. The phenomenon indicates that a layer on the
electrode surface thickens to compensate the potential drop
along the limiting current plateau [5]. With increasing
rotation rate and electrolyte temperature, Rp decrease. All
the observations can suggest the existence of a compact salt
film.

Table 1: Numerical Results for the Impendence Parameters as a Function of Applied Potential, from the Curves in Fig. 4
E (V) VS
Ag/AgCl
3
5
7
9

Rs
(Ω•cm2)
15.6
14.2
16.4
14.6

Rct
(Ω•cm2)
194.8
239.6
317.2
418.4

RL
(Ω•cm2)
343.2
373.8
463.9
471.4

CPE-T
(Sn.ohm-1/cm2)
16.7×10-6
7.2×10-6
6.1×10-6
6.1×10-6

CPE-P
0.77
0.81
0.81
0.78

L
(H•cm2)
3.9
4.6
5.9
6.9

Rp
(Ω•cm2)
124.3
146.0
188.4
221.7

Table 2: Numerical Results for the Impendence Parameters as a Function of Rotation Speed, from the Curves in Fig. 5
Rct
RL
CPE-T
CPE-P
L
Rp
Rotation Speed
Rs
2
2
2
-1
2
2
(Ω•cm )
(Ω•cm )
(Ω•cm )
(Sn.ohm /cm )
(H•cm )
(Ω•cm2)
(rpm/s)
0
16.4
317.2
463.9
6.1×10-6
0.81
5.9
188.4
100

11.2

161.2

300

9.1

99.8

500

7.7

98.3

229.4

5.0×10-6

0.83

0.62

94.7

144.9

8.2×10-6

0.80

0.14

59.1

116.9

15.0×10-6

0.74

0.067

53.4

Table 3: Numerical Results for the Impendence Parameters as a Function of Electrolyte Temperature, from the curves in
Fig. 6
Rs
Rct
RL
CPE-T
CPE-P
L
Rp
Temp.
(Ω•cm2)
(Ω•cm2)
(Ω•cm2)
(Sn.ohm-1/cm2)
(H•cm2)
(Ω•cm2)
(oC)
50
27.4
690.4
914.3
3.3×10-6
0.87
19.9
393.3
60

20.3

429.8

579.1

5.9×10-6

0.81

7.3

246.7

70

16.4

317.2

463.9

6.1×10-6

0.81

5.9

188.4

80

11.4

176.4

273.5

6.2×10-6

0.84

1.7

107.2
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CONCLUSIONS
In the present study, the electropolishing behavior of Nb
from ChCl-based ionic liquid was examined. From the
results obtained the following conclusions can be drawn.
1) The electropolishing of Nb is diffusion limited mass
transport controlled.
2) EIS results are consistent with the compact salt film
mechanism.
3) EIS quantitative study using RDE allowed to identify
the effect of electropolishing parameters. As the
applied potential positively shift, Rct, Rp and L
increase, CPE decrease and Rs unchanged. The
increase in rotation rate and electrolyte temperature
leads to a decrease of Rs, Rct, Rp and L, and an increase
of CPE.
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M. Alekseev, I. Abdyukhanov, V. Drobyshev, M. Kravtsova, M. Krylova, P. Lykianov, K. Mareev,
V. Pantsyrny, M. Polikarpova, M. Potapenko, A. Silaev, A. Tsapleva,
SC A A Bochvar High-Technology Research Institute of Inorganic Materials, Moscow, Russia
M. Shlyakhov1, S. Zernov1, JSC - TVEL, Moscow, Russia
Abstract
The melting regimes of the niobium ingots with high
chemical purity and low hardness for the Nb3Sn, NbTi and
other superconducting materials manufacture have been
developed at SC “VNIINM”. Using this niobium material
and by the SC “VNIINM” manufacture regimes at the SC
“Chepetsky Mechanical Plant” 220 tons of Nb3Sn and
NbTi strands for ITER and 12 km of Nb3Sn strands for HLLHC (CERN) with the required characteristics have been
successfully produced. The review of the characteristics of
the different semiproducts (sheets, tubes, rods), made in
Russia from the special grade niobium, and of the
superconducting strands, manufactured with the use of
them, is presented in the paper. The ways of the further
improvement of the niobium ingots melting regimes and
niobium sheets deformation and annealing regimes with
the target of achieving RRR > 300 for the SRF cavities
application are discussed.

INTRODUCTION
High chemical purity and low hardness niobium is
required to fabricate long-length Nb3Sn and NbTi
superconducting strands with high current-carrying
capacity [1,2]. Total reduction of niobium (µ) during
manufacturing process from the initial ingot to the filament
in the final diameter strand can reach 1.2·1010 [1]. High
chemical purity niobium is also used to fabricate SRF
cavities but it is necessary to reach high RRR values (more
than 300 as a rule). Niobium sheets for SRF cavities also
should comply to high requirements concerning
microstructure, surface quality, mechanical properties, etc.
At present there are many ongoing and finished projects
connected with construction of the facilties using SRF
cavities (FCC, CEPC, ILC, etc). For this reason the
development of the technology of niobium sheets
production for SRF cavities is very promising and actual
problem.

HIGH PURITY NIOBIUM INGOTS
SC “VNIINM” has developed the technology of high
chemical purity niobium ingots melting with Brinell
hardness less than 50. These ingots are specially intended
for the production of Nb3Sn and NbTi superconducting
strands with high current-carrying capacity. These ingots
production technology includes an aluminothermic
recovery of niobium pentoxide and multiple electron-beam
melting. The cross-section of typical structure of electronbeam melted Nb ingot is shown in Figure 1.
Fundamental R&D - Nb
material studies

Figure 1: Cross-section structure of electron-beam melted
Nb ingot 250 mm in diameter.
These ingots were used to produce 100 tons of Nb3Sn
and 120 tons of NbTi strands for ITER [3], 12 km of Nb3Sn
for HL-LHC and also for other projects.

PROPERTIES OF NIOBIUM
SEMIPRODUCTS AND
SUPERCONDUCTORS MADE OF THEM
The main semiproducts of niobium for superconductors
production are rods to form superconducting filaments and
sheets (or tubes) to form diffusion barriers. SC “VNIINM”
has extensive experience in production regimes
development and fabrication of these semiproducts in
particular at SC “Chepetsky Mechanical Plant” (SC
“CMP”). Hot extrusion, forging, drawing (rods), rolling
(sheets and tubes), intermediate and final recrystallization
annealing are generally used for niobium semiproducts
manufacture.
In Table 1 the characteristics of niobium semiproducts
manufactured for various projects (ITER, HL-LHC and
others) are reviewed.
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Table 1: Nb Semiproducts Characteristics
Project
(customer)

Foreign
customer

ITER

Parameter

Rods

Rods

Dimensions, mm

RRR
Surface
roughness
Ra, m
Tensile
strength
в, MPa
Yield
strength
0.2, MPa
Elongation
, %
Hardness,
HV
Average
grain size,
m
Structure
state

HL-LHC

-

Rods

Tubes

Sheets

Across
flats distance
2.48 mm
(hexagon)

Outer
diameter
102.5
Thickmm/
ness 3.5
inner
mm
diameter
92 mm

-

-

-

106

Across
flats
distance
6.3
mm
(hexagon)
-

≤0.635

-

-

-

-

191.8
±1.7

-

-

-

-

59.4
±0.4

-

-

-

-

42±2.5

-

-

-

-

70.5
±0.9

˂60

64÷79

48

50÷65

20±4

23÷36 42÷54

27

59±8

Recrystallized

Recrystallized

Diameter
7.4
mm

Recrys- Recrys- Recrystallized tallized tallized

Typical microstructure of longitudinal section of
niobium rods and sheets after recrystallization annealing
are shown in Figures 2 and 3.

Figure 3: Microstructure of the Nb sheet with 3.5 mm
thickness after recrystallization annealing, longitudinal
section, х50.
Niobium semiproducts mentioned above were used to
fabricate long-length superconducting Nb3Sn and NbTi
strands for ITER project and also Nb3Sn strands for HLLHC project. These Nb semiproducts and superconducting
strands were manufactured at SC “CMP” industrial facilities using layouts and technologies developed at SC “VNIINM”. These superconducting strands completely meet requirements (Table 2). The microstructure of Nb3Sn strands
cross-section for ITER and HL-LHC and grain structure of
superconducting phase after the reaction heat treatment are
presented in Figure 4.
Table 2: Requirements for the Nb3Sn Strands for ITER and
HL-LHC
Parameter

ITER

HL-LHC

Diameter, mm

0.82±0.005 1.00±0.003

Cu/nonCu

1.0±0.1

Twist direction

Right hand Right hand

Twist pitch length, mm

15±2

14±2

Critical current, А / Critical current density, А/mm2
(4.22 K, 12 T)

>190/
>720

>875/
>2450

n index

>20

>20

>100

>150

<500

-

-

≤120

RRR
Hysteresis loss,

mJ/cm3,

±3T

Effective filament diameter,
m, ± 3 T

1.2±0.2

Figure 2: Microstructure of the Nb rod 7.4 mm in diameter
after recrystallization annealing, longitudinal section, х100
[2].
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CONCLUSION
SC “VNIINM” has a wide experience in development of
melting regimes for high purity and low hardness niobium
and also semiproducts production regimes. SC “CMP” has
a many years experience in niobium ingots and
semiproducts production for Nb3Sn и NbTi
superconducting strands for various projects.
Fabrication of SRF grade niobium sheets which meet all
set of requirements is complex target. It includes works in
following research directions: initial materials purity
improvement, plastic deformation regimes optimization
and also regimes of the recrystallization annealing and
niobium sheets surface treatment should be optimized.
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Figure 4: Microstructure of the Nb3Sn strands cross-section
for ITER (a) and HL-LHC (b) and superconducting phase
grain structure after reaction heat treatment.

MANUFACTURE REGIMES
DEVELOPMENT OF NIOBIUM SHEETS
FOR SRF CAVITIES
It is well known that SRF cavities are manufactured of
special grade niobium sheet material with high RRR
values. RRR parameter indirectly define the chemical
purity of the material and quality of its internal structure
which are affecting on superconducting properties.
According to the present requirements for SRF cavities
niobium sheets RRR should be not less than 300.
At present SC “VNIINM” in collaboration with SC
“CMP” have started R&D with the target to develop
manufacture regimes of niobium sheets for SRF cavities
with RRR > 300. The main targets to fabricate material that
meets requirements, taking into account production
equipment available at SC “CMP”, were defined:
-use of ultra pure niobium pentoxide (with extremely
low impurities content, especially Ta, W, Mo) as initial
material;
-development of the recovery and electron-beam melting
regimes;
-sheets deformation regimes optimization in order to
increase of the total strain for the homogeneous fine grain
microstructure formation after recrystallization and also to
obtain sheet surface with high purity and low roughness;
-optimization of the final recrystallization annealing
regimes to form homogeneous fine grain microstructure
and searching of the optimal gettering material in order to
avoid niobium contamination during the heat treatment that
can lead to RRR decrease.
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PURITY NIOBIUM AFTER COLD WORK AND HEAT TREATMENT WITH
THE HL-LHC CRAB CAVITIES AS BENCHMARK*
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M. Benke, A. Hlavács, G.J. Krallics, V. Mertinger, A.B. Palotas, M. Sepsi, G. Szabó, M. Szűcs,
Faculty of Materials Science and Engineering, University of Miskolc, Miskolc, Hungary
Abstract
The High Luminosity Large Hadron Collider (HL-LHC)
is the upgrade of the world’s largest particle collider; it will
allow the full exploitation of the LHC potential and its operation beyond 2025. An essential part of the HL-LHC project are the Crab Cavities, that are particle deflecting SRF
cavities of non-axisymmetric shape made of bulk ultrahigh purity Nb. Since the cavities are produced by complex
metal sheet forming processes, followed by a heat treatment (HT) for H outgassing (650 °C, 24 h), there is uncertainty on their mechanical properties after manufacturing
and in service conditions (2 K). Mechanical tests at room
temperature have been conducted on RRR300 pure Nb
samples. The samples were previously submitted, by cold
cross-rolling, to different levels of plastic deformation representative of the effective plastic strain seen by the Nb
sheets during forming operations. Moreover, a comparison
of the mechanical properties of cold cross-rolled samples
before and after HT has been established. Results of evolution of the microstructure and hardness are also presented. This study can be of interest for Nb cavities to be
submitted to HT at 650 °C, and may help to push the design
of novel SRF cavities.

INTRODUCTION
The Crab Cavities (CC) for HL-LHC project, which operate at 2 K, are highly non-axisymmetric 400 MHz SRF
cavities made of ultra-high purity superconducting grade
niobium. Their aim is to produce a transverse kick to crossing proton bunches which results in a transverse displacement at the interaction point of the head and the tail of each
of the bunches, so as to provide head-on collisions [1][2].
In order to increase the CC quality factor (Q0-value) during
operation, they are submitted to a thermal treatment for
outgassing the hydrogen absorbed, presumably, during the
manufacturing and surface cleaning processes [3]. The
cavities operate at ultra-high vacuum and are immersed in
liquid helium. Thus, the cavities are considered as pressure
vessel equipment and shall be structurally assessed according to the corresponding standards to withstand a service
pressure of 2.1 bar.
It is known that the recrystallization temperature of pure
Nb is around 800°C to 1200°C, this range being highly de___________________________________________

pendent on the purity, amount of cold work, and prior thermomechanical history of the material. Generally, higher
material purity and increased cold work will promote lower
recrystallization temperatures [4]. Most of the suppliers
perform the annealing of Nb, during the last stages of the
manufacturing process, at temperatures around 800°C for
typically one or two hours.
Given that the main components of the HL-LHC CC are
plastically deformed due to deep drawing operations and
that the niobium employed for their manufacturing is of ultra-high purity, a comprehensive study in order to clarify
the impact of the heat treatment at 650°C on the mechanical properties has been performed.
In some accelerators employing SRF cavities made of
pure Nb submitted to a heat treatment at 800 °C, the material properties used for the structural assessment correspond typically to the properties of a fully annealed
RRR300 niobium; in this case the yield strength is around
40 MPa [5]. In order to perform an accurate mechanical assessment of the CC, particularly in the most critical scenario (i.e. when there is the maximum differential pressure
at room temperature) the mechanical properties of the cavities following the final heat treatment are of interest.
The aim of the present study is to evaluate the mechanical properties of RRR300 Nb submitted to different levels
of cold work after a heat treatment (HT) at 650°C during
24 hours.

EXPERIMENTAL PROCEDURE
One Nb sheet of 4 mm nominal thickness supplied by
Ningxia Orient Tantalum Industry Co. Ltd, (OTIC) and
used for the HL-LHC Double Quarter Wave (DQW) Crab
Cavity pre-series, was employed. The measured RRR (defined as R(300 K)/R(4.2 K)) for the studied sheet is ~310.
The chemical composition reported into the material certificate is presented in Table 1.
Table 1: Chemical analysis of a RRR300 Nb sheet belonging to the same ingot, batch, and heat number than the
tested sheet (in ppm weight).

Ta
300
Hf
10

Zr
5
Ti
<5

Fe
Si
5
10
Cr +Co H
<10
1

W
<5
N
8

Ni
<5
O
7

Mo
<5
C
10
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In the as-received condition, the sheets feature a fully
annealed microstructure and an average ASTM E112 [6]
grain size number of 6 (~45 µm average diameter). Based
on the information available, the sheets have undergone a
light levelling operation after the last annealing treatment.
A portion of one sheet was sectioned by water jet cutting
to obtain ten smaller sheets (hereafter referred as subsheets) of 120mm x 120 mm x 4 mm. The sectioned subsheets were cross-rolled in two orthogonal directions, corresponding to the rolling and transverse directions of the
initial sheet, in order to keep the highest isotropy possible.
The rolling process was performed at University of Miskolc (HU) with a Von Roll rolling mill of 1 MN nominal
maximum force, employing two high rolling mode at room
temperature (RT), in consecutive passes of 5 % thickness
reduction and by changing 90° the feeding direction at
every pass. The roll diameter and its width are 220 mm.
Prior to each pass, the rolls were lubricated with a mineral
oil based lubricant through nozzles. The rolling speed was
kept constant at 30 m/min throughout the entire rolling process and the force and the torque were recorded for each
pass.
The aim was to achieve, by cross-rolling, different levels
of cold work representative of the distribution of cold work
imposed to the different sub-components of the bare cavity
during the deep drawing operations. For this purpose, the
approach adopted in the present work employs the effective
plastic strain [7], which corresponds to the incrementally
cumulated equivalent Von Mises strain during an entire
plastic deformation process. This takes into account the triaxiality of the plastic deformation, being typically used to
assess the deformation state in highly strained components.
In Eq.1, εVM is the instantaneous equivalent Von Mises
strain [8], εi are the principal components of the strain tensor and ν’ is the effective Poisson’s ratio, which was assumed 0.5 for plastic strains.
��� =

+ �′

[ [ � −�

+ � −�

+ � −�

]]

In Fig. 1, an example of a FE (Finite Element) simulation
showing the effective plastic strain induced into one of the
sub-components of the Radio Frequency Dipole (RFD)
cavity, called the Pole, by the deep drawing process is
shown.

Figure 1: Example of a FE simulation showing the distribution of the effective plastic strain in the RDF CC Pole
sub-component due to deep drawing. More information on
the simulation and numerical model used can be found
in [9].
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In Fig. 2, a histogram correlates the surface percentage
of the RFD Pole that has been submitted to certain level of
effective plastic strain due to the forming operations. The
Pole is one of the most strained sub-components during
forming and is placed in a structurally critical area of the
cavity, thus it is naturally an object of study interest.

Figure 2: Histogram of the percentage of the RFD Pole surface having seen certain level of effective plastic strain.
In Fig. 3, a plot relating the equivalent Von Mises strain
obtained analytically in function of the thickness reduction
achieved via cross-rolling is shown, together with the
thickness reduction levels selected for the present study
(target values).

Figure 3: Analytical relationship between thickness reduction by cross-rolling and corresponding equivalent Von
Mises strain. The equivalent Von Mises strain values (yaxis) are assumed to be equal to the effective plastic strain,
as the principal components of strain are increased monotonically during the rolling process.
The thickness reductions chosen were: 0 % as a reference of non-deformed material, 10 %, 20 % and 30 % in
order to induce some of the most frequent effective plastic
strain values within the cavity sub-components (according
to FE simulations), and 50 % as an extreme value (see
Fig. 4).

Figure 4: Eight sub-sheets cross-rolled to 10 %, 20 %,
30 % and 50 % nominal thickness reduction respectively.
The sheets from the top were eventually submitted to the
HT at 650°C for 24h.
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The final thickness achieved and corresponding effective
plastic strain are shown in Fig. 5.

Figure 5: Final thickness for sub-sheets after cross-rolling.
In blue sheets that were not heat treated (no HT), in yellow
sheets that were heat treated after rolling (subsequent HT).
All the sub-sheets (even those that were not heat treated)
were submitted to a Buffered Chemical Polishing (BCP) of
20 µm per side in order to remove potential surface contaminants embedded during the rolling steps.
Five sub-sheets, corresponding to 0, 10, 20, 30, and 50 %
nominal thickness reduction, were submitted to the hydrogen degassing heat treatment seen by the bare Crab Cavities prior to its assembly with the rest of the cryomodule.
The other five sub-sheets (0, 10, 20, 30, and 50% of thickness reduction) were kept aside, without any heat treatment, for comparison. The HT consists in the following
steps: pumping down the furnace below 5•10-6 mbar pressure, heating at a rate of 200 °C/h up to 650 °C, soaking at
650 °C during 24 hours and cooling down at a rate of about
50 °C/h. The pressure at the end of the treatment is in the
low 10-7 mbar range. The furnace is vented by N2 gas only
when the temperature of the cavity is below 100 °C.
Three tensile specimens for every sub-sheet, thus a total
of 30 specimens (15 no HT and 15 HT), were cut by Electrical Discharge Machining (EDM) cutting technique. The
longitudinal axis of the specimens was aligned with the
rolling direction of the initial sheet.
The geometry of the tensile specimens (Fig. 6) was
adapted from ISO 6892-4 [10], in order to be able to use
the same specimen geometry and tooling equipment for
tests at RT and for tests at cryogenic temperature*.
(b)
(a)

Figure 6: a) Tensile specimen drawing. b) Ready-to-test
specimens of different thickness, from left to right: 0, 10,
20, 30 and 50 % thickness reductions.
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A FE simulation confirmed that the modified design did
not enhance any unexpected stress concentration.
After EDM cutting, all specimens were submitted to a
BCP of 30 µm per side, to remove the surface
oxidation and potential micro cracks introduced by the
above mentioned sectioning technique.
All the tensile tests, done at room temperature, were conducted at a fixed displacement rate of 0.17 mm/min, corresponding to a strain rate of 0.0068 mm/mm/min, just below
the maximum deformation rate imposed in the
ASTM B393 [11] to track the yield point. The strain rate
was controlled by a mechanical extensometer of L0=25
mm. A pre-load in the order of 50 N was applied prior to
each test.
The microstructure of the cross-rolled sheets before and
after heat treatment was observed. The samples were sectioned with an abrasive cutting machine, were ground with
SiC grinding paper up to P2400 and polished with colloidal
silica of 0.05 µm particle size. A chemical etching employing a mixture of commercial HNO3, HCl and HF acids in
the ratio 3:2:1 was used. HV0.1 hardness profiles across
the thickness were performed to all the sheets before and
after HT.

RESULTS AND DISCUSSION
Figure 7 shows the engineering stress-strain curves for
specimens cross-rolled to the different thickness reductions, before and after HT respectively.

Figure 7: Engineering stress-strain curves at RT. Only one
representative sample for each thickness reduction before
and after HT is shown for easier reading. Same colour denotes same thickness reduction.
Each of the specimens after cross-rolling, features very
similar yield strength (Rp0.2) and tensile strength (Rm) values, denoting a reduced strain hardening. Therefore, after
reaching Rm, the specimens will promptly develop a nonhomogeneous and localized plastic deformation (i.e. necking). This effect is more present for higher thickness reductions. After heat treatment, on the contrary, the strain hardening phenomenon is recovered to a certain extent, so that
after reaching Rm, there is a “plateau” at stresses close to
the ultimate strength and the necking starts to form at
higher strains.

*

Tensile tests at 4 K are foreseen in the scope of this study but not presented in the present conference paper.
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In Fig. 8 and Fig. 9, an overview of the evolution of the
yield strength (Rp0.2), the ultimate strength (Rm) and the
elongation at break (A25mm) before and after HT are presented. Both graphs have been plotted using data from a
total of 28 specimens (13 before HT and 15 after HT).

Figure 8: Overview of the Rm and Rp0.2 values before and
after HT vs. thickness reduction by cross-rolling. Error
bars represent one standard deviation (note that deviations
are very low, indicating high repeatability). Secondary axis
indicates the ratio (after HT/before HT).

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP012

for the as-received sheet after HT features an upper and
lower yield strength. For 10% thickness reduction, HT
brings back the tensile strength to the value of the as-received sample. It has to be noted (see Fig. 9) that, even for
the highest deformed specimens (50 % thickness reduction) the elongation at break is still around 10 % after cross
rolling, being recovered up to almost 20% after HT.
After the HT at 650 °C for 24h, the decrease in mechanical properties (Rp0.2 and Rm) is lower than the increase introduced formerly by cold cross-rolling. During cold crossrolling, two strengthening effects take place to confer the
material its final mechanical properties: on one hand the
change in the grain boundaries distribution due to the
change in the grain aspect ratio (see Fig. 10) and presumably the creation of micro grains (this is related to the HallPetch effect) and on the other the creation of new dislocations, thus an increased dislocation density.
As shown in Fig. 10, since the microstructural grain
shape and size appear to be unchanged after HT, it may be
deducted that the HT has a more important impact mainly
in the second effect, by decreasing the dislocation density.

Figure 9: Overview of the A25mm values before and after HT
in function of the thickness reduction achieved by crossrolling. Error bars represent one standard deviation. Secondary axis indicates the ratio (after HT/before HT).
There is no full recrystallization after the heat treatment,
for none of the levels of plastic deformation. However, a
recovery annealing (i.e. partial annealing) has taken place,
probably due to a relief of strain energy by a rearrangement
of the dislocations introduced by cold work. During the recovery, dislocation density decreases, and dislocations assume low-energy configurations [12][13]. Note that the
drop in Rp0.2 after HT is more important than the drop in
Rm for all thickness reductions (see Fig. 8). The decrease in
Rp0.2 is practically constant, of about 50 MPa, for the four
applied thickness reductions. Therefore, one can guess that
due to the HT, there is a fixed reduction of the energy
needed to yield. This is probably associated to a fixed reduction of dislocation density, which might be limited by
the atomic diffusion at 650 °C. For the as-received sheet,
the Rm and elongation at break remain constant after HT,
but the Rp0.2 is reduced by a 10 %. Although not visible in
the figures shown, the initial part of the stress-strain curve

Fundamental R&D - Nb
material studies

Figure 10: Microstructure in the plane formed by the short
transverse and rolling directions for as received sheet (0%)
and 20% and 50% thickness reductions, before and after
HT. Original magnification 100x.
Therefore, after HT there is certain loss in mechanical
properties (Rm and Rp0.2) and also an increase in elongation at break: the Hall-Petch effect is still present but the
dislocation density has presumably decreased.
In Fig. 11 it can be seen that after HT there is generally
a decrease in hardness, except for the as-received sheet;
also it has to be noted that fluctuation of HV0.1 hardness
values is growing for larger thickness reductions, as expected.
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Figure 11: HV0.1 hardness profiles across the thickness of
all the specimens, before and after HT respectively.
For the as-received material (levelled product) hardness
is higher close to the surface due to the bending and counter-bending cycles that take place during levelling operation, and lower at the mid-thickness, which corresponds to
the neutral fibre. This characteristic profile remains unchanged after HT.
Given that the HT does not produce a full recrystallization, it is assumed that it would be beneficial for the structural integrity of the cavity to harden the different sub-components via cold work, as done during forming operations.
However, the impact of having higher dislocation densities
(with respect to fully annealed Nb) on the RF performance
would need to be checked. The fact of not reaching the
maximum RF performance during operation may be related to some extent to the fact that dislocations created
during cold working operations and also grain boundary
distortions are still present in the Nb crystalline structure
after HT. Further investigations relating RF performance
with for instance, dislocation density, would be needed to
confirm this point.
According to FE simulations (as shown in Fig. 1 and
Fig. 2), the main surface of the RFD pole (and the bare cavity) is plastically deformed during deep drawing operations, thus, its mechanical properties are expected to be significantly higher than the properties of the as-received material. If the approach used in this paper (effective plastic
strain) is proven to be valid to correlate cross-rolling and
deep drawing operations, the mechanical properties of the
cavity even after HT, would also be higher than the ones of
the as-received material, thus enhancing the cavities structural integrity (see Fig. 12).
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Figure 12: Rp0.2 and Rm vs. effective plastic strain, before
and after HT. Rectangle boxes contain the range of effective plastic strains in 75 and 90% of RFD pole surface respectively. The graph is similar to Fig. 8, but x-axis has
been replaced by effective plastic strain.

CONCLUSION
A 4 mm thickness Nb sheet was cold cross-rolled in order to achieve different thickness reductions representative
of the effective plastic strain that the Nb sheets experience
during the forming operations of the CC sub-components.
The evolution of the mechanical properties at room temperature (including Rp0.2, Rm, elongation at break and
hardness) and of the microstructure were presented, for the
cross-rolled specimens before and after a hydrogen degassing heat treatment at 650 °C for 24 h.
It has been proven that there is no full recrystallization
after heat treatment, for none of the levels of plastic deformation induced by cold cross-rolling. However, it is clear
that certain recovery annealing has occurred (which is
stronger for cross-rolled material and marginal for as-received material). After cross-rolling and HT, the specimens
showed higher mechanical properties than the as-received
material. Therefore, as a preliminary conclusion it can be
stated that some of the parts of the Crab Cavities with lower
mechanical properties (Rp0.2 and Rm) would be the ones
non-plastically deformed during the manufacturing process
(i.e. parts only machined and also the lowest deformed regions during deep drawing). Caution has to be taken when
relating the results from this study to the behaviour of the
real cavity, since the introduction of cold work (i.e. the creation and evolution of dislocation motion and interaction)
via cross-rolling and deep drawing may differ. Further
studies, including investigation on real cavity samples and
tensile tests at 4 K, are foreseen in order to clarify this relationship and to complement the present study.
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FIRST DIRECT IMAGING AND PROFILING TOF-SIMS STUDIES ON
CUTOUTS FOM CAVITIES PREPARED BY STATE-OF-THE-ART
TREATMENTS*
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Abstract
Small amounts of interstitial impurities in the penetration depth of superconducting radio frequency (SRF) cavities have a dramatic effect on the quality factors and maximum accelerating gradients. Here we report the first TOFSIMS studies of cutouts from cavities prepared by all modern surface treatments, which allow a direct correlation of
the impurity distribution with the observed cavity performance. Imaging capability of our instrument allows to
avoid the possible issues associated with the ``ghost'' depth
profiles appearing as a consequence of particulate surface
contamination, which likely caused the inconclusive SIMS
results on e.g. oxygen diffusion in the past.

Nitrogen doping using 2/0 recipe (2 min of N2
injection) followed by 5 um EP (9-cell
CAV018)
 Nitrogen infusion at 120C for 48 hours (1-cell
TE1PAV012)
The results of the corresponding cavity tests at 2K are
shown in Fig. 1.

INTRODUCTION
One of the most important tasks for further progress in
SRF is establishing a direct correspondence between the
near-surface impurity profile and the observed cavity performance. A lot of studies tried to establish that with many
aspects clarified up to date (see e.g. [1] for a review). The
most direct method though is based on first testing the cavity and then cutting out the samples from cavity walls, possibly further guided by temperature mapping. There have
been only a couple of brief secondary ion mass spectrometry (SIMS) studies reported on cutouts so far in the context of nitrogen doping [2, 3] and nitrogen infusion [4, 5].
In this contribution we report the first such systematic
studies allowing for several conclusions, most notably a direct confirmation of the oxygen diffusion involvement in
the 120C baking mechanism. We have found that 120C
baking for 48 hours leads to an introduction of a >~50 nm
deep oxygen reach layer right underneath niobium oxide,
also accompanied by the modified hydrogen-related signals (NbHx, OH). We also re-confirm that nitrogen doping
and infusion lead to the nitrogen-rich layers on different
depth scales.

Figure 1: Q(Eacc) curves at T=2K of the cavities used for
cutout studies.
For most of the 1-cell tests the cutout locations have been
guided further by the temperature mapping data, and performed using the previously established procedures [6] to
preserve cleanliness and avoid any heating. For a 2/6 Ndoped 9-cell cavity we have also extracted samples from
different cells (equatorial area – see Fig. 2) to study if there
is any variation in the nitrogen concentration.

CAVITY RESULTS
We have prepared, measured, and cut several 1.3 GHz
TESLA shape fine grain high RRR Nb cavities with the
following (last) surface treatments:
 800C 3 hrs degassing + 20 um EP (1-cell
TE1AES008)
 EP + 75C 3 hrs + 120C baking for 48 hrs (1cell TE1AES009)

___________________________________________
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Figure 2: 9-cell 2/0 N doped cavity (left) with equator samples extracted from each cell. Single cell with cutouts from
various locations and a typical sample is shown on the
right.

TOF-SIMS RESULTS
We have used the Fermilab state-of-the-art IONTOF
time-of-flight secondary ion mass spectrometry (TOFSIMS) dual beam system. The liquid bismuth ion beam
(Bi+) was used for secondary ion measurements, while the
cesium (Cs+) gun of 1 keV energy was used for the sputter
Fundamental R&D - Nb
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erosion during depth profiling. An extremely important capability of modern TOF-SIMS systems in general and our
system in particular, distinguishing this study from most of
previously reported studies, is the utilization of the full 3D
and imaging information to make sure that the obtained
depth profiles are not affected by any artifacts, such as the
particles on the surface. Many past studies using e.g. dynamic SIMS suffer from such a lack of spatial information,
which could lead to possible false profiles. The most recent
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study using a similar modern system has been reported in
[7] for a set of non-cutout samples prepared by BCP and
colloidal silica polishing.
In Fig. 3 an example of the dual beam analysis containing the full 3D information used for eliminating possible
artifacts is shown. The images of total counts of Nb2O5-, O, and NbN- are shown, along with the extracted XY, YZ,
and XZ cross-section images through specified planes containing the particle.

Figure 3: Examples of the secondary ion images obtained in the analysis area for the depth profiling. The capability of
post-processing based on the full 3D information allows avoiding any areas with the particulate contamination.
Subsequent analysis of the images and elimination of the
areas of particulate contamination from the dataset used for
reconstructing depth profiles is the key step in avoiding the
appearance of the artifact depth profiles.

Oxygen
A very important finding is the difference in the oxygen
concentration right underneath the oxide between the EP
and EP 120C baked cavity cutouts, as shown in Fig. 4.
Several spots have been analyzed on the cutout from
TE1AES008 (EP cavity) and a cutout from TE1AES009
(EP+75/120C 48 hrs) and compared based on the O- signal
normalized point-by-point over the Nb- signal. We have
found a 100% reproducibility and no spot-to-spot-variation.
In Fig. 5, a comparison of oxygen distribution between
all four treatments including doping and infusion is shown.
Remarkably, nitrogen doping does not lead to any oxygen
enrichment, which was suspected previously as a possible
reason for an early quench.
Nitrogen infusion revealed the oxygen concentration tail
extending over about ~100 nm.

Fundamental R&D - Nb
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Figure 4: Oxygen depth profile comparison between the
cavity cutouts showing the dramatic effect of 120C baking
on the under-oxide oxygen concentration.
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Figure 5: Oxygen depth profile comparison for EP,
EP+120C, N-doped 2/0 +5 um EP, and 120C N-infused
cutouts.

Figure 7: Comparison of NbN/Nb profile (right) for three
neighboring grains (left). No concentration difference is
observed.
Samples extracted from the 9-cell cavity allowed also to
observe that there is no cell-to-cell nitrogen concentration
variation. This is shown in Fig. 8.

Nitrogen
Nitrogen concentration profile was evaluated based on
the NbN- ion signal, normalized to Nb- counts. The results
are shown in Fig. 6. Nitrogen doping results in the almost
constant depth profile (on the scale of tens of nanometers),
with the changes in nitrogen concentration happening on
the scale of micrometers (reported elsewhere, e.g. [2]).

Figure 8: NbN/Nb profiles for cutouts from the equators of
different cells of the 9-cell 2/0 N doped cavity showing little variation.

Hydrogen
Figure 6: Nitrogen depth profile comparison between the
doped, infused, and non-doped cavity cutouts.
In Fig. 7, a comparison between the nitrogen depth profiles (NbN-/Nb-) from three different grains on the same Ndoped cutout is shown with the profiles being very similar
to each other.
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We were able to compare the hydrogen-related signal
concentration and distribution between the samples as
well. In order to minimize the background and to reveal the
differences, the so-called ‘interlaced’ mode of operation of
the TOF-SIMS instrument was used.
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DISCUSSION

Figure 9: NbH-/Nb- signal in interlaced mode for various
cutouts.
The NbH-/Nb- signal, which could be used as a measure
of the free hydrogen concentration in the lattice, is shown
in Fig. 9. The clear differences are observed with the EP
cutouts showing the highest signal with 120C baking leading to the significant suppression underneath the oxide/metal interface (where concentrations are matching).
Nitrogen doping reveals the lower overall signal and a
depth profile shape similar to the 120C baked cutout.
Since the clear differences in the oxygen concentration
were found, we have also evaluated the OH-/Nb- signals,
which we interpret as a measure of the oxygen-bound hydrogen signal. The resulting profiles are shown in Fig. 10.

Figure 10: OH-/Nb- signal in interlaced mode.
We note that the 120C baked cutouts reveal the increased
OH- yield tail corresponding in depth with the O- enrichment from Fig. 4. In the nitrogen-doped cutout instead we
observe no such signal.

Other Elements
We have not observed in this preliminary analysis any
systematic effects with the other impurities in the investigated samples. Further analysis is ongoing and will be reported elsewhere.
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It has been previously suggested that oxygen diffusion
plays a role in the 120C baking effect (see e.g. [8]). One of
the past proposed models for the high field Q-slope has
been the ‘oxygen pollution’ model (see e.g. [9, 10]), requiring the oxygen-rich layer BEFORE 120C baking, which
gets diluted/diffused away during the 120C bake.
We have found instead the absence of oxygen-rich layer
in the EP cavity and the extended ~50-70 nm layer of oxygen-rich material underneath the oxide after the 75/120C
48 hrs baking, which is arguably the most important finding of our work. This confirms the involvement of oxygen
diffusion in the 120C baking effect. However, our finding
paints the opposite picture to the “oxygen pollution”
model, namely signaling that the introduction of oxygenrich layer is actually a cure for the high field Q-slope. This
finding is consistent with the origin of the Q-slope being
currently attributed to nanoscale niobium hydrides [11], as
oxygen is a known effective trapping agent for the interstitial hydrogen thereby reducing the amount of free hydrogen and suppressing the hydride precipitation. The observed depth of the oxygen enrichment is also consistent
with the previous oxypolishing, anodizing, and HF nanoprofiling studies on 120C baked cavities [12-15], as well
as with the muon spin rotation studies on the cutouts [16].
It should be noted that the oxygen diffusion can also provide an alternative explanation to the observed increase in
S-parameter in the positron annihilation studies [17],
which was previously attributed mostly to the vacancy concentration changes.
We would also like to note that in one of the previous
non-cutout studies focused on oxygen in niobium samples
[18] an increase in the oxygen concentration right underneath the oxide has been observed, although at a somewhat
higher temperature of 145C.
Remarkably, nitrogen-doped cavity cutouts do not show
any excess oxygen contamination as compared to the nondoped material. This is important as one of the possible discussed origins of the lower quench fields in N-doped cavities has been a proposed oxygen contamination. Our data
does not support this hypothesis.
Nitrogen-infused cutouts show an oxygen profile shape
similar to the 75/120C cutouts, with a somewhat deeper
penetration inside niobium. However, the 120C N infused
cavity which was cut for these studies was prepared during
the presence of the - later identified - oxygen leak in the
furnace nitrogen supply line. Therefore, we cannot conclude if this oxygen profile would be present for the ‘clean’
nitrogen infusion, making it a subject of further future investigations.
Nitrogen distribution inside the cavity cutouts is consistent with the current understanding [2-5]. N-doped cutouts possess a nitrogen-rich layer extended over the scale
of micrometers (see e.g. [2]), i.e. in the magnetic penetration depth the nitrogen concentration is practically constant. Nitrogen-infused cutouts have instead a very thin nitrogen-rich layer of about 10-15 nm underneath the oxide
with the initial nitrogen concentration of about twice that
of 2/0 N doped but dropping rapidly into the material.
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Samples from different cells on the 9-cell N doped cavity
showed virtually identical nitrogen concentration, indicating that the nitrogen pressure and diffusion during the doping process is uniform enough.

CONCLUSION
We have performed the first study of cutouts from cavities prepared by all the modern surface treatments using the
state-of-the-art TOF-SIMS leading to several advances in
understanding:
1) confirmed the oxygen diffusion involvement in the
120C baking effect; revealed lack of the oxygen-rich layer
before and its emergence after the 75/120C 48hrs bake;
2) confirmed the nitrogen inward diffusion and the formation of the nitrogen-rich layer on the scale of ~10-15 nm
during the 120C nitrogen infusion;
3) revealed the NbH- signal suppression in the near-surface area associated with the 120C baking;
4) revealed the possible oxygen trapping of hydrogen as
witnessed by increased OH- signal in the 120C baked cutouts;
5) no oxygen contamination was found in N-doped cavity cutouts;
6) no nitrogen concentration variation was found between the different cells of the 2/0 N-doped 9-cell cavity;
7) no nitrogen concentration variation was observed between the different grains when normalized NbN-/Nb- signals were considered.
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Abstract
Historically, niobium has been used as the
superconducting material in SRF cavities. Due the high
operational costs, other materials are currently being
considered. Nb3Sn coatings have been investigated over
the past several decades, motivated by potentially higher
operating temperatures. More recently niobium has been
doped with nitrogen to improve the quality factor (Q) [1].
Currently, a need for better understanding still exists for
both mechanisms. Electron backscatter diffraction (EBSD)
has been shown to be a viable technique to determine the
crystallographic orientation and the size of the NB3Sn
grains [2]. The EBSD maps obtained show a bimodal
distribution of grain sizes with smaller Nb3Sn grains found
present near the Nb3Sn/Nb interface. In addition to the
Nb3Sn coatings, N-doped niobium coupons were analyzed
by EBSD and found that the coupon had preferred surface
orientation. The EBSD analysis was found to be vital as
specific grains could be targeted in secondary ion mass
spectrometer (SIMS) to better understand the diffusion of
nitrogen with respect to crystal orientation.

INTRODUCTION
Electron Backscatter Diffraction is a relatively new
technique in the field of materials characterization. Even
newer is its application in the field of superconducting
radiofrequency (SRF) materials. This technique which
utilizes both a scanning electron microscope and EBSD
simultaneously, collects a micrograph and determines the
crystal orientation of each pixel as the electron beam
rasters across the sample’s surface. This generates a
colorized orientation image map (OIM) which details the
surface orientation of each grain depicted in the image.
Additional information can be generated such as grain size
and grain misorientation.
Sample preparation governs the success of creating
EBSD quality surfaces. Generally, vibratory polishing or
other mechanical means of polishing are sufficient
methods to provide these surfaces. However, niobium is
noted to be especially difficult to generate EBSD quality
surfaces by mechanical means. This makes other means of
polishing necessary. One such preparation method is
Focused Ion Beam (FIB) polishing. In addition to
providing EBSD quality surfaces, FIB polishing provides
unique control to prepare materials with egregious
___________________________________________
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geometries and precise regions of interest. Additionally,
FIB polishing is particularly useful when polishing
materials which have varying degrees of hardness.
An experimental method for the sample preparation and
EBSD collection of Nb3Sn coatings on niobium substrates
has been detailed by Tuggle et al. 2017 [2]. However, the
FIB polishing technique can also be challenging. A major
focus of this manuscript will be discussing some of the
challenges which can make EBSD acquisition more
successful, as well as outlining additional information
gained as a result of EBSD analyses. Additionally, this
document will address the application of using EBSD to
assist in the characterization of N-doped niobium coupons.

PREPARATION OF NB3SN SAMPLES
10 × 10 mm polycrystalline fine grain niobium coupons
were cut using an Electrical discharge machine (EDM) and
buffer chemical polished (BCP) etched to prepare to
prepare the sample surface. The niobium coupons were
then coated with Nb3Sn utilizing a vapor deposition
process at JLab. As the coating process varied as a part of
other experiments, the details of the coating process can be
found in U. Pudasaini et. al. 2019 [3].

NB3SN EXPERIMENTAL
To increase the efficiency of the FIB polish, the niobium
substrates with a Nb3Sn coating were mechanically prepolished at a 3° angle to remove as much bulk niobium as
possible. The substrates were then mounted at 45o and
loaded into a FEI NanoLab 600 Dual beam instrument to
FIB polish as well as perform EBSD.
Primarily the sample is oriented such that the FIB beam
is nearly parallel to the cross-section of the specimen
(incidence angle <1°). During this step a protective coating
of platinum is deposited on the surface of the Nb3Sn layer.
Initially the FIB is set to the maximum accelerating voltage
and current of 30 kV and 21 nA respectively, which allows
for the quickest removal of material (Fig. 1a). It is during
this step that most of the challenges present themselves.
Due to the high energy of the beam, cascading becomes
evident (Fig. 1b.). The platinum coating prevents most of
the cascading therefore it is crucial to deposit a thick
platinum layer. Insufficient platinum will sputter away
quicker at the material edge potentially exposing the
sample surface to the FIB beam. It was found the platinum
coatings thicker than 3µm were enough protection for the
underlying Nb3Sn coating. During the initial removal step
using a voltage of 30 kV, some beam damage was
unavoidable, and cascading was obvious. It was found that
THP017
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Figure 1: The above images outline the process to collect
quality EBSD OIM maps. a.) Initial material removal at the
highest beam conditions of 30 kV/21 nA led to b.) surface
artifacts and cascading. c.) Performing a cleaning crosssection with the same beam conditions adjacent to the
working surface removed the cascading artifacts. d.
Subsequently the sample was rotated so that incident beam
was paralell to the working surface and with the conditions
lowered to 5 kV/1.3 nA and then finally to 2 kV/0.71 nA.
e.) The result was a quality surface viable for EBSD.
the cascading could be mitigated by performing a cleaning
cross-section at 30 kV adjacent to the FIB cut. This step
was repeated until the cascading was removed (Fig. 1c.)
Once the cascading was removed, the sample was
rotated so that the electron beam was perpendicular to the
sample surface (incidence angle ≈90o). The previous step
of 30kV causes a damage layer of approximately 5-10 nm.
Furthermore, the fast removal of material causes sputtered
niobium to be redeposited on the sample surface. This must
be removed prior to the acquisition of EBSD OIM maps.
The FIB conditions were lowered to 5 kV/1.3 nA. The
raster window was reduced to scan only across the area of
interest for EBSD, typically the Nb3Sn layer and a small
portion of the niobium substrate. As the Nb3Sn layer
thickness dictates the time needed to remove the damage
layer, there is no set time for this step. However, having the
correct elapsed time for the FIB beam exposure during this
step was critical for acquiring quality EBSD maps. Too
little time would not allow for the Nb3Sn grains to index
well. Too much time would cause the Nb3Sn to sputter
faster than the niobium substrate which causes the interface
to index poorly (Fig. 2). It is suggested that during this step
EBSD test scans are performed intermittently to determine
if the Nb3Sn layer has begun to index.
Following the 5 kV/1.3 nA polish, the layer was further
polished with 2 kV/0.71 nA FIB conditions. This reduced
THP017
872

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP017

Figure 2: a.) An SEM micrograph showing a sample which
had been over polished. A topographical difference is
observed at the Nb3Sn/niobium interface. b.) As a result,
the EBSD OIM shows poor indexing along the interface as
well as some grain boundaries.
the damage layer thickness and increased the indexing
quality of OIM. As before, there is not a set time for the
FIB to polish during this step. However, it was found that
using 50% more time than the 5 kV/1.3 nA polish generally
removed enough of the damage layer for the Nb3Sn grains
to index well.
The purpose to collecting EBSD OIM maps was to
identify details which help to understand the nucleation
and growth of the Nb3Sn on a niobium substrate. Many
samples were analyzed; however, certain attributes were
consistent between samples. At the Nb3Sn/niobium
interface, small grains were observed to be present.
Increasing the coating thickness via overcoating, (repeated
cycles of Sn vapor deposition), did not change the presence
of the small grains at the interface (Fig. 3). Instead, the
bimodal distribution of small and large grains became
more evident.
The presence prompted the question of whether the
concentration of tin changed as a function of proximity to
the interface. A portion of the cross-section was extracted
via a FIB liftout and analyzed in a JEOL JEM 2100 TEM
equipped with an integrated EDS system. The analysis was
performed using an accelerating voltage of 200kV and a
beam current of 107 µA. Several EDS spot analyses were
performed in a path approaching the Nb3Sn/niobium
interface from the Nb3Sn layer (Fig. 4). It was observed
that in the bulk of the Nb3Sn layer, the concentration of tin
was approximately 20 at.% Sn. In the smallest grain near
the interface the concentration of tin was found to be 10
at.% Sn. This suggests that the Nb3Sn grains are nucleating
at the interface as the tin concentration approaches a
critical concentration. For detailed information regarding
the nucleation and growth of Nb3Sn please see Pudasaini
et al. 2019.
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Figure 3: EBSD OIM maps of Nb3Sn overcoat samples
which the total elapsed deposition was a.) 2 hours b.)
6 hours and c.) 78 hours. The change in coating time did
not affect the presence of small grains at the interface.
Reproduced with permission from Tuggle et al. 2019 [4].

Figure 4: TEM images of a FIB liftout of a Nb3Sn coated
sample. a.) Shows the overall sample. b.) Illustrates
locations in which EDS analyses were performed. c.)
Shows a small grain on the Nb3Sn/Nb interface. d. Plot
showing how the concentration of Sn changes near the
interface.

N-DOPED NIOBIUM
Presently, the determination of nitrogen concentration as a
function of grain orientation is highly motivated. Previous
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experiments have shown that grain orientation can play a
role in nitride formation on the surface which may
subsequently affect the diffusion of nitrogen within the
grains [5]. EBSD was performed to generate OIM maps to
locate differing grains within a sample. Subsequent SIMS
analysis was performed on specific grains to quantify
carbon, oxygen, and nitrogen concentrations as it pertains
to a specific orientation.
Specifically, for the SIMS analysis, a sample denoted as
NL 115 was analyzed. This specimen was pre-annealed at
900°C and EDM cut to form 6 ×10 mm coupons. The
sample was BCP etched to remove 50 µm of material
followed by “nanopolishing” and electropolishing (EP) to
remove an additional 25 µm. The coupon was then heated
to 800 °C where it was exposed to a flow of nitrogen for 3
minutes followed by a 60 minute vacuum anneal. Prior to
the characterization by EBSD and SIMS, the sample
underwent additional surface treatments which are detailed
in Spradlin et al. 2019 [6]. A final EP step was performed
to remove an additional 5 µm to remove surface nitrides.
EBSD was once again performed in the FEI NanoLab
600 Dual beam instrument equipped with an EDAX TSL
EBSD camera. The samples were then mounted at 45° to
ease the transition between FIB and EBSD usage. The FIB
was used to mark an area adjacent to the testing area to
ensure the correct locations would be found in the
following SIMS analysis. The EBSD was performed with
a 70° tilt (20° incident beam) utilizing an electron beam
with 30 kV/21 nA accelerating voltage and current.
Multiple overlapping orientation image maps (OIM) were
acquired so that the OIM maps could be stitched post
processing. The electropolished samples were noted to
provide superb sample finishes, rendering data cleaning
unnecessary. It was found that the samples had a preferred
surface orientation of either the near [111] or near [001]
crystal orientations (Fig. 5). Although the surface
orientation was preferred, some stray opposing [111] or
[001] grains were observed to be present in both preferred
orientations. Near [010] grains were not observed in the
OIM.

Figure 5: EBSD OIM maps of two different N-Doped
samples. a.) Sample which has a preferred orientation of
[001] surface grains as observed by the red colored grains
b.) Sample which has a preferred orientation of [111]
surface grains as observed by the blue colored grains.
Following EBSD, the NL 115 coupon was loaded into a
Cameca SIMS 7fGEO, to determine the concentration of
carbon, oxygen, and nitrogen as a result of dependence of
grain orientation. A Cs+ primary ion beam was rastered
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873

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

over targeted grains with an area of 150 µm2 utilizing a
63 µm2 analysis area. An impact energy of 8 kV was used
(5 kV source/-3 V sample) with a current of 100 nA. 12C,
16O, 93Nb14N negative secondary ions were detected in
addition to a 93Nb reference signal. Specific grain
orientations were targeted which include near [111] (blue)
and near [001] (red). Additionally, carbon and nitrogen
concentrations within a single grain were evaluated. Fig. 6
provides an OIM with SIMS locations noted. Additionally,
Fig. 6 provides the SIMS analysis which correspond to the
locations noted on the EBSD map.
Quantification was made possible by monitoring the 12C,
16
O, 93Nb14N signals from ion implantation standards. The
provided implant standards contained 12C to a dose of
1×1015 atoms/cm2 at 160 keV 16O, to a dose of
2×1015 atoms/cm2 at 180 keV and 14N to a dose of
1×1015 atoms/cm2 at 160 keV. Four locations were tested
on the implant standard/day and an average relative
sensitivity factor (RSF) was determined for each ion. The
average RSF was applied to the 12C, 16O, 93Nb14N signals
of sample NL 115 to calculate the atomic ppm (ppma) of
each ion.

500 µm

Figure 6: a.) EBSD OIM map of the NL 115 N-Doped
sample. This sample had a near [001] (red) preferred
surface orientation with a rare [111] (blue) grains present.
Both [001] and [111] grains were targeted for SIMS
analyses with the locations marked on the image b.)
Carbon, oxygen and nitrogen concentrations as a function
of sputtering depth are depicted.
The SIMS analysis showed differences in the carbon,
oxygen and nitrogen concentrations as a function of
surface grain orientation. The carbon and oxygen signal
was noted to diffuse up to 0.5 µm for the [111] grains
before reaching a baseline signal. The [001] carbon and
oxygen signal was observed to taper much quicker,
reaching the baseline signal around 100 nm. It was
observed that the baseline signal for carbon, oxygen and
nitrogen all differed with the concentrations from the [111]
grains appearing to be less. Additionally, the sputter rate
was determined to be faster for the [111] grains compared
to the [001] grains. Table 1 summarizes the results. As the
structure is cubic and the sample underwent a 60 min
annealing step at 800oC, this result is unexpected. The
cause of these concentration differences is currently being
investigated.
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Table 1: Summary of SIMS Analysis
Spot

Carbon
Content1
(ppma)

Oxygen
Content1
(ppma)

Nitrogen
Content1
(ppma)

Sputter
Rate
(nm/s)

Near [001] Grains
1

44.9

59.6

585

---2

2

47.7

64.9

454

1.080

3

24.4

63.8

484

1.038

4

35.2

55.8

524

1.016

5

35.5

57.4

515

1.156

6

35.1

56.7

502

1.119

Near [111] Grains
1

17.4

29.8

216

1.341

2

22.2

37.5

325

1.130

3

18.8

27.4

256

2.221

1
2

Baseline concentration taken at a depth of 0.6µm
Raster reduction performed, crater depth not measured

SUMMARY
Having an exceptionally smooth surface is crucial to the
success of acquiring meaningful EBSD OIM maps. The
surface must not only be smooth, it must also have a
minimal damage from the ion beam. FIB polishing is a
useful technique to remove the damage layer. This
manuscript identified common challenges to overcome
such as removing artifacts, notably cascading and
redeposition. Additionally, over-polishing was explained to
cause topographical differences making indexing difficult
at the interface of Nb3Sn.
As small grains were evident at the Nb3Sn/niobium
interface, well prepared samples were crucial to determine
the grain sizes of these smaller grains. These smaller grains
were found to be present without regard to the exposure
time of Sn vapor deposition. The observation of these
smaller grains warranted TEM-EDS analysis, which
showed that the concentration of tin was notable less at the
interface as opposed to the bulk regions of the Nb3Sn layer.
The tin concentration was found to be as low at 10% in a
small grain adjacent to the interface.
EBSD was additionally performed on a N-doped
niobium sample. This technique proved to be useful in
identifying that the N-doped samples had a preferred
surface orientation to either [111] or [001] surface planes.
The orientation, albeit preferred, was not pure. This
allowed for near [001] and [111] grains to be located by
EBSD and individually analyzed by SIMS. The carbon and
nitrogen concentrations were observed to differ between
the [001] and [111] grains. As niobium is a BCC crystal
structure, the diffusion of carbon and nitrogen should not
be dependent on grain orientation [7]. Rather it is more
likely that the RSF is grain orientation dependent which
caused the difference to be observed in the concentration.
Refinement of characterization calibration will continue.
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Abstract
Trapped micro-Tesla levels of magnetic flux degrade the
performance of Nb superconducting radio frequency (SRF)
accelerators. Recent studies have revisited the role of small
deformation (dislocation substructure influence) on cavity
performance. However, the link between microstructural
defects and mechanisms leading to poor performance is still
unresolved. To examine the mechanism of flux pinning by
dislocations and grain boundaries, bi-crystal Nb tensile samples were designed with strategically chosen tensile axes to
favor introduction of dislocation content near grain boundaries by a small tensile strain. Dislocation structures near
the grain boundaries were characterized before and after
5% tensile deformation using electron channeling contrast
imaging (ECCI), after which the magnetic flux behavior was
observed using cryogenic magneto-optical (MO) imaging.
The conditions which increase the tendency to trap flux in
regions of high dislocation density of one Nb bi-crystal are
discussed.

INTRODUCTION
High purity niobium (RRR>300) has been used for fabrication of particle accelerator cavities due to its superconductivity [1] . Great advancements on pursuing higher quality
factor (Q) and accelerating gradient have been achieved in
the past decades [2–4] in the superconductivity radio frequency (SRF) community. However, the SRF cavity performance is still limited by the variability of the niobium material, resulting from various factors including the anisotropic
mechanical properties and dislocation substructures. The
long path of fabrication and processing of niobium cavities
introduces microstructural defects (dislocations and grain
boundaries, GB) into the material, which could act as pinning centers causing flux pinning at superconducting temperatures and, as a result, degrade the cavity performance
and energy efficiency [3, 5–11]. Even in undeformed high
purity Nb samples, there are a large number of pre-existing
Supported by the U.S. Department of Energy (Award Numbers DE-FG0213ER41974, DE-SC0009962 and DE-SC0009960). A portion of this
work was performed at the National High Magnetic Field Laboratory,
supported by National Science Foundation Cooperative Agreement No.
DMR-1157490 (-2017) DMR-1644779 (2018-) and the State of Florida.
Material and some specimen preparations were provided by FRIB.
† bieler@egr.msu.edu
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dislocations ( ρ ∼ 9 × 1012 m−2 ), which can affect flow stress
behavior during subsequent deformation [12–14].
To study the effect of dislocations and grain boundaries
on magnetic flux trapping, tensile samples were designed
with strategically chosen tensile axes to favor introduction
of dislocations near grain boundaries after 5% tensile deformation. Electron channeling contrast imaging (ECCI)
was used to examine the dislocation structures near grain
boundaries. ECCI has the advantage of minimal surface
preparation, compared with TEM, and provides large areas
for investigation. The magnetic flux behavior was observed
using Magneto-optical (MO) imaging. In this paper, the
results of one bi-crystal sample are presented and discussed.

SAMPLE DESIGN
Dislocation Slip
Dislocation slip enables the formability of metals through
the activation of slip systems under applied shear stress.
There are 48 slip systems for Nb, each of them having a
specified slip plane and slip direction. When a shear stress is
applied, the resolved shear stress on these slip systems will
be different, and the ones with the highest resolved shear
stress will be most likely to be activated. This likelihood can
be described by Schmid factor, a value ranging from 0 to 0.5,
with 0.5 representing the highest likelihood of activation
during deformation. The calculation of the Schmid factor
was used to guide the choice of the tensile axis.

Tensile Axis Choosing
Tensile samples were extracted from a 3 mm thick highpurity (RRR>300) large-grain Nb disk. The tensile axis was
chosen to cause focused shear deformation along the GB so
that their effect on flux trapping can be evaluated. In order
to achieve this goal, a MATLAB code was developed to
calculate Schmid factors of all slip systems in Nb based on
crystal orientations measured using Laue X-ray diffraction.
The tensile axis was rotated by 360◦ , and the Schmid factor
calculation was made for each degree of rotation in order to
find a slip system parallel to the GB with a high likelihood
of activation when deformed along chosen axis.
The surface normal direction orientation map of the Nb
disk is shown in Figure 1a, which is color coded based on
the crystal directions that are parallel to the surface normal.
Figure 1b shows the layout of two tensile samples overlaid
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on a portion of the Nb disk. The overlaid unit cell prisms represent the orientations and chosen slip systems of grains 6, 9,
and 10, with shaded planes representing the slip planes, and
torquoise lines the slip directions or Burgers vectors. Schmid
factors are listed for the four most favored slip systems in
each grain in the lower table in Figure 1b. It shows that
for the chosen tensile axes of samples GB6-10 and GB10-9,
each grain has highly favored slip systems, and both grain
6 and grain 9 have a slip system parallel to the GB. In this
paper, the results of sample GB10-9 are presented.

Figure 1: a) Normal direction orientation map of a largegrain Nb disk, color coded based on the crystal directions
parallel to the surface normal; b) Portion of the Nb disk
overlaid with drawings of tensile samples GB6-10 and GB109 with chosen tensile axes and prisms representing crystal
orientations and most favored slip systems. The lower table
shows the Schmid factors for the four most favored slip
systems in grain 6, 9, and 10, for the chosen tensile axes.
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which can be used for contrast analysis to identify dislocation
characters [17].

Figure 2: Channeling patterns (a and c) and the corresponding dislocation images (b and d) of the same location on Nb
sample surface under different channeling conditions. Note
the beam center (red dot) is at the edge of the g = (-1-1-2)
band for the first channeling condition (upper), and at the
edge of the g = (200) band for the second channeling condition (lower). Different dislocations are visible or invisible
in these two conditions.

Magneto-Optical (MO) Imaging
CHARACTERIZATION METHODS
Electron Channeling Contrast Imaging (ECCI)
ECCI is a SEM (Scanning Electron Microscope) based
technique that enables dislocation imaging [15–18]. A dislocation changes the local lattice orientation in an otherwise
perfect crystal lattice, resulting in a contrast change in the
backscattered electron (BSE) signal used to form ECCI dislocation images. ECCI has advantages of a large observation
area, bulk sample observation, and non-destructive sample
preparation. Most importantly, surface preparation for ECCI
only requires a good polish, so SRF cavity coupons can be
characterized for deformation microscopic structures. In
contrast, TEM sample preparation could lead to modifications of the microstructure.
To obtain an ECCI dislocation image, the sample was rotated and tilted into channeling conditions when the electron
beam axis is at the edge of a channeling band, as shown in
Figure 2a and c, where the red dot represents the electron
beam axis. The parallel white dashed lines mark the chosen
channeling bands, with diffraction vectors g denoted. Under
channeling conditions, dislocation images can be collected
using a BSE dector in SEM, as shown in Figure 2b and 2d.
These are dislocation images of the same area under two
different channeling conditions g = (-1-1-2) and g = (200).
Dislocation visibility changes with channeling conditions,
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MO imaging can reveal locations of magnetic flux trapping or penetration, which could cause local superconductivity suppression due to defects in Nb [19, 20]. This method
is based on the Faraday effect, where polarized light is rotated by a magnetic field. In MO images, a bright contrast
corresponds to higher magnetic flux density. The setup of
MO imaging is shown in Figure 3.

Figure 3: Setup of MO imaging for magnetic flux observation.

RESULTS
Flux Trapping in One Grain
After 5% tensile deformation, an MO sample with a diameter of 3mm and a thickness of 1.5mm was extracted from
the bi-crystal GB of the deformed tensile sample GB10-9,
as shown in Figure 4a, where the red dashed line denotes
the location of the GB. The optical image and MO image
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of the extracted MO sample are shown in Figure 4b and c,
respectively.
The MO image was taken following a field cooled condition, where the sample was cooled in an external magnetic
field of 120 mT. This field was reduced to zero after the temperature reached 6.4K (below the critical temperature Tc ),
and then the MO image was taken at H = 0 mT. In the MO
image (Figure 4c), the left grain shows a brighter contrast
than the right grain, indicating more flux trapping in the left
grain.

Figure 5: Dislocation images of two regions of the left grain
(a and c) and the right grain (b and d) of bi-crystal GB10-9.
Both high density dislocations (white and dark features) and
low angle grain boundaries can be observed.

Figure 4: MO sample extracted from the deformed tensile
sample (a) and its optical image (b) and field cooled MO
image (c). The left grain shows more flux trapping than the
right grain.

Dislocation Density
In order to identify the microstructure effect on flux trapping observed in MO imaging (Figure 4), ECCI was performed in both grains of the bi-crystal sample GB10-9 and
the dislocation images of two different regions in each grain
are shown in Figure 5, where the white or dark features are
dislocations with dislocation lines at different angles from
the sample surface. By counting these features (excluding
dislocations in low angle grain boundaries) and dividing
this number by the area, the density of dislocations can be
estimated. It is worth noting that this counting is the lower
bound of dislocation density, because (1) not all dislocations
are visible under chosen channeling conditions, and (2) not
all observed dislocations are perpendicular to the surface.
Thus, a geometry correction proposed in ref [21] was used to
make a better estimate of the measured dislocation density,
assuming the dislocations are is random orientations. A correction factor of 1/cos(60◦ ) was multiplied by the measured
dislocation density values.
The dislocation densities measured from five areas in each
of the left and the right grain are shown in the bar plot in
Figure 6. The left grain has a higher density of dislocations,
corresponding to the higher flux trapping revealed by MO
imaging (Figure 4), suggesting the existence of a correlation
between flux trapping and dislocation content.
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Figure 6: Dislocation density estimation from ECCI images:
the left grain has a higher density of dislocations.

Sub-Grain Development After Deformation
Low angle grain boundaries (LAGBs) were observed in
dislocation images of both grains (Figure 5) after 5% deformation. During the deformation, dislocations are generated
and then organized to form low-energy dislocation walls,
or LAGBs, to accommodate the deformation [22]. These
LAGBs, which are composed of dislocations, can be imaged
using ECCI. Figure 7 shows the comparison of ECCI images of the same area in the right grain before and after 5%
deformation. Compared with the before deformation image
Figure 7a, the after deformation image Figure 7b shows more
developed LAGBs, indicating sub-grain development during
the 5% deformation.
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DISCUSSION

Figure 7: ECCI images of the same area in the right grain
near the grain boundary junction before (a) and after (b)
deformation show trend of sub-grain development.

Dislocation slip during plastic deformation leads to crystal rotation, and hence, local crystal orientation changes
leading to local misorientations, which can be measured using electron backscatter diffraction (EBSD) before and after
deformation. Based on EBSD data, the grain reference orientation deviation (GROD) maps can be generated to show
the trend of orientation evolution during deformation. Using
the average grain orientation as a reference, the data can be
plotted either as orientation deviation angle maps (Figure
8a and b), or as rotation axis maps (Figure 8c and d), where
maps (a) and (c) show the before deformation condition, and
(b) and (d) show the change after deformation. The GROD
angle maps (a) and (b) show a lower orientation deviation
after deformation, indicating that dislocations could exit the
sample or accumulate in LAGBs after deformation. Maps
(c) and (d) show that local regions rotate about a particular rotation axis after deformation (Figure 8d), consistent
with sub-grain development observed from ECCI images in
Figure 7.

This study demonstrates the capability of ECCI to image
individual dislocations and quantify dislocation densities in
deformed Nb, and how MO imaging technique can be used
to assess the correlation between flux trapping and dislocation content. The large observation area in bulk samples
facilitates meaningful statistical studies of dislocation structures using ECCI in deformed Nb samples. ECCI can also
be used with in situ characterization to identify evolution
of dislocation characters and the development of LAGBs in
deformed samples.
A sampling of dislocation densities using ECCI in both
grains in bi-crystal GB10-9 clearly shows that the left grain
has a higher density of dislocations after 5% tensile deformation. A higher dislocation density corresponds with higher
flux trapping, as revealed by the MO imaging. This result
suggests that free dislocations cause local suppression of
superconductivity and degrade the Nb cavity performance.
However, it is not known how LAGB dislocation structures
correlate with flux trapping as distinguished from free dislocations between LAGBs. Furthermore, MO imaging is not
able to resolve individual dislocation flux trapping, making
it difficult to distinguish between flux trapping by individual
dislocations and LAGBs.
LAGBs have a low misorientation angle (<15◦ ) and consist of dislocations that can be imaged. ECCI observation in
the right grain (Figure 7b) shows the development of distinct
sub-grains or LAGBs after deformation. This is consistent
with the grain reference orientation deviation maps (Figure
8), which show that local regions have different rotation axes,
resulting from dislocation slip on different slip systems that
interact to form LAGBs, or sub-grains. Prior work shows
that LAGBs are also capable of trapping magnetic flux and
disturb superconducting currents [23].

CONCLUSION

Figure 8: Grain reference orientation deviation map of the
right grain before (a) and after deformation (b) shows more
distinct regions with specific grain orientations and sharper
boundaries with different orientations after deformation. (c)
shows no prior local preferred rotation axes before deformation, but in (d), there are regions with distinct misorientation
axis after deformation, indicating that different sub-grain
boundaries consist of dislocations operating on different slip
planes.
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This paper demonstrates the capability of ECCI to characterize individual dislocations and quantify dislocation densities in deformed Nb samples, which were designed with
chosen tensile axes to favor introduction of dislocation content near grain boundaries during deformation. ECCI combined with MO imaging enables the study of the correlation
between dislocation content and magnetic flux trapping in
lightly deformed Nb samples in order to achieve further understanding of the mechanism of flux trapping by microstructural defects such as dislocations and grain boundaries.
The combination of MO imaging and ECCI analysis
shows correlation between dislocation density and magnetic
flux trapping. This implies that dislocations can trap magnetic flux and degrade superconductivity of Nb.
Both ECCI and EBSD analysis show well-developed orientation gradients and LAGBs following deformation. Dislocations and low angle grain boundaries can cause flux trapping and degrade the performance of SRF cavities. Therefore materials processing methods need to be developed to
remove as many dislocations and LAGBs as possible.
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Abstract

10 or 5 kW
SSA
WR650

INTRODUCTION
The Cornell-BNL ERL Test Accelerator (CBETA) [1]
project currently being commissioned at Cornell University
will be the first high-current multi-turn Energy Recovery
Linac(ERL) employing SRF cavities operating at 1.3 GHz in
CW mode. The main linac [2] provides a total energy gain
of 36 MeV using six 7-cell cavities with a design current
exceeding 320 mA. During normal operations of the ERL,
we will maintain exact energy balance on each cavity leading
to zero beam loading which enables us to use high external
quality factors Qext ∼ 6.5 × 107 . This reduces average power
requirements and we use solid state RF amplifiers to drive
the cavities. At the same time this makes the RF system
very sensitive to cryogenic parameters such as pressure and
Helium level regulation. Large microphonics detuning several times the operating bandwidth reduces the field stability
which we can achieve with available power. In this paper, we
describe our automated RF startup procedures along with
measurements of relevant cavity parameters.
In the next section, we describe our high level RF setup
with results from initial testing of the Solid State Amplifiers
and the circulators. Then we describe the performance of
our cryogenic system which we have optimized for stable
operations. After this, we describe our semi-automated RF
turn-on procedure in detail and finally report our measurements during beam operations over the current commissioning phase.
∗
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Figure 1: RF power arrangement for one main linac cavity.
We inserted a waveguide short between the fundamental
power coupler of the 7-cell SRF cavity and the 3-stub waveguide tuner during tests of the solid state amplifiers.
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The Cornell BNL ERL Test Accelerator (CBETA) employs a superconducting Main Linac Cryomodule in order to
perform multi-turn energy recovery operation. Optimizing
the field stability of the low bandwidth SRF cavities in the
presence of microphonics with limited available RF power
is a challenging task. Despite of this, the Main Linac Cryomodule has been successfully used in CBETA to impart a
maximum energy gain of 52 MeV, well above the energy gain
requirement of CBETA. In this paper, we describe our RF
setup and present an overview of our daily RF turn on procedure including automatic coarse tuning, measurement of
DAC and phase offsets. We further detail our microphonics
and Lorentz Force Detuning measurements from our most
recent run period.
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Figure 2: Power transfer function measurement of the 6 solid
state amplifiers. While odd numbered amplifiers powering
un-stiffened cavities are capable of reaching a forward power
of 10 kW, the even numbered ones power the stiffened cavities with a maximum forward power of 5 kW. The left panel
shows the forward power as a function of input power, while
the right panel shows the power reflected into the SSA from
the circulators.

LINAC SUBSYSTEMS
The Main Linac Cryomodule (MLC) houses six 7-cell
SRF cavities optimized for high-current operations with negligible beam loading. All six cavities are operated with a low
bandwidth of ≈ 20 Hz and are powered by individual Solid
State Amplifiers (SSA) from SigmaPhi connected through a
circulator from AFT, directional coupler and a 3-stub waveguide tuner as shown in Fig. 1. There are two sets of high
power RF components which are capable of 5 kW and 10 kW
for stiffened [3] and un-stiffened cavities respectively. After
repairing some manufacturing defects in the circulators and
replacing some transistors on one of our SSAs, we tested
all these components to full power into a shorted waveguide
before connecting them to the cavities. Figure 2 shows the
final measurements indicating satisfactory performance of
all high power RF components.
The cryogenic system of the MLC is based on the TESLA
design. [4] Separate vessels house the six cavities and are
supplied liquid Helium through chimneys by the 2 K - 2
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phase pipe. The pressure exerted on the cavity walls influences the resonant frequency and needs to be regulated.
Slow trends in this pressure give rise to very low frequency
microphonics detuning (≲ 1Hz) and tight cryogenic regulation is necessary during operations. One important indicator
of cryogenic performance is the speed of the blowers which
regulate the Helium pressure and hence the temperature of
the cavity. The data shown in Fig. 3 is within acceptable
limits with the two blowers connected to the Helium gas
return line never exceeding 50 % of maximum speed for
nominal energy gain of 36 MeV and both reaching 67.5 %
at the maximum gain of 52 MeV.

RF COMMISSIONING AND
PERFORMANCE
The initial commissioning of the MLC after setting up the
high level RF and cryogenic systems involved calibrations of
various signal paths, configuring the Low Level RF (LLRF)
system with default parameters and then tuning the cavities
to resonance from their warm-up positions. While this process needs to be done only once, we still need a daily start-up
procedure to account for various drifts in the machine. In
this section we document the approach we follow to prepare
the MLC for beam operations. While we have done the
initial commissioning manually, most of these steps are automatically executed for routine operations using a dedicated
sequencer capable of rudimentary error handling. Such automation has also been used elsewhere [5]. Repeating these
procedures everyday ensures stable operations.
Step 1: Cavity tuning is the first step towards turn on and
we use stepper motor based slow tuners to obtain resonance
at the clock frequency of 1299.9 MHz. We use the LLRF system in fixed frequency constant power mode (called Klystron
Loop in the Cornell LLRF [6]) to coarse tune the cavity to
within a few Hz of resonance on average. During the tuning
process, we maximize the field signal while using a forward
power of 10 W which gives us the resonance position at an
accelerating voltage just above 1.1 MV. The algorithm is
based on decision tree approach and is capable of handling
the hysteresis of the tuner movement and includes safety
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Figure 3: Blower speeds (percentage of maximum) as functions of time during typical 36 MeV RF operations for the
FAT.
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Figure 4: Performance of the automatic coarse tuning algorithm. The graph shows how the accelerating voltage
changes as the algorithm progressively tunes four cavities
of the main linac to resonance in multiple iterations.
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Figure 5: Square of parasitic field inside cavities as functions
of change in Digital to Analog Converter (DAC) offsets for
in-phase ∆I (left panel) and quadrature ∆Q (right panel)
components of the output phasor. The plots show data for
all main linac cavities and the corresponding quadratic fits,
with the minima being the computed offsets.

features not to overdrive the tuner. Fig. 4 shows the performance of this algorithm on four cavities illustrating how the
algorithm can recover even after going through the resonance
peak. This step is a prerequisite for subsequent procedures
which requires a well tuned cavity.
Step 2: The Digital to Analog Converter (DAC) output
used in the LLRF system to drive the vector modulator may
have some offset due to manufacturing differences and temperature variations. This leads to some non-zero forward
power being injected into the cavity even when the output
is set to 0 leading to a parasitic field appearing in the cavity
when the feedback loop is not active. To account for the offsets, both the in-phase I and the quadrature Q components
of the output phasor are shifted by a programmable offset
in the LLRF. We measure the square of parasitic field as a
function of offset as shown in Fig. 5 setting the optimum
value at the position of minimum residual field.
Step 3: The LLRF system implements various trips which
turn off RF power going into the cavity in case of a situation
which might damage the RF system. Setting the various
trip parameters is an important step in commissioning the
cavities and is automated in our startup sequence. There
are three categories of trip parameters which we have to set.
The SSA trip parameters set the threshold for the maximum
power reflected from the circulator into the SSA. The power
Facilities - Progress
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Figure 6: Data recorded to measure field rotation. The first panel shows the change in 2 K pressure as we increase the
forward power. The second and the third panel show the voltage and phase as functions of forward power respectively on all
cavities. The dashed lines represent fits to models, Eq. (3) and Eq. (4).
scale contains a calibration factor while Max. power sets
the scaled power threshold. The Power trip parameters are
thresholds on the maximum forward and reflected power,
while quench detection relies on a sudden but sustained fractional decrease in reflected power. Finally, we set the Field
trip parameters which control the maximum field tolerated
by the system during normal operations.
Step 4: The phase rotation of the field signal due to the
cable length between the field probe and the control system
influences the stability of the constant field control loop
(called Cavity Loop in the Cornell LLRF). It also directly
affects measurement of the tuning angle ϕt ≡ ϕField − ϕPf
which is the phase difference between the field signal ϕField
and the forward power signal ϕPf . The detuning δ f of the
cavity is given by,
δf =

fdrive
tan ϕt ,
2Q L

(1)

where Q L is the loaded quality factor of the cavity, fdrive is
the clock frequency of the RF system. The average power
required by the control system to sustain a voltage V on a
detuned cavity is [7]
 
2
2Q L δ f
V2
+
,
(2)
P≈ R
fdrive
8 Q QL
where R/Q is the shunt impedance in circuit definition. Substituting Eq. (1) into Eq. (2) and including an unknown phase
offset ϕ0 , we get
P
sec2 (ϕField + ϕ0 )
=
.
R
2
V
8Q
QL

(3)

This relation is used to fit cavity voltage and phase data as a
function of forward power as illustrated in Fig. 6, with phase
offset ϕ0 being one of the fit parameters. Hence, we have
incorporated this procedure in our sequencer to set the phase
rotation which ensures correct microphonics measurement
and optimized field stability.
We can also use this same measurement to characterize the
Lorentz Force Detuning (LFD) and pressure sensitivity of
Facilities - Progress
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Table 1: Pressure Sensitivity and Lorentz Force Detuning
Doefficients as Calculated from Cavity Voltage and Phase
Data Shown in Fig. 6.
Cavity

1
2
3
4
5
6

Stiffened

No
Yes
No
Yes
No
Yes

d f /dp

KLFD

Hz/Torr

Hz/(MV/m)2

37.4 ± 0.6
18.3 ± 0.2
47.1 ± 0.4
17.4 ± 0.2
38.8 ± 0.4
11.7 ± 0.7

1.52 ± 0.02
1.35 ± 0.01
1.41 ± 0.01
1.21 ± 0.01
1.30 ± 0.01
1.57 ± 0.08

the cavities. Once the unknown phase offsets are determined,
we can use it calculate net detuning as functions of cavity
voltage V and 2 K pressure p. Consequently, we can fit the
detuning to a model,
δ f = δ f0 − KLFD

V2 d f
+
(p − p0 ) ,
L 2 dp

(4)

where δ f0 is a constant offset, KLFD is the LFD coefficient,
L is the active length and d f /dp is the pressure sensitivity
at the nominal pressure p0 = 12.5 Torr. Typical results
from the fit are summarized in Table 1 which shows that
the stiffened cavities are less sensitive to pressure variations
while they are equally sensitive to LFD which is consistent
with the design.
Step 5: Microphonics poses a major constraint on field
stability for the MLC cavities which we operate with high
Q L as noted in the previous section. The LLRF system
provides a tool to measure the microphonics in the system
as shown in Fig. 7. The LLRF measures the peak forward
power and detuning with a time resolution of 10 µsec and
100 µsec respectively. We ensure that the peak microphonics detuning is ≲ 50Hz for stable operations while the peak
power is less than the maximum output of the SSA connected to the cavities, 5 kW for stiffened and 10 kW for
un-stiffened. If deemed necessary, we can use the spectrum
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Figure 7: Microphonics measurements on all MLC cavities using the LLRF diagnostic tool. The left panel shows
the histogram of detuning while the right panel shows the
integrated spectrum.
measurement to determine the frequencies of strong vibrations in the cryomodule and then activate the ANC algorithm
on these sources.
Step 6: Stability of electric field in the RF cavity depends
on the proportional and integral gains of the field control
loop (cavity Loop). We complete step 5 with some default
parameters for the control loop, namely with a normalized
proportional gain of about 100 and a zero integral gain. Then
we measure the standard deviation of the field amplitude and
phase as a function of the feedback gains in order to optimize
the performance of feedback control.

CONCLUSION
The Main Linac Cryomodule used for energy recovery in
CBETA houses six 7-cell SRF cavities with a nominal accelerating voltage of 6 MV each. Three of these cavities are
fitted with stiffening rings in order to reduce their sensitivity
to external vibrations primarily driven by the cryogenic system. In order to sustain stable field at the required gradient,
the un-stiffened cavities are powered by SSAs capable of
generating 10 kW while the others us 5 kW sources. While
initial testing of the high power RF components revealed
some manufacturing defects, after repair all components operate normally and we have tested everything to full power.
We also carefully optimized various cryogenic system control loops which regulate Helium level and pressure inside
the cryomodule in response to varying levels of thermal load
during RF operations. The performance of the room temperature Helium blowers which maintain 2 K vapour pressure
inside the cryomodule strongly suggests that the thermal
dissipation of the cavities is within the expected range.
The initial RF system commissioning involved calibrating
the signal paths, tuning the cavities back from their warm-up
positions and preparing the LLRF control. Once the system
was sufficiently optimized in the initial days of operations,
we have automated turn on procedure which is now run by
a sequencer everyday before starting beam operations. We
start by tuning the cavities to resonance using the slow tuner
system, followed by reducing the leakage of forward power
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into the cavities by optimizing the offsets of the LLRF DACs.
Then we set the parameters which allow the LLRF to safely
trip off, protecting the system from permanent damage. After
this, we measure the field rotation offset by measuring the
average cavity voltage and phase as functions of forward
power. Finally we measure microphonics and field stability
and optimize the field and resonance control loops for stable
operations. Future work will involve automating steps 5
and 6 of the startup procedure with special emphasis on
establishing stable high-current energy recovery operations
with no spontaneous trips or long term drifts.
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OVERVIEW OF SUPERCONDUCTING RF CAVITY RELIABILITY AT
DIAMOND LIGHT SOURCE
C. Christou, P. Gu, P. Marten, S. A. Pande, A. Rankin, D. Spink, L. T. Stant, A. Tropp,
Diamond Light Source, Oxfordshire, UK
Abstract
Diamond Light Source has been providing beam for
users since January 2007. The electron beam in the
storage ring is normally driven by two superconducting
CESR-B cavities, with two similar cavities available as
spares. Day-to-day reliability of the cavities, measured by
storage ring MTBF, has improved enormously over the
years. A full analysis of how this improvement has been
achieved is given, with particular attention paid to cavity
voltage and vacuum pressure management, and the
scheduling and procedure of cavity conditioning. The
benefits and risks of full and partial warm-ups of the
cavities are discussed, and details and impacts of cavity
failure and repair are presented.

CAVITY RELIABILITY
A schematic view of the CESR-B cavity used in the
Diamond storage ring is shown in Fig. 1.The
superconducting niobium cavity is powered through a
waveguide coupler. The window is below the cavity, and
the waveguide is maintainned at UHV by ion pumps on
the pump-out box. Further ion pumps are located on the
tapers upstream and downstream of the cavities.

conditioning, regular warming-up of the cavities and by
reducing cavity voltage [2].

Figure 2: SR RF beam trips since 2007.
This preventative maintenance schedule has led to
continual gains in RF MTBF, shown in Fig. 3, with the
majority of RF faults in recent years occurring in the high
power amplifiers.

Figure 3: 90-day rolling MTBF for SR RF.

Figure 1: CESR-B cavity and cryostat.
The initial reliability of the RF cavities was poor, with
frequent cavity trips leading to many beam loss events
over the first four years [1], as illustrated in Fig. 2.
Significant improvements in reliability have been
achieved since 2011 by weekly cavity RF pulsed
Facilities - Progress
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There remains however a risk of prolonged downtime
and reduced beam current resulting from a cavity failure.
Failure of an operating cavity results in an extended loss
of beam time as the failed module must be replaced with a
spare. Furthermore, the repair can be slow and expensive.
DLS possesses four cavities, up to three of which can
be installed in the RF straight at any one time. Figure 4
shows a timeline of the cavities in the three available
positions, with each cavity represented by a different
colour. In this paper the three available positions are
indicated as 1, 2 and 3, and the four cavities are called A,
B, C and D; coloured red, blue, green and purple
respectively in Fig. 4. The current record in this figure
also shows the gradual ramp-up of beam current
following the installation of a new cavity in 2010 and to a
lesser degree in 2015.
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Figure 4: Storage ring current (below) and arrangement of
cavities in RF straight (above).
There have been four cavity failures at Diamond:
details are given in Table 1. Cavity failures to date have
been leaks to critical volumes, either at metal seals or at
the waveguide window.
Table 1: Cavity Failures
Cavity
A
B
C
D

Failure date
None
2009, 2014
2006
2015

JACoW Publishing
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Detail
UHV leak
Insulation vacuum leak
Window failure

Warming the cavity up to room temperature imposes
considerable mechanical stress on the cavity and increases
the danger of leaks, particularly at the indium seals in the
UHV assembly. RF pulsed conditioning is also not risk
free as it involves the generation of high electric fields at
the window. In order to lessen the risk of cavity failure it
would be beneficial to minimise the number of cavity
warm-ups and pulsed conditioning sessions, and so in
recent years the frequency of these events has been
gradually reduced. This paper discusses cavity reliability
at Diamond, and summarises the recent investigation of
the minimisation of warm-ups and RF conditioning.

Figure 5: Cavity faults characterised by vacuum spikes at
the pump-out box (left) and around the cavity (right).
Gauges recording sharp gas pulses are listed in each
figure.
The overwhelming majority of vacuum trips during
user time are identified as cavity fast vacuum trips of the
sort shown on the right side of Fig. 5. Further details of
such a trip are shown in Fig. 6. The first indication of an
event is a spike in an electron pickup below the coupling
tongue, at which time the reflected power begins to rise.
The pickup signal then falls, before rising to a much
higher level. Reflected power continues to rise, eventually
tripping the amplifier, and then the cavity field collapses
in an irregular manner much more quickly than would be
expected from the cavity filling time. The pressure pulse
follows and the beam is lost. A possible explanation for
such behaviour would be the formation of an arc in the
vicinity of the coupler, initially generating a shower of
free electrons before forming an intense attachment point
on the wall and destroying the coupling of the cavityamplifier system.

CAVITY VACUUM TRIP DETAILS
There have been many operational issues identified for
the superconducting cavity, including problems with flow
meters, and tuner drive, “probe blips” and their
interaction with the LLRF and various cryogenic issues
[2]. The most frequent problem encountered in the early
days and with the new cavity installed in 2014 was that of
cavity “fast vacuum trips”, in which an event in the cavity
is recorded as a pressure burst measured on the UHV
gauges. This problem was previously seen at Cornell and
was identified as a high voltage arc [3]. At Diamond there
are two different fault modes that display a spike in
vacuum gauges: the first characterised by a pressure pulse
at the pump-out box, and the second with multiple
pressure bursts along the RF straight. Examples of both
are shown in Fig. 5, with the locations of most intense
gauge pulses indicated.
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Figure 6: Cavity field (top), reflected power (middle) and
waveguide pickup current (bottom).
All cavities suffer from vacuum trips if the voltage is
increased beyond a safe limit, which differs for each of
the four Diamond cavities and is in the range of 0.8 MV
to 1.4 MV. The fact that similar cavities can have greatly
different safe operating voltages suggests that the
limitation arises in the manufacturing and assembly of the
devices. Safe operating levels have been established by
reducing cavity voltage until the vacuum trips vanish, as
Facilities - Progress
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shown in Fig. 7 for cavity A in the first years of Diamond
operation.
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Figure 9 shows partial pressures of gases measured during
a partial warm up: hydrogen and helium are released
below 30 K and heavier gases above this temperature.
The RGA recording helium partial pressure automatically
rescales around 10-8 mbar and so the initial spike in
helium pressure is in fact greater than shown in the figure.

Figure 7: Cavity voltage (left) and trip rate (right) during
the first operating period of cavity A.

WARM-UPS AND CONDITIONING
The ability to maintain a high electric field in a cavity
depends on several parameters, including the surface
finish of the walls, the UHV vacuum level and also the
accumulation of adsorbed gas on the walls [4]. Gas can be
cleared from the walls by warming the cavity up to room
temperature and pumping away released gas. This risky
process has been carried out many times for the Diamond
cavities, but there is no strong evidence to justify this
procedure. Figure 8 shows that for the sixteen shutdowns
in which the cavities were fully warmed up, the reliability
in the subsequent run, measured by the number of trips
per week, was on average no better than the trip rate in
the preceding run. Similarly, for the forty shutdowns in
which the cavity was not warmed up, the reliability was
no worse. Benefits of a full warm-up in a shutdown do
not carry through the next run and so full warm-ups have
been discontinued; the cavities are kept cold as far as
possible, only warming up to room temperature for
essential maintenance of the cryogenic plant.

Figure 9: Partial pressures of common gases during
partial warm-up beyond 50 K.
The beneficial short-term effect of a partial warm-up is
shown in Fig. 10, recorded during operation with cavity D
in 2015. At this time, partial warm-ups were carried out
weekly. Each partial warm-up regenerates the
cryopumping surfaces of the cavities and is evident in the
figure as a sharp drop in pressures of both cavities. As the
vacuum degrades over the week, the cavity vacuum trip
events return and a partial warm-up is required again. The
cycle of multiple trips and warm-ups was eventually
broken in the last week of February by reducing the
operating voltage from 1.0 MV to 0.8 MV, at which level
the trips do not occur over the week. Tests later that year
tests showed that the cavity did not trip even when a
partial warm-up was skipped.
It is not clear from Fig. 10 whether the benefit of a
partial warm-up arises from the clearance of material
from the walls or from the improved vacuum conditions
within the cavity.

Figure 10: Pressures in cavity taper (red) and pump-out
box (blue) before and after voltage reduction. Cavity trip
events are shown in black.
Figure 8: Change in weekly trip rates from run to run with
warm-up in the intervening shutdown (above) and without
warm-up in the intervening shutdown (below).
Warming the cavities up to approximately 50 K in a
partial warm-up places less stress on the structure but can
still be used to release light gases from the cavity walls.
Facilities - Progress
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The cavities have routinely been pulse conditioned with
a train of high power RF pulses with a 10% duty cycle. In
this procedure, the standing wave can be swept along the
length of the waveguide by detuning the cavity. A
calculation of the standing wave in the cavity and along
the waveguide is shown in Fig. 11, together with a
calculation of fields at the window for different detune
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angles [5]. The lower plot shows that the field at the
window is strongly asymmetric about the zero detune.

Figure 11: Standing wave during cavity conditioning
(above) and calculated field in waveguide and window for
detuned cavity (below).
The strong field at the window causes outgassing, and
so the pressure measured at the pump-out box can be used
as a gauge of field strength there. Pressures recorded for
the present two operating cavities are given in Fig. 12,
showing a strong asymmetry with phase in both. The
cavities in positions 1 and 3 are operated at different
coupling values and with different three-stub tuner
positions because of their different operating voltages and
so the peaks lie on different sides of the zero detune point.
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generated during conditioning from March onwards was
not evident as a change in base UHV pressure during
operation and had no effect on the rate of vacuum trips,
which had been reduced to zero by the voltage reduction
in February. Instead, it appears that the activity arose
from degradation of the window assembly itself,
eventually leading to failure of the window seal, as shown
in the photograph in Fig. 13.

Figure 13: Gas evolved during pulsed conditioning prior
to window failure (above) and failed window (below).

REDUCTION IN FREQUENCY OF WARMUPS AND CONDITIONING
As warming up and conditioning cavities may carry
risk, these interventions have been gradually reduced in
recent years. Figure 14 shows all warm-ups since the
installation of cavity D in 2014, with the integral of
pressure with respect to time plotted for each warm-up
representing the amount of gas released. The upper plot
over time (for cavity C) shows the increasing time
between warm-ups, and shows that full warm-ups release
more gas than partial warm-ups. Results for the three
cavities below show that there is gradual accumulation of
material over short periods (seen in the centre plot), but
beyond 20 to 30 days there is little, if any, correlation
between warm-up frequency and evolved gas. Most
importantly, the vacuum trips that had been eliminated by
reduction of operating voltage did not return, even when
the period between warm-ups reached a year.

Figure 12: Pump-out box pressure with cavity detune.
The conditioning procedure has been standardised and
the amount of material released can be calculated by
integrating the measured pressure during conditioning
with respect to time. The integral of pressure for every
conditioning session of cavity D is given in Fig. 13. From
March 2015 onwards the smooth outgas of Fig. 12 was
overwhelmed by spikes recorded at the pump-out box
gauge caused by events at the window. The extra material
THP025
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Figure 14: Full (black) and partial (green) warmups since
2014 (above) and gas evolved in cavities A (red), D
(purple) and C (green) (below).
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A similar test for reduction of conditioning frequency
has been carried out from the beginning of 2018 to date.
In the plots given in Fig. 15 it can be seen that the UHV
pressures in the two cavities reach an equilibrium level
after approximately a week. This is also evident in
Fig. 10. The state of the cavities can also be judged by the
dose rate measurement from a radiation monitor placed
downstream of the cavities, data from which is shown in
the lower plot of Fig. 15. The dose rate increases over the
week, and whereas the cavity UHV is helped by one day a
week of generally low-current machine development
operation the dose rate continues to rise until the
conditioning is carried out again. The increase in dose
rate from the radiation monitor decreases with time, and
appears to be approaching an equilibrium value after
several weeks, similar to the accumulated gas timescale of
Fig. 14.
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Multiple conditioning sessions and a partial warm-up
on the 23rd of April were not able to stop the trips, and
reliable operation only returned when the UHV level
returned to normal.
One unexpected effect of a year without a warm-up of
any sort is illustrated in Fig. 17. The top plot shows the
beam current over the two runs so far this year and the
bottom plot shows the pressure in the insulation vacuum
of one cavity. Insulation vacuum pressure was seen to rise
to a high level over the run, and then recover in the
shutdown. This behaviour was cleared by the partial
warm-up of the 23rd of April.

Figure 17: Beam current (above) showing user runs in
2019 and cavity insulation vacuum (below). The partial
warmup is indicated.
Figure 15: Pressures in two cavities (above) and radiation
monitor reading (below). Conditioning periods are
indicated by dotted lines.
Cavity vacuum trips did not return, even with three
week intervals between conditioning. It is not clear
whether pulsed RF conditioning can be eliminated
entirely, as the test had to be curtailed in early 2019
following an amplifier fault. This fault resulted in the RF
system running in an unexpected configuration, leading to
a loss of control of vacuum pressure along the RF
straight. The pressure rose to three times its normal level
and vacuum trips in both pump-out box and at the cavity
returned, as shown in Fig. 16.

CONCLUSIONS
Diamond’s superconducting storage ring cavities
experience the vacuum arcs reported since the early days
of the CESR-B cavities at Cornell, but the frequency of
these arcs can be controlled, and largely eliminated, by
reducing the cavity voltage sufficiently, as long as the
cavity UHV pressure is maintained at a good level.
Warm-ups of the cavity to room temperature carry
considerable risk and provide no apparent long-term
benefit, and so can be eliminated completely without
reduction in operational reliability. Partial warm-ups to
50 K are less hazardous to the cavity and provide a
significant short-term improvement in reliability. Once
the cavity fast vacuum trips were under control an elapsed
time of one year between partial warm-ups did not result
in the return of the trips, although a partial warm-up was
then needed to recover the cryostat insulation vacuum.
Weekly pulsed RF conditioning is not required to
maintain fault-free operation, but no firm conclusion can
yet be drawn regarding the maximum period between
conditioning sessions. The study is continuing.
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INITIAL OPERATION OF THE LCLS-II ELECTRON SOURCE*
C. Adolphsen†, A. Benwell, G. Brown, M. Dunning, S. Gilevich, K. Grouev, X. Liu, J. Schmerge,
T. Vecchione, F. Wang, F. Zhou, SLAC, USA
G. Huang, M. Johnson, T. Luo, F. Sannibale, S. Virostek, LBNL, USA
Abstract
The Early Injector Commissioning program for LCLSII aims to demonstrate CW electron beam production this
year in the first two meters of the injector that includes the
room-temperature 185.7 MHz single-cell gun and the 1.3
GHz two-cell buncher cavity. These cavities were designed
and built by LBNL based on their experience with similar
ones for their Advanced Photo-injector Experiment
(APEX) program. With the 258 nm laser system and Cs2Te
cathodes, bunches of up to 300 pC are expected at rates as
high as 1 MHz. The paper presents results from this program including the vacuum levels achieved, RF processing
and field control experience, dark current measurements
and laser and beam characterization.

Figure 1: Injector source beamline.

INTRODUCTION
A 4 GeV linac based on 1.3 GHz SRF technology is being constructed at SLAC as part of the LCLS-II project [1].
The photo-electron based source for this linac has been installed in the SLAC Linac Tunnel and has been undergoing
commissioning during the past year. As shown in Fig’s. 1
and 2, this short beamline includes a room-temperature gun
and buncher cavity together with focusing and bending
magnets and various beam instrumentation (two BPMs, a
toroid and a YAG profile monitor). The endcap for the first
cryomodule is located about 2 m after the gun cathode, but
currently this cryomodule is not installed and the beamline
extends about 1 m past this structure, terminating at a Faraday Cup. A cathode load-lock system extends upstream of
the gun that allows cathode plugs to be exchanged, and a
mirror box is located 1.1 m downstream of the cathode to
inject the laser pulses.
This beamline and associated RF system were acquired
or built by a group at LBNL and are similar to that developed for their APEX project [2]. Modifications to the
APEX design were made based on lessons learned (e.g.,
improved anode plate cooling) and specific requirements
for LCLS-II. The gun and downstream beamline were
shipped to SLAC as separate assemblies without having
been vacuum baked.
At SLAC, the Early Injector Commissioning program
was started last June to demonstrate the injector performance to the extent possible given the low energy beam
and limited diagnostics. The ultimate goals for the EIC program include generating 750 keV, 300 pC, > 20 ps long
bunches from the gun at a rate up to 929 kHz. This paper
reviews the injector design and the commissioning progress to date.
___________________________________________

* Work supported by US DOE under grant No. DE-AC02-76SF00515
† star@slac.stanford.edu
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Figure 2: Layout upstream of the gun showing the
waveguide connections and cathode load-lock system.

GUN DESIGN
The single-cell gun cavity is designed for CW operation
at 185.7 MHz, the seventh sub-harmonic of the 1.3 GHz
linac frequency. The cavity has an R/Q of 221 Ohm, a Qo
of 31200, and two RF power ports with net beta = 1 coupling. The design beam energy is 750 keV, which requires
a combined input power of 81.5 kW. The resulting cathode
gradient is about 20 MV/m.
The gun is largely vacuum pumped by 12 NEGs that are
located around the outer cavity radius in a volume that is
cutoff to the RF. A pressure below about 1e-9 Torr is required to achieve a reasonable lifetime for the Cs2Te cathodes planed for LCLS-II. Thus far, only a molybdenum
cathode has been used as it is more robust for the commissioning conditions. The gun is water cooled through five
separate circuits that connect to the 30 °C SLAC LCW system – the combined flow is around 40 gpm. The coupler
vacuum widows are air cooled (~ 10 CFM each) and are
located about 1 m from the coupler loop antennas, after a
90° bend in the vacuum coax waveguide that connects to
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the gun (see Fig. 2). Solenoidal permanent magnets are installed around these sections to suppress multipacting.
With the large cavity size, there is significant detuning
of its frequency from RF heating and a system of four mechanical tuners as shown in Fig. 3 are used to push or pull
the anode plate to adjust the cavity frequency. For each
tuner a DC motor plus a 30-to-1 gear box rotates a shuttle
that screws onto a bolt connected to the anode plate. When
bowing the anode outward from the cavity, for example,
the reactive force on the shuttle disk is transferred through
a piezo actuator and load cell to a thick plate that is attached
to the outer rim of the anode. The load cells provide a
measure of the applied force, which is adjusted as part of a
feedback loop that regulates the cavity frequency (a 32 N
change in force at all four tuners moves the anode plate by
about 1 micron and changes the cavity frequency by about
1 kHz). However, there is no readback of the actual motion.
Thus far only pull motion has been needed and the piezo
actuators, which are meant to provide fine frequency control, have not been required.

Figure 3: Details of the tuners used to push or pull the gun
anode plate.

GUN RF SYSTEM
Each of the two gun-ports are powered via a 60 kW, CW,
186 MHz Solid State Amplifier (SSA) that sums power
from 60, 1 kW push-pull LDMOS transistors (NXP model
MRF1K50N). The power from pairs of transistors are first
combined locally and then summed in a 30-to-1 coaxial
combiner (see Fig. 4). For reliability, the DC power supplies are distributed, that is, three 2.5 kW, 50 V supplies
power modules containing four transistors. If one power
supply or the entire module fails, the SSA can still provide
more than 50 kW of power. At 60 kW, the overall AC to RF
efficiency is 54%, and at 40 kW, the gain compression is <
1 dB. The SSA output power is very stable without feedback, about 0.01% rms in amplitude and 0.1 deg rms in
phase on a one second time scale. To date, the two SSAs
have run at about 40 kW for more than 100 hours without
major issues.
The SSAs are located in the SLAC Linac Gallery
and 6 1/8 inch rigid coaxial waveguide (WG) is used to
transport the RF power down to the beamline 7 m below.
Although the SSAs are back-terminated, high power isolators are included in the transport lines in the Gallery. For
non-ionizing radiation safety, most of the WG is pressurized at a few psi, which requires the use of coaxial air
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barriers. One of these failed (burned through) due to a gap
between the inner bullets that capture the Teflon barrier.
This led to an inspection of the full WG system, which
found other issues, mostly related to the way it had been
assembled. When reassembling the system, care was taken
to ensure that the initial transverse offset before joining
WG pieces was < 1 cm per meter of unconstrained WG as
recommended by the manufacturer. Also 16 temperature
sensors were added along each of the two transport lines to
monitor for hot spots - none have been found.
The WG and gun are well matched RF-wise in that the
fractional power measured at the isolator loads are 0.4%
and 0.8% after optimizing the relative drive phase of the
SSAs. The larger value can likely be reduced by adjusting
the isolator magnetic trim current. The gun has run for
more than a day without the need to reoptimize the relative
phase.
The LLRF system used to drive the SSAs is based on
previous systems designed by LBNL but uses the architecture developed for the LCLS-II SRF cavities. The system
regulates one of the gun probe signals using a P-I feedback
loop, and has stabilized it over hours to much better than
the 1e-4 rms amplitude and 0.01 deg rms phase requirement. However, the other gun probe had failed early on so
there is no out-of-loop signal for verification.
The gun has mostly been run with the field unregulated
as it is not needed to process the gun, and turning the loop
on requires some finesse. However, the LLRF system is essential for ‘SEL mode’ operation where the drive frequency
tracks the gun frequency as measured either in pulsed
mode, where the frequency is determined by the phase variation during the field decay period, or in CW mode, where
the frequency is determined from the forward minus probe
RF phase difference. Most running thus far as has been in
SEL mode with high duty (> 99%) pulses as it is robust and
effective for long term processing.

Figure 4: Photo of the inside of one of the 60 kW SSAs
showing the 30-to-1 coaxial RF combiner.

GUN OPERATION
Getting to the point where a beam could be generated
required overcoming a myriad of issues, most of which
have been fixed or mitigated [3]. The biggest obstacles was
that the NEG pumps in the gun, beamline and load-lock
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were contaminated with hydrocarbons (likely oil), which
became apparent from RGA scans of the vacuum system
while under bake. The initial plan to bake the gun by using
RF to heat it had to be abandoned as the vacuum pumping
(3 l/s) was insufficient and strong multipacting (MP) in the
gun and coupler WG limited the power below about 600 W.
A larger turbo pump (30 l/s) was installed and the gun was
heat-tape baked at up to 190 °C for more than 10 days (although the window temperatures were kept below 80 °C).
This reduced the pressure some but MP still limited the RF
power, so the NEGs were activated after conditioning them
during the bake. This made it relatively easy to burn
through the low power MP barriers and achieve nominal
80 kW CW operation.
The goal then was to continue to run at full power to reduce the vacuum to the 1e-9 Torr level, and to learn how to
efficiently bring the gun to full power at the nominal frequency. Turning-on the gun is done in SEL mode with full
peak power pulses but the duty factor in increased in steps
from about 10% to near 100%. This takes about 10 minutes
during which the cavity frequency increases about 400 kHz
as the anode plate bows outward. The frequency then decreases by 50 kHz over a roughly 30-minute period as the
outer cavity wall expands radially, pulling in the anode
plate. Throughout this warm-up process, the load cell
forces are held constant by a feedback loop that controls
the voltage applied to the tuner motors.
Increasing the duty factor in steps is necessary as the frequency tracking as currently implemented cannot keep up
with changes faster than roughly 1 kHz/sec, and when the
frequency lag exceeds around 30% of 6 kHz cavity half
bandwidth, the resulting 10% level of reflected power
likely causes MP in the coupler WG that increases the vacuum above the trip threshold (1e-7 Torr). This is an issue
with the tuners as well, which can change the frequency at
a rate up to 2 kHz/sec.
Once the gun frequency is reasonably stable, the tuners
are used to bring it close (< 300 Hz) to the nominal value.
Although the motor + gear box torque is rated high enough
(1500 in-lb at ~ 1 rpm) to easily deflect the anode plate,
frictional forces in the shuttle coupling mechanism limit
what they can achieve. In particular, the tuners sometime
get stuck above about 3500 N when operating at around
10% of their torque rating. For this reason, the anode water
cooling flow rate was adjusted so the load cell forces are
around 2 kN at nominal frequency. Even at low load, the
tuners do not always respond to small requested changes
(< 1 % of their rating) so a high proportion gain is used
when regulating the load force.
With the cavity frequency near nominal, SEL mode is
turned off and a two-tiered control loop is turned on in
which a high-level feedback loop adjusts the load cell setpoints based on the detuning relative to the nominal frequency, and four low-level feedback loops regulate the
tuner loads to the setpoint values. Initially, the pulse mode
detuning values are used, but after this is seen to operate
stably, the duty is increased to 100% and the CW mode detuning values are used. This control method has worked
well, regulating the frequency to within about 2% of the
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cavity half bandwidth. Temporal changes are largely driven
by slow, 0.5 °C variations the facility water temperature,
which cause frequency changes of about 30% of the cavity
half bandwidth. The main issue has been errant detuning
values during debugging that generate large enough reflected power to trip the system on the vacuum pressure
rise it causes, after which the whole turn-on procedure has
to be repeated.
With continued operation, the gun vacuum has lowered
significantly. Currently when switching from 100 Hz
pulsed operation at 99% duty to CW, the vacuum level immediately decreases by a factor three, indicting a large contribution from MP during the pulse rise and fall periods.
When operating CW with the gun temperatures in steady
state, the vacuum pressure is 1.6e-9 Torr. The dark current
as measured with the Faraday Cap started out low (< 1 nA)
but at one point increased to around 100 nA and stayed at
this level, which still meets the < 400 nA spec.

INITIAL BEAM OPERATION
The gun laser system uses an oscillator, chirped-pulse
amplifier and acousto-optic pulse picker to generate
1030 nm IR light at a rate up to 929 kHz with an average
power up to 50 W. Using two non-linear crystals, this light
is converted to UV (257.5 nm) at 10 times lower power,
and another factor of 10 reduction occurs during transport
of the UV light from the laser room to the gun cathode,
leaving at maximum about 0.5 uJ per pulse. Ideally, the
longitudinal profile would be essentially flat with a ~ 30 ps
width but so far only a ~ 20 ps FWHM Gaussian shape has
been achieved. A pulse stretcher has been added in the UV
region to improve the shape.
The first beam was generated on May 29, 2019 with
10 kHz, 0.28 uJ laser pulses impinging on the Mo gun cathode with a roughly 0.5 mm FWHM Gaussian transverse
profile in X and Y. Figure 5 shows the beam as imaged on
the YAG screen. With the Faraday Cup, the bunch charge
was measured to be 0.3 pC, which corresponds to a cathode
QE of 5e-6. The laser and beam have since been run at
92.8 kHz at this pulse energy, and earlier the laser was operated at 926 kHz at a lower pulse energy. The beam energy
was computed based on its deflection as measured on the
YAG screen when an upstream dipole corrector was varied.
The resulting calibration with respect to the gun input
power agrees with that expected to within 1%.

Figure 5: First photocurrent beam from the gun.
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BUNCHER
The buncher is a two-cell, pi-mode, 1.3 GHz cavity with
R/Q = 386 Ohm, Qo = 25700 and beta = 1 coupling. It is
powered through four couplers (two per cell) by four, 4.2
kW SSAs of the design that will be used to power the SRF
cavities. For the nominal combined input of power of 7.8
kW, the integrated field is expected to be 247 keV. The
buncher LLRF system capabilities are similar to that for
the gun, but instead of tuners, the temperature of the cooling water is adjusted to keep it on frequency. The cavity
detunes about -600 kHz with the RF on, which is much
larger than the 50 kHz cavity half bandwidth.
Although the cavity processed up to full power fairly
quickly in SEL mode, one of 20 cm long coupler arms heats
up about twice as much as the others, and the chiller used
to regulate the cooling water has not been stable. This has
restricted the average power at which the buncher can be
run, and has limited the ability to achieve stable operation
at nominal frequency.

SUMMARY
Much progress has been made during the last year to
demonstrate the LCLS-II electron source performance.
With the gun vacuum now in the low 1e-9 Torr scale during
CW operation, the current effort is to install a Cs2Te cathode and to characterize the resulting beam performance.
Also, many efforts are underway to improve the system, in
particular to increase the speed and robustness of the gun
turn-on.
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Abstract
An innovative vertical cryostat has been developed and
commissioned at STFC Daresbury Laboratory for qualifying
the high-β SRF cavities for the ESS (European Spallation
Source). The cryostat is designed to test 3 dressed cavities in
horizontal configuration in one cold run at 2 K. The cavities
are cooled to 2 K with superfluid liquid helium filled into
individual helium jackets of the cavities. This reduces the
liquid helium consumption by more than 70% in comparison
with the conventional vertical tests. The paper describes the
cryogenic system and its performance with detailed discussions on the initial results.

INTRODUCTION
As part of the UK’s in-kind contribution to ESS, STFC
is responsible for the procurement, qualification, testing,
and delivery to CEA Saclay of 84 high-β Nb cavities. The
high-β cavities, which accelerate the beam from 628 MeV
to 2500 MeV, are a five cell bulk Nb design operating at
704.42 MHz, designed at CEA Saclay.
2 K RF qualification of cavities with Q = 5 × 109 will be
required [1]. In order to support this activity, a novel Vertical
Test Facility (VTF) has been designed and commissioned at
the STFC Daresbury Laboratory.

VTF CRYOSTAT DESIGN
The conventional method for VTF SRF cavity testing is
to fully immerse the cavities in a large liquid helium (LHe)
bath, and then pump the entire bath down to 2 K using a
cold compressor/vacuum pump. RF testing is then carried
out with the cavities at 2 K. This approach has been used
successfully for many programs, including XFEL cavity
testing at DESY [2]. Whilst well-proven, this technique
requires both a large cryoplant and, for this activity, would
require ∼8500 L of LHe per testing run.
In light of the dwindling global supply of He, and associated rise in cost, an alternative cryostat architecture has been
developed which requires significantly less LHe and a much
smaller cryoplant throughput [3]. The cryostat is based on a
cavity support insert (CSI) where three cavities are mounted
horizontally inside LHe jackets below a header tank, each
fed by a common fill/pumping line as shown in Fig. 1. By
using this design approach, far less LHe is required per run
(∼1500 L) compared with the conventional design.
∗

shrikant.pattalwar@stfc.ac.uk

Facilities - Progress
operational experiences

Figure 1: CSI with three dressed cavities installed.
The insert is mounted into a cryostat vessel which comprises the outer vacuum chamber, magnetic shielding (see
below), and thermal radiation shields. The cryostat has been
manufactured by Criotec1 with the cooldown performances
reported below.
An ALAT2 Hélial 100 cryoplant, commissioned in 2018,
supplies 50 K gaseous helium (GHe, produced by the first
heat exchanger of the liquefier) and 4.2 K LHe. Subatmospheric pumps provide cooldown of the liquid to 2 K.
The full system P&ID is shown in Fig. 2.
In total, 115 tests are anticipated; given the project timeline and a 2 week testing duration, this required the infrastructure and work flow to be developed for testing 3 cavities
simultaneously. To facilitate this, two CSIs have been manufactured which can be used alternately in a single vacuum
vessel. This will allow simultaneous testing of three cavities
and preparation of the following three on the other insert,
reducing down time between runs.
1
2

criotec.com
advancedtech.airliquide.com
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Figure 2: VTF P&ID with the cryostat shown on the left of the figure, the 2 K valve box shown in the centre, the 2 K pumps
at the top, and the liquefier and cold box on the right.

SAFETY
In the operation of any cryogenic facility, safety is
paramount. Accordingly, significant efforts have been devoted to understanding potential failure modes for the facility
as described above, and introducing mitigation strategies in
consideration of the relevant regulations. A detailed treatment may be found in Ref. [4].

MAGNETIC SHIELDING
Stray field attenuation at the cavities to <1.4 µT is
achieved by a static Mu-metal magnetic shield3 surrounding
the cryostat.
Further attenuation to <1.0 µT is achieved through the
use of two active coils located at the top and bottom of the
cryostat as shown in Fig. 1. Coils are energised to ∼6 A and
∼10.8 A respectively to provide the desired attenuation.

UHV SYSTEM
Two custom slow pump slow vent (SPSV) ultra-high vacuum (UHV) systems have been designed and manufactured
3

magneticshields.co.uk
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for the CSIs. All components used for the build were processed for cleanliness and particle control before final assembly under ISO 4 cleanroom conditions. The first built
SPSV system is presently installed on top of one of two CSIs,
with the second to be installed in the coming months. SPSV
systems are currently being testing using manual operation,
although automation is planned for the near future.
Each SPSV system consists of three separate pumping lines that can operate at unbaked pressures down to
10−8 mbar. Mass flow controllers are used as variable valves
that can control the flow of filtered N2 gas into and out of
the system, ensuring that the pressure does not change at
a rate > 20 mbar/min and ensures that there is no particle
migration within the system. As shown in Fig. 3, various
separation and isolation valves allow for dynamic operation
of the system as required. Residual gas analysers (RGAs)
allow the partial pressures of residual gases to be measured
within the system and loaded cavities. Each cavity must
meet stringent vacuum acceptance criteria before the CSI
is moved to the cryostat for cooldown. Fig. 4 illustrates a
typical RGA scan for the system and was obtained as part
of routine monitoring of a cold RF test of cavity P02 (see
below) at 2 K.
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Figure 3: Schematic diagram of the SPSV system.

CRYOGENIC PERFORMANCE

Figure 4: RGA spectrum taken during cold RF testing of
cavity P02. Visible peaks correspond to H with mass to
charge ratio of 2 and cracking pattern of H2 O with mass to
charge ratio ranging 16 to 18.
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The first experimental run (Run-0) was carried out between October and November 2018 without any installed
cavities in order to validate the base cryogenic operation of
the system.
For the second experimental run (Run-1), which began
in March 2019, a single prototype cavity (P02, provided by
CEA Saclay) was installed in the middle cradle of the CSI.
After the dressed cavity was assembled on the CSI, the
insert was mounted into the cryostat vessel. The vacuum
space was evacuated and the lines to the cryoplant connected.
A pump and purge procedure of the CSI circuit was then
carried out with GHe at 300 K to minimise contamination
and the possibility of ice blockages in the circuit during
the subsequent cooldown. Shield cooling to 75 K was then
carried out, taking ∼36 hours as shown in Fig. 5.
LHe was then supplied to the CSI, completely immersing the cavities and filling the circuit (as shown in Fig. 2),
cooling the cavities to 4.2 K. This duration of this phase was
∼6 hours, as shown in Fig. 6.
The 2 K pumps were then used to reduce the temperature
of the LHe bath and cavities down to 2 K. Excellent temperature and pressure stability was demonstrated at the level of
±1 mK and ±0.1 mbar respectively, as shown in Fig. 7.
Approximately half of the LHe inventory evaporates from
self-cooling losses during this process. Whilst the system
is designed to handle He mass flow of 4 g/s at 2 K, the
measured mass flow is <2 g/s with the highest RF power
applied to the cavities (see Fig. 8. This is significantly less
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Figure 5: Shield cooldown to 50 K.

Figure 7: Pressure and temperature stability at 2 K.

Figure 6: Cavity cooldown to 4 K.
than the ∼20 g/s required by the conventional VTF approach,
thus reducing the necessary size of the 2 K pumps, safety
devices, valves and transfer lines.
In the absence of dynamic RF loading, the hold time of
the system is sufficient so as to keep the cavities cold (liquid
level >70%) for 18 hours between LHe top ups. In practice,
LHe top ups have been carried out daily to support 2 K RF
operations in Run-1, taking ∼2.5 hours per fill.
At the end of Run-1, a fast warmup procedure will be
used, as previously demonstrated in Run-0, where pumps
will be used in a closed cycle to circulate GHe through the
cold stages.
Using a 200 W heater on the 2 K stage, a series of experiments were conducted to simulate the cryogenic performance
under the expected dynamic RF loading. A series of 40 s
pulses up to 200 W were applied to the 2 K stage as shown
in Fig. 8 along with the accompanying temperature rises.

PRELIMINARY RF RESULTS
The main RF measurement and LabVIEW control system
is taken from the design of T Powers from JLAB [5]. Modifications were made to achieve greater safety in operation,
as well as to meet the requirements for the testing of the ESS
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Figure 8: Measured 2 K stage temperature response to pulsed
loading up to 200 W.
cavities. In order to validate the operation of the RF measurement system a Nb coaxial resonator was designed that
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would fit inside a cryocooler [1, 6 ]. The Q of the resonator
was quite low, ∼ 5 × 106 , as the temperature was on the
order of 7.5 K. Measurements on the coaxial resonator were
performed at a resonant frequency of approximately 712
MHz. Results are presented in Table 1 showing results
derived from standard 3 db transmission measurements on a
network analyser and the decay method.
Table 1: Coaxial Resonator Q Measurements
Measurement method
Network analyser
Decay from LLRF in

Loaded Q
2.67 × 106
3.00 × 106

Unloaded Q
4.61 × 106
5.18 × 106

The ESS cavity specification states that the unloaded Q,
Qu , should be a minimum of 5 × 109 at an accelerating gradient of 19.9 MV/m. Preliminary results are shown below
in Figs. 9 and 10 for relatively low power levels but these
showed very good agreement with results from CEA Saclay.
Typical error values were on the order of 10-15% which is
consistent with standard measurement errors found by other
authors [7]. Measurements were made in transmission using
a very lightly coupled pick up probe (Q ext ∼1011 ).

Figure 10: Measured Q against temperature for P02.
of 6 cavities every 4 weeks, with the first series cavities
arrivinge at Daresbury later this year.
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Abstract

Table 1: Main Electron Beam Parameters of TARLA

The Turkish Accelerator and Radiation Laboratory
(TARLA) is proposed as an accelerator based radiation
source facility to provide a research instrument for researchers from both Turkey and region. The facility is located at the Ankara University Institute of Accelerator Technologies and proposed as the first accelerator based research
infrastructure in Turkey. The superconducting accelerator of
TARLA is currently under commissioning and will drive two
Free Electron Laser (FEL) lines in the mid- and far-infrared
ranges and a high flux Bremsstrahlung radiation to 40 MeV
electron beam in Continuous Wave (CW) mode. The SRF
cryomodules have been delivered by industry in 2017. In
this paper, we present the achieved vertical test results of
the SRF cavities, the results of the high power RF test of the
fundamental power couplers and the first test results of the
integrated piezo tuner. After successful commissioning of
the cryogenic plant operating at 1.8 K with ±0.2 mbar pressure stability, the commissioning of the SRF cryomodules
is now ongoing and the current status and results achieved
so far are explained.

Parameter

INTRODUCTION
TARLA will provide free electron laser (FEL) between
5-350 µm in medium and far infrared regions and a
Bremsstrahlung radiation in 5-30 MeV [1, 2]. Thermionic
triode electron gun will deliver 250 keV beam to the superconducting accelerator modules in continuous wave (CW)
mode. Two cryomodules originated by ELBE facility [3]
will accelerate the electron beam to 40 MeV. The electron
beam will be transmitted to two independent undulator magnets inside the optical cavities. A Bremsstrahlung line is
planned to perform astro-physics and nuclear experiments
between 5-30 MeV using the electron beam. Additionally,
we plan to conduct fixed target experiments by electron beam
directly. The overview of the TARLA facility is shown in
Fig. 1. The main electron beam parameters are listed in
Table 1.

TARLA CRYOMODULES
Electron bunches delivered by thermionic triode gun
with ∼500 ps will be compressed by buncher cavities, i.e.
namely subharmonic and fundamental bunchers, to 10 ps [4].
Buncher cavities are the normal conducting accelerators operating by velocity modulation to compress the electron
bunch [5]. Electron beam will be able to accelerate to
∗
†
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Beam energy
Max. average beam current
Max. bunch charge
Horizontal emittance
Vertical emittance
Longitudinal emittance
Bunch length
Bunch repetition rate
Macro pulse duration
Macro pulse repetition rate

Unit

Value

MeV
mA
pC
mm.mrad
mm.mrad
keV.ps
ps
MHz
µs
Hz

15-40
1.5
120
<15
<12
<85
0.4-6
0.001-104
50-CW
1-CW

40 MeV using two superconducting cryomodules. A cryomodule is a structure that contains two TESLA cavities [6],
whose achievable accelerating gradient of 10 MeV/m at CW
mode. The accelerating structure of TARLA comprises of an
injector part with low energy, two superconducting cryomodules and a bunc compressor between cryomodules (Fig. 1).
Bunch compressor is a structure, rotating the beam at longitudinal phase space, preserving the longitudinal emittance,
but reducing the bunch length at the expense of the energy
spread. By this way, TARLA bunch compressor will allow
to optimize the micropulse duration and energy spread of
the beam by phasing the cavities. The electron beam will
be delivered either to Bremsstrahlung or one of two FEL
beamlines. The parameters of cryomodules are given in
Table 2.
Table 2: Cryomodule Parameters of TARLA
Parameter

Unit

Value

Frequency @1.8 K
Tuning range
Ext. Q of input couplers
Ext. Q of HOM couplers
Accelerating Voltage/CM
Cryogenic losses at max grad.
Coupler power@CW
Tunning Resolution
Tunning speed

MHz
kHz
–
–
MV
W
kW
Hz
kHz

(1300±5)
120
(1.2±0.2) × 107
> 5 × 1011
>20
<75
≥15
1
1

Since TARLA cryomodules have been planning to operate in pulsed mode operations besides CW mode, the tuning
system of the cryomodules has been modified by adding
piezo stack on the lever arms of the mechanical tunning
system. The aim of this modification is to have better RF
performance especially for pulsed mode operations. Fig. 2
depicts the modification of TARLA tuning mechanism. The
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Figure 1: Layout of TARLA facility.
simulation and bench-top tests in room temperature were
verified between each other. The resolution and the speed
of tuning has been improved as 10 Hz-5 Hz/ms to 1 Hz 1 kHz (Fig. 3). The cavities were produced in accordance
with XFEL manufacturing procedure and assembled into
helium vessel then vertically tested at DESY in 2016. Fig. 4
illustrates the vertical test results of TARLA. After testing
of all cryomodule components such as cavity vertical tests,
piezo tuning tesst, coupler tests, leak test etc., the cryomodules were delivered to TARLA by Research Instruments
GmbH [7] at the end of 2017 and ready for assembly to
the helium plant. Fig. 5 depicts the actual location, where
the first cryomodule will be positioned on the beam-line in
accelerator hall.
Figure 3: Simulation results of TARLA piezoelectric tuner
mechanism.

HELIUM PLANT

Figure 2: Modified tuner mechanism of TARLA.
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TARLA cryogenic system provides super fluid helium at
1.8 K with ±0.2 mbar @ 210 W. The distribution system
transmits the super fluid helium through the lines from cryoplant to cryomodules. The system consists of a He gas
storage tank, a compressor station, an oil remover, a He refrigerator and a dewar with transfer lines. A cold compressor,
cooling by a warm vacuum pumps and a heat exchanger performs 1.8 K He flow at 16 mbar±0.2 mbar. Fig. 6 illustrates
the TARLA He plant diagram. The plant is manufactured by
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Figure 4: Vertical tests of TARLA cryomodules.
Figure 7: Pressure stability of liquid helium in test caps.
Air Liquide Advanced Technologies [8] and
completed most of the site tests. Nowadays, the
commissioning works are ongoing together with the
cryomodules site tests. The long term operation tests are
performed by using test cups instead of cryomodules,
as a simulator. The main responsibility of the
plant is keep the pressure stability 16 mbar. Fig. 7
illustrates the measurement results of the plant using by
test caps which are equipped with heater equal to the
full heat loss of the modules.

RF AMPLIFIERS
Figure 5: Photo of the location, where the TARLA cryomodule will be positioned on the beam-line in accelerator hall.

TARLA high power RF (HPRF) system comprises of
four 18 kW RF power amplifiers and RF network of
wave-guides [9]. RF waves are produced by power
amplifiers and transmitted to the accelerator modules by a
distribution sys-tem. Fig. 8 depicts the photo of a 18 kW
RF amplifier with the test setup. 18 kW RF amplifiers are
manufactured by SigmaPhi [10] and delivered in 2019.
The main parameters of RF amplifiers are listed in
Table 3. The factory accep-tance and TARLA site tests
are in line with the expected parameters in Table 3 [11,
12]. Fig. 9 illustrates the graph of CW output power of a
18 kW TARLA RF amplifier. As it is seen on the graph,
the nominal power is ∼ 16 kW, which equals to 72 dB.
Table 3: 1.3 GHz RF Amplifier Parameters of TARLA
[11]
Parameter
Frequency range
Output power (CW & Pulsed)
Linear gain
Output Harmonics (2nd & 3r d )
Phase drift coefficient typical
Gain drift coefficient typical
Efficiency typical @ 18 kW

Figure 6: Schematic view of TARLA cryoplant.

RF Amplifier

Unit

1300 ± 5
16.4@ 1 dB
≥72
<-45
0.35
0.4
> 42

MHz
kW
dB
dBc
deg/K
%/K
%

CONCLUSION
Nowadays, thermionic triode electron gun and injector
operating and commissioning works are in progress [13]. Helium cryoplant commissioning are successfully completed.
The superconducting cryomodules delivered at the end of
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2017 and site tests are about to be completed.
The planned schedule is that the first cryomodule will
be in operation, about the beginning of 2020 and the
second one is at the end. We are expecting to have
the first lasing, in 2022 and to provide the users in the
same year.
The first experimental station consisting of a
conventional laser source has already in operation, since
2018. TARLA is the only accelerator based user
laboratory providing oppor-tunities to the researchers who
need high power FEL in mid and far infrared region.
Pump-probe, IR spectroscopy and the laser diagnostic
experiment halls have been equipped at the same time
with commissioning works of accelerator part.
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TOWARDS REAL-TIME DATA PROCESSING USING FPGA
TECHNOLOGY FOR HIGH-SPEED DATA ACQUISITION SYSTEM
AT MHz REPETITION RATES
M. Bawatna†, A. Arnold, B. Green, J. Deinert, S. Kovalev, Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) Institute of Radiation Physics Radiation Source ELBE, Dresden, Germany
Abstract
Accelerator-based light sources, in particular, those
based on linear accelerators, are intrinsically less stable
than lasers or other more conventional light sources because of their large scale. In order to achieve optimal data
quality, the properties of each light pulse need to be detected and implemented into the analysis of each experiment. Such schemes are of particular advantage in 4th generation light sources based on superconducting radiofrequency (SRF) technology, since here the combination of
pulse-resolved detection schemes with high-repetition-rate
is particularly fruitful. Implementation of several different
purpose-built CMOS linear array detector will enable to
perform arrival-time measurements at MHz repetition
rates. An architecture based on FPGA technology will allow an online analysis of the measured data at MHz repetition rate and will decrease the amount of data throughput
and disk capacity for storing the data by orders of magnitude. In this contribution, we will outline how the pulseresolved data acquisition scheme of the TELBE user facility shall be upgraded to allow operation at MHz repetition
rates and sub-femtosecond timing precision.

INTRODUCTION
Terahertz radiation offers unique control of low-energy
excitations in the matter. Fundamental modes such as molecular rotations, lattice vibrations, electron and ion motion
or spin precession can be coherently controlled on the ultra-scale, while parasitic electronic excitations are suppressed, because of the low THz photon energy. The main
challenges which have impeded the experimental realization are the availability of high field and high repetition rate
THz sources, knowledge, and control of the interaction of
photoelectrons with THz-field.
Femtosecond level diagnostic and control of sub-picosecond electron bunches is an essential topic in modern accelerator research. At the same time, new quasi-cw linear
electron accelerator is the driver of many 4th Generation
light sources such as X-ray free electron laser. High duty
cycle, high stability, and online pulse to pulse diagnostics
of these new accelerators are crucial ingredients to the success of these large scale facilities. A novel THz based
online monitor concept is presented that has the potential
to give access to pulse information on bunch form, arrival
time and energy at high repetition rate and down to sub pC
charges [1]. It has been shown that pulse experimentally to
pulse arrival time measurements can be used to perform
high temporal resolution and dynamic range experiments,

removing the influence of synchronization problems between the accelerator and external laser systems.
The rapid evolution of high-speed processors has allowed scientists to reduce the time needed to process data
from several hours to a few minutes. Due to the different
methods of data processing and the urgent need to increase
the resolution, speed of measurement, and get the results in
the shortest time, many developers of data acquisition systems are considering Field Programmable Gate Array
(FPGA) technology.
The Data Acquisition (DAQ) system presented in this
paper is for obtaining time-resolved measurements of various materials, utilizing THz at accelerator-based photon
sources as in [2,3]. However, THz-driven phenomena experiments using the method of THz pump-Laser probe
have many challenges, namely the instabilities and synchronization with the modern fs laser systems.
This paper organized as follows: first; we will present
the current Data Acquisition (DAQ) system at the THz
source at the Electron Linac for beams with high Brilliance
and low Emittance (TELBE) that is used to measure the
electrical and magnetic properties of samples, along with
the challenges and limitations. Second; we will explain the
signal processing methods we apply to the raw data in the
sorted and binned data that is used to obtain the results. Finally, we will present our current development progress on
the FPGA-based DAQ system and its prospects.

DAQ SYSTEM AT TELBE
The TELBE facility currently operates two superradiant
THz sources, a Coherent Diffraction Radiator (CDR)
source and an undulator source. The THz emission characteristics are distinctly different, offering TELBE users the
choice to work with either quasi-single-cycle or multi-cycle THz pulse forms, or even both. In the following, fundamental properties of these two sources that are of vital interest for users of the TELBE facility shall be quantitatively compared. Namely, the maximum achievable pulse
energy together with the achievable intensity- and timingstability. The pulse-resolved data acquisition system at
TELBE has been used for the pulse-resolved characterization of the CDR source and the undulator source in parallel.
Thereby the measurements can be directly compared. The
current pulse-to-pulse data acquisition system has an optimal timing resolution of 12 femtosecond Full-Width Half
Maximum (FWHM), as determined by the physical properties of its design.
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In order to understand the proposed MHz repetition rate
DAQ system in this paper, we will shortly explain the current DAQ system at TELBE: characteristics, challenges,
and significant trade-offs.
A pulse-to-pulse DAQ system was developed at TELBE
for use at repetition rates of 100 kHz. For each pulse, we
record two data channel: the arrival time information of the
THz pulse, and the experimental data, which are the laser
probe pulses, as shown in Fig. 1.
For each THz pump pulse at a repetition rate of 100 kHz,
two laser pulses of duration 100 femtoseconds (fs) are applied to the sample at a repetition rate of 200 kHz with a
variable delay between the THz and laser pulses. Depending on the experiment and the sample, a mechanical step
delay changes the time the pump and probe pulses arrive at
the sample, with 100 thousand THz pulses for each step to
improve the Signal-to-Noise Ratio (SNR).
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Figure 2: The signal measured by the spL2048 camera for
single-shot measurement of THz pulse at TELBE. The repetition rate in these measurements was 100 kHz.
The three signal processing operations are: subtracting
the pixels form the background noise, then applying the
zero-phase filter on these pixels to reduce noise, and then
calculating the location of the peak. Finally, Eq. (1) is used
to determine the arrival time of the THz pulse.
𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 = 𝑀𝑀𝑀𝑀𝑥𝑥_𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙𝑊𝑊𝑖𝑖𝑑𝑑𝑑𝑑ℎ + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝑐𝑐.

(1)

Where PD is the position of data, MP is the maximum
point, DeSP is the delay stage position, ps is picosecond,
and c is the speed of light in meter per second.

Experimental Data Measurements
After determining the arrival time of each THz pulse in
a time resolution of a few ten fs, a further signal processing
and calculations need to be done on the measured experimental data. The experimental data are measured using two
laser probe detectors which are connected to the 10 MSPS
TB-2708 ADC card. Depending on the experiment, one or
both values of the two detectors may, and then the mean of
the 100 samples measured by the ADC is calculated.

Figure 1: Block diagram for the current DAQ system hardware at TELBE.
The experimental and arrival time raw data are then sent
to the offline storage devices for further signal processing
and data analysis.

Arrival Time Measurements
Several signal processing operations need to be done on
the measured arrival time information to achieve an excellent time resolution and performance accuracy of a few ten
fs. For each THz pulse, a signal consists of 2048 pixels as
a readout data from an spl2048 camera as in Fig. 2.
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Figure 3: Electro-Optic Signal (EOS) of 0.9 THz pulses:
(a) Raw, unsorted data. Timing from delay stage position
only, (b) Added arrival time data from pulse-resolved diagnostics, (c) Averaged data in 50 fs wide bins.

Facilities - Progress
operational experiences

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP029

The signal processing of the diagnostics data and the experimental data can be done in parallel as in Fig. 3. However, the data binning, which is the final step of the signal
processing in the raw data, is done in series after finishing
the signal processing on both of the diagnostics and experimental data. The data averaging is a simple calculation of
the data in 50 fs wide bins.

Challenges and Trade-offs
The demand for high SNR and more accurate time resolution has lead in the recent years to enhancements of the
sensor technology and ADC architecture. However, increasing the clock rate in the ADC, and thus, the increase
in the data acquisition rate, make the task of saving and
processing the data more complex. In the current DAQ system at TELBE, the raw data is saved in offline storage devices. Therefore a lot of disk capacity, as well as the very
high data throughput, is required to move this raw data to
and from the storage devices.
The current DAQ system at TELBE faces the challenge
of allocating the required resources to save the long-time
scale data of a few weeks at 100 kHz repetition rates of
THz pulses. For each day tens of loops are measured. The
required disk capacity to store one loop of raw data is 89.7
Gigabytes. Each loop consists of 200 steps, and the raw
data comes from two channels: first, the diagnostics data at
100 kHz of THz pulses each takes 2048 pixel every ten µs
at 12 bits resolution that results in 82 Gigabytes per Loop.
Second, the experimental data that comes from the 10
MSPS ADC card with 12 bits resolution per sample that
results in 7.7 Gigabytes per Loop. Interfacing higher speed
ADC card or higher frame rate imaging detector will dramatically increase the required resources of memory, channel bandwidths, and disk capacity. Moreover, further signal
processing on the raw data is required to load the data again
from the storage devices for data sorting and binning analysis.

FPGA-BASED DAQ SYSTEM
In recent years, the rapid development in the reconfigurable processing units, namely the FPGA that contains
thousands of embedded Digital Signal Processing (DSP)
units make the online data processing more attractive for
the developers of high speed DAQ systems. These reconfigurable processing units can perform the required parallel
processing to process the data stream from an ADC which
can generate vast amounts of raw data. In this paper, we
will present our development of improving the repetition
rate of our DAQ system using KALYPSO detector version
2.1 as in [4, 5] with interface implemented in High-Flex
FPGA board as in Fig. 4.

Figure 4: FPGA KALYPSO interface architecture.

Challenges and Trade-offs
The linear array imaging detectors are integrated circuits
used for measuring the light intensity [6]. There are two
major imagining detectors technologies: the Complementary Metal-Oxide-Semiconductor (CMOS), and the
Charge-Coupled Devices (CCD). The imaging detector
consists of pixels. The pixel size is an important parameter
that affects the SNR because the pixel size is directly
propotional to the number of received photons, and that results in less noise. High frame rates can be achieved by
massive parallelism. However, the frame rate of the highspeed image sensors is limited by the pixel access time.
Therefore, commercially available imaging detectors decrease the number of pixels while increasing the frame rate.
In our work at TELBE, we are interested in the monochrome linear array imaging detectors with ultra-high line
rate, high SNR, and the maximum number of pixels.
The current linear array imaging detector used at TELBE
supports a line rate up to 140 kHz. A total of 2048 pixels
can be taken in each frame with pixel size 10 µm x 10 µm.
The specifications of the KALYPSO version 2 imaging detector are presented in Table 1.
Table 1: Comparison of the Characteristics of the Image
Sensors Used at TELBE
Specification
Number of
pixels
Pixel width
Pixel height
Sensor type
Wavelength
Colour
Line rate
Sensor width
Pixel bit
depth

Basler
SPL2048
2048 pixels

KALYPSO v2

10 µm
10 µm
CMOS
400nm - 1µm
Mono
Up to 140 kHz
20.5 mm
12 bit (ADC)

50 µm
3 mm
CCD
300nm - 1µm
Mono
Up to 2.7 MHz
12.8 mm
12 bit (ADC)

256 pixels

Due to the limitations in the number of pixels supported
by high frame rates imaging detectors available today, we
decided to use the KALYPSO linear array detector due to
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its unprecedented MHz line rate and 256 pixels. KALYPSO is a front-end ASIC that measure photon energy at
the range of visible light as in [4, 5].

FPGA Board and KALYPSO Interface
The High-Flex board as in [7] has VIRTEX
XC7VX330T FPGA on it, with almost 2 million of Configurable Logic Blocks (CLBs), 68 Mb of RAM Blocks
(BRAM), 4 Gigabyte of DDR3 with 64 lanes at 1866 Mb/s,
two High Pin Count FMC connectors, and a PCIe Gen 3 x
16 lanes that enable a full duplex data throughput up to 130
Gb/s. The Printed Circuit Board (PCB) has 16 layer metals
stack, and support a picosecond time controlled transmission lines.
The hardware interface between KALYPSO detector and
the High-Flex FPGA board is done by FMC connector as
in Fig. 4. The KALYPSO detector has two ADS52J90
ADCs that are connected to the imaging sensors, and interfacing with the FPGA by the serial Low Voltage Differential Signalling (LVDS) interface that provide the digital
data to the FPGA.
Several ADC signal controls are used to control the data
rate and the bit resolution of the ADC chip, and
LMK03001C is used to clean the jitter.
Table 2: FPGA Resources Utilized
Resource

Available

Used

Logic Cells
SLICEs
Block RAM
18 Kb

326,400
51,000
1,500

67.391
3.850
680

Percentage
Used
%20.6
%7.5
%45.3

Table 2 lists the resources percentages used in VIRTEX7 FPGA as in Fig. 4. The implemented MHz repetition rate
DAQ system causes a significant challenge in allocating
suitable computer resources to handle the massive volume
of recorded raw data.

FPGA-PC Interface
In order to maximize the throughput of the PCIe connection and minimize the FPGA resources utilization, the data
flow, registers, memory organization between the Direct
Memory Access (DMA) engine and the Linux Driver for
interfacing the front end of KALYPSO detector to the
High-Flex FPGA readout are based on the solution provided by the Institute for Data Processing and Electronics,
Karlsruhe Institute of Technology (KIT) as in [8].
The DAQ software was written in Python language to
control the data flow between the FPGA board and the PC.
Also, the software has a Graphical User Interface (GUI) to
monitor the signal, and perform some basic mathematical
calculations to fit the requirements of the pump-probe experiments at TELBE user facility.
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Figure 5: Flow chart of the GUI internal operations for the
FPGA-Based DAQ system at TELBE.
The internal operations of the FPGA-PC interface are
shown in Fig. 5. The first step is to check the status of the
High-Flex FPGA board and the synchronization with the
KALYPSO card. If there is no error, then the GUI is enabled for users to adjust the required settings. For MHz
frame rate measurements, the GUI automatically adjusts
the presentation of data on the user screen.

SYSTEM CHARACTERISTICS AND RESULTS
A practical approach to improve the repetition rate of our
DAQ system at TELBE has been presented. In this paper,
a pulse-to-pulse FPGA-Based DAQ was developed for use
at MHz repetition rates. For each pulse, several data channels can be taken.
Currently, an image file containing the arrival time information is recorded. This data can be used to improve the
dynamic range and time resolution in time-resolved experiments. The developed system was characterized throughout this work, and an excellent performance could be established.
The previous DAQ system drawback is the fact that
online data sorting and the overall data handling only allow
operation with roughly a 25% duty cycle. For every 1 second of data taken at 100 kHz, roughly 3 seconds are required to write the data to storage. However, implementing
FPGA architecture is capable of achieving the necessary
speed to process data between pulses, as well as improving
the transfer rate of data to storage.
The KALYPSO linear array detector is capable of monitoring the arrival time of THz pump pulses at a rate of 2.7
MHz with 256 pixels per frame, and 12-bit resolution per
pixel. The data volume increase to 280 Gigabytes per loop,
which means a percentage increase of 480 with the comparison to the current DAQ system used at TELBE.
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Figure 7: Raw data measurements recorded by the FPGABased DAQ System at TELBE.

Figure 6: Picture of the FPGA-Based DAQ installed at
the EOSD experimental setup at TELBE.
The FPGA-Based DAQ system has been installed at the
Electro-optic sampling (EOS) experimental setup at
TELBE, as shown in Fig. 6.
The Electro-optic sampling system is most commonly
used to measure the time domain form of THz pulses. They
work by altering the polarization of a probe beam that propagates through the electro-optic crystal co-linear with a
THz pulse. This effect is quasi-simultaneous and can be
used to detect signals on femtosecond timescales.
For ZnTe crystal the condition is met for THz pulses by
using an 800 nm probe pulse. Another parameter of importance is the group velocity mismatch (GVM). This is
the difference in group velocity between the THz pulse and
the probe pulse. For instance, in ZnTe using an 800 nm
probe, there is a GVM of about 1 ps/mm. That means that
while using an 800 nm laser and ZnTe, it is essential to
have crystals that are sufficiently thinner than 1 mm or the
GVM will cause the setup to be insensitive to higher THz
frequencies.
Table 3: SRF Gun and Beam Parameter Values
Parameter
Laser pulse length (rms)
Repetition rate
Bunch charge
Kinetic energy gun
Final beam energy

Value
2 ps
100 kHz
200 pC
3.5 MeV
25.8 MeV

Table 3 lists the beam parameter values used in this experiment. The undulator was tuned to 1 THz, and the beam
was guided through the whole beamline. A raw data of
2000 frames at 100 kHz repetition rate, as shown in Fig. 7
has been recorded at TELBE.

This massive amount of raw data coming from the linear
array detector is a significant challenge, and it requires the
allocation of memory capacity and bandwidth, as well as
the storage devices. The beam-time at TELBE lasts for an
average of two weeks, with 24 hours of continuous measurement. From three to four experiments can be measured
per hour, and this results in a raw data volume of hundreds
of terabytes

CONCLUSION AND FUTURE WORK
The FPGA-Based DAQ system presented in this paper
is for obtaining time-resolved measurements of various
materials, utilizing THz at accelerator-based photon
sources.
We evaluated the KALYPSO linear array detector as an
approach to increase the performance of our DAQ system,
which is limited by the speed of the imaging detector that
supports a repetition rate of 100 kHz. As future work, the
online sorting and binning of raw data shall be implemented inside the FPGA, as well as interfacing ultra-high
speed ADC of 500 MSPS to improve the SNR of our experimental data.
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Abstract
The LHC accelerating RF system consists of two cryomodules per beam, each containing four single-cell niobium sputtered 400.8 MHz superconducting cavities working at 4.5 K and an average accelerating voltage of 2 MV per
cavity. The paper summarises the experience, availability
and evolution of the system within 10 years of operation.
The lessons learned from the successful replacement and
re-commissioning of one cryomodule with a spare module,
and the recent re-test of the originally installed module on
the test stand are also included. Finally, a review of the
spare cavity production and long-term developments are
presented.

RF SYSTEM OVERVIEW
The RF system in the LHC machine accelerates the beam
during the ramp, compensates small energy losses and provides the longitudinal focusing. The RF section of the machine with a length of approximately 30 m consists of two
cryomodules per beam each containing four single-cell superconducting cavities, see Fig. 1, 2.

Figure 1: Layout and naming convention of the RF section
in the LHC machine as at 14 June 2019.

Each cavity has four Higher Orders Mode (HOM) couplers of two different types. The narrow-band coupler covers the first two dipoles modes at 500 and 536 MHz and
the broad-band coupler covers the range from 700 MHz to
1300 MHz. Inside the cryomodule the cavities are connected
by large diameter (ϕ = 300 mm) beam tubes and unshielded
bellows. Each cavity has a variable high-power coupler to
optimize settings from injection to top energy and is powered by a 300 kW klystron. Mechanical tuner activated by
a stepper motor with a 100 kHz range. The Low Level RF
(LLRF) system consists of the klystron polar loop and the
impedance control feedback system [1, 2].
The nominal RF parameters are listed in Table 1. These
parameters were modified during operation in Run I (20092012) and Run II (2015-2018). Most of the time the total
RF voltage at injection was 6 MV and the total voltage at
flat top was 12 MV. At injection the half-detuning beamloading compensation scheme was used and at flat top the
full-detuning beam-loading compensation scheme was used
operationally since 2017 [3].
Table 1: Overview of the Nominal RF Parameters.
Revolution frequency [kHz]
RF frequency [MHz]
Total RF voltage [MV]
Loaded Q L
Klystron forward power [kW]

Injection

Collision

11.245
400.8
8
20 000
80-110

11.245
400.8
16
60 000
80-120

RF SYSTEM AVAILABILITY AND
PERFORMANCE

katarzyna.turaj@cern.ch

In 2011, cavity 3 in module Americas did not work reliably
above 1.2 MV. Consequently, the cavity was operated with
lower voltage in 2012, leading to a significant reduction in
faults. During the 1st Long Shutdown (LS 1) (2013-2014)
cryomodule Americas with this cavity has been replaced.
During Run II, the total downtime of the RF system was
about 50 hours per year, as shown in Table 2. The observed
increasing number of hardware faults may indicate the ageing of equipment. A noticeable number of controls faults is
associated with evolving software in order to cope with the
operational requirements that change over time. Nevertheless, a significant number of vulnerabilities were diagnosed
and repaired remotely; access to the machine was needed
mainly in the case of hardware faults [4].
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Figure 2: Two out of four RF cryomodules at point 4 of the
LHC tunnel.
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Table 2: Distribution of LHC RF System Faults During
Run II.
Year
Nb of faults
Hardware faults
Controls faults
Other faults

2018

2017

2016

2015

48
27
18
3

32
19
10
3

32
16
16
0

54
23
31
0

RF System Re-commissioning
The restart of the RF system after annual technical stops
can be divided into five phases. The first four are performed
before the first beam and consist of the following steps:
• General maintenance, software and control updates.
• Re-commissioning of high-voltage and high-power systems. This includes the calibration of klystron DC
power against collector thermal power, and the validation and adjustment of the circulators, arc detectors,
interlock levels, etc.
• Re-commissioning of the RF cryomodules. During this
step, the high-power couplers are conditioned up to full
power and all cavities are conditioned up to nominal
field.
• Calibration and staged closing of the LLRF loops at
different working points.
The fifth step is the setting up of the LLRF beam control
during the first capture of the pilot beam, as well as the first
nominal bunch. Furthermore, the beam-loading compensation schemes require fine-tuning when the first batches are
injected in the machine [5].

Module Replacement
One of the most important interventions during the
10 years of operation was the aforementioned replacement
of cryomodule Americas. One of the cavities in this cryomodule had an unpredictable behaviour above 1.2 MV:
long stability periods were interrupted by sudden He pressure spikes and temperature increases of one of the four
HOM antennas. To provide 12 MV per beam, uneven cavity
voltage settings were used: 1.2 MV for the 3B2 cavity and
1.54 MV for the others. This situation was not optimal as
uneven voltages cause an uneven phase shift due to transient
beam loading. Hence, it was decided to replace the defective
cryomodule with a spare one during LS 1 [6] .
Shortly before the installation of the spare cryomodule
Europe in the tunnel, a vacuum leak in one of the pumping
manifold of the spare RF cryomodule Europe was detected.
A corrosion process caused by residues of the stainless steel
cleaning procedure was identified as a likely source of the
problem. These pumping manifolds had been designed for
the Large Electron-Positron Collider (LEP), without copper coating and they were recycled and copper plated for
the needs of the LHC. The cleaning process required after
copper plating caused the risk of trapping chlorine residues.
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The leaky pumping manifold was replaced by spare and
cryomodule Europe was installed in the LHC machine.
The defective cryomodule America was tested in the SRF
test facility at CERN (SM18). There one LHC type klystron
allows testing of one cavity at a time at 4.5 K. Three waveguide switches can send 300 kW of RF power to the individual
cavities. RF conditioning with short pulses and high power
was effective to recover cavity performance. This resulted
in a significant reduction in radiation, and the cavities were
able to work stably for several hours at 2.5 MV.
A new set of pumping crosses was designed and fabricated
in 2017 by the CERN vacuum group, eliminating the risk
of trapping chemicals during copper plating process. To
verify the new design and to allow for further investigation
of the internal surfaces of the old units, a pair of new units
was installed on the spare cryomodule America. During the
subsequent high power RF test, each cavity reached stable
operation at the required accelerating voltage: 2.5 MV at
Q x = 60k (flat top) and 1.5 MV at Q x = 20k (injection
position), where Q x is the external quality factor of the
cavity [7].

Cavity Field Antenna Investigation
During the ongoing 2nd Long Shutdown (LS 2) (20192020) major renovations at the machine are taking place.
At the beginning of RF conditioning in 2017, it has been
noticed that for the cavity 1B1, the field level was lower
than expected for a given power and coupler position. Out
of three possible causes, which are: being off-tune, having
wrong coupler position readings, and having wrong field
measurements, we could exclude all but the last. Measuring
the transmission between the two identical antennas (the operational and the spare antenna, mounted on the same flange)
on cavity 1B1, in comparison to the antennas of the other
cavities of that module, showed a difference of 10 dB. Since
April 2017, the cavity was operated using the spare antenna.
As the cause of the problem was not fully understood, it
was necessary to open the cryomodule insulation vacuum
in situ and check the internal cabling. During the inspection in May 2019, it was noticed that the cable connected
to the faulty antenna feedthrough was not completely tightened. Furthermore, the connector nut was badly damaged
by improper mounting. The connector was very likely overtorqued, as the outer conductor fingers were significantly
deformed, see Fig. 3. In addition to the replacement of the
cable, a leak check of the antenna feedthrough was done
to rule out problems with the ceramic and no leakage was
detected.

SPARE CAVITY PROGRAM
Currently, there is one functional spare cryomodule and
one spare dressed cavity available.
The most likely and studied module failure scenario is a
break of the ceramic window in a power coupler. In the case
of pollution or mechanical damage to a cavity, the entire
module would need to be removed. Disassembly of the mod-
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most efficient response in case of any technical problems.
In recent years, significant efforts were made to restore the
complete engineering and manufacturing folder. Work has
also begun to improve the LHC main coupler design to prepare for the case where spare couplers in stock are affected
by ageing [8].

FORTHCOMING

Figure 3: Cable connector showing signs of damage on the
thread and RF fingers.
ule, cavity rinsing and eventually re-coating will be needed.
After re-testing the cavities in a vertical cryostat, clean room
re-assembly of the cavity or cavities in the module with all
the ancillary components would follow. Then RF conditioning of the module would need to be done in the horizontal
bunker before installation into the machine. All these steps
would take 40 weeks.
In order to shorten the downtime due to a potential module
failure, it has been decided to produce spare cavities. The
goal is to have four dressed spare cavities and one 1/4 test
cryomodule available for Run III (2021-2023). With a preassembled cavity train, a complete cavity exchange and recommissioning of a LHC module will take around 23 weeks.
The 1/4 cryomodule can then be used as test object in the
horizontal test stand in SM18.
Prototype cavities were produced and their results are very
encouraging. The first model cavity (MC01) was manufactured and was tested in the vertical cryostat at the beginning
of 2019 reaching nominal performance, see Fig. 4.

In recent years, many machine development studies have
been performed, along with simulation and measurement
studies related to longitudinal beam stability, controlled longitudinal emittance blow-up, and RF power limitations at
injection. These studies allowed for a better understanding
of the longitudinal beam dynamics in the machine [9]. The
gradual increase in the beam intensity towards the target
value of 1.8e11 ppb for Run III, and 2.3e11 ppb respectively
for the High-Luminosity LHC (HL-LHC) may potentially
call for an upgrade of the RF system. At the moment, several studies on this subject are ongoing encompassing the
high- and low-power RF systems. Dynamic adjustment of
the circulator and Switch and Protect module (preventing
overdrive of the klystron) to overcome power limitations
during injection transients are under study. The possible
benefits of high-efficiency klystrons and additional cavities
are also taken into account [10]. Numerous upgrades and
maintenance of the RF controls and high-power system are
also envisaged.

CONCLUSIONS
The RF system has performed very reliably since the startup. In operation, hardware-related faults were dominating
and the ageing effect is expected to reduce the system performance in the long run. This highlights the importance of
having operational spares for both high and low power devices, such as LLRF modules, power supplies, high-voltage
tanks, cavities, etc, as well as the continuous improvement
of the system.
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Abstract
The first all-SRF accelerator driven THz source has been
operated as a user facility since 2018 at ELBE radiation
center. The CW electron beam is extracted from SRF gun
II, accelerated to relativistic energies and compressed to
sub-ps length in the ELBE SRF linac with a chicane. THz
pulses are produced by passing the short electron bunches
through a diffraction radiator (CDR) and an undulator. The
coherent THz power increases quadratically with bunch
charge. The pulse energy up to 10 µJ at 0.3 THz with 100
kHz has been generated.

INTRODUCTION
Benefit from the superconducting RF techniques, ELBE
with SRF photoinjector and Linac has the unique feature to
operate in continuous wave (CW) mode as a user facility
open for the research work worldwide with electrons and
the secondary radiation, including the lately demonstrated
THz source. The success of SRF gun II at ELBE is meaningful for THz radiation production due to the higher bunch
charge than the old thermionic DC gun. In this contribution, the experimental setting up for the THz generation
will be introduced, including the operation of SRF gun II
and the acceleration/compression concept in the linac, and
also the parameters of THz radiation.

EXPERIMENTAL LAYOUT
Figure 1 shows the ELBE beamline layout for the THz radiation production with the SRF gun and Linac. The CW
electron beam is extracted from SRF gun II, accelerated to
relativistic energies in the ELBE SRF linac and compressed to required sub-ps length with a chicane. THz

pulses are produced by passing the short electron bunches
through a diffraction radiator (CDR) and an undulator.

Operation of SRF Gun II
The present SRF Gun-II is an updated version based on
the experience of the first SRF Gun [1, 2]. Since 2014 SRF
gun II has been installed as the second CW injector at
ELBE centre.During the commissioning, the acceleration
gradient of 8 MV/m (20.5 MV/m peak field on axis) has
been achieved. With Mg cathode illuminated with 258nm
laser the SRF gun II provides e- beam with bunch charge
up to 300 pC, which is limited by the space charge effect
on cathode surface. In last years, commissioning with further improvements and optimization of components as well
as our operational experience has increased the performance and reliability so that the SRF Gun-II is now applied
for user operation. Now SRF gun II is the standard injector
for THz production at ELBE [3].
The design of the cryomodule of SRF gun II is shown in
Fig. 2. The gun cryomodule holds a 3.5 cell gun cavity and
a superconducting solenoid.
The photocathode consists of bulk magnesium with a
quantum efficiency (QE) of 0.3 %. At the cathode, a laser
pulse energy of about 0.3 µJ is needed to produce the 200
pC pulses. At the photocathode the laser spot size is about
4 mm in diameter. The temporal profile is Gaussian with
an rms pulse length of about 2 ps. The beam parameters are
shown in Table 1.
The CW electron beam extracted from SRF gun II has
kinetic energy of 4 MeV. After focused with a SC solenoid
the beam leaves the gun and passes through a quadrupole
triplet and an achromatic dogleg structure, injecting into
ELBE linac beam line.

Figure 1: The ELBE beamline layout for the THz radiation production with the SRF gun and Linac.
___________________________________________
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coherent transition radiation in a Martin-Puplett interferometer (see Fig.3).

Figure 2: Cross section of the ELBE SRF gun II cryomodule, holding a 3.5 cell gun cavity and a superconducting
solenoid.
Table 1: SRF Gun and Beam Parameter Values
Parameter

Value
-1

Eacc / Epeak

8 MVm / 20 MVm-1

beam energy Ekin

4 MeV

Bunch charge

100 ~ 200 pC

Pulse repetition rate

100 kHz CW

Beam current

10 - 20 µA

Dark current

33 nA

Photocathode / QE

Mg / 0.1 -0.3 %

Laser spot on PC

ϕ 4 mm

Laser pulse length

2.6 ps rms

To be noticed, SRF gun with Mg cathode has no multipacting problem. Another important character of SRF gun
II is the low dark current, which comes from field emitters
on the cavity surface, little from cathode.

Figure 3: Bunch length measurement after compression
with Martin-Puplett Interferometer (MPI). The optimized
bunch length is about 300 fs.

THZ RADIATION FOR USERS
In the first season of 2019, 31 ELBE shifts for THz users
were performed. And in the second season 17 shifts THz
and ELBE machine development with SRF gun II are done.
The main wavelengths are between 0.2 THz to 1.5 THz.
Figure 4 presents the measured THz power as the function of bunch charge for beam parameters optimized for
200 pC. As expected a quadratic dependency is obviously
here, which means the compression concept successful.

SRF Linac and Bunch Compression
In the first accelerator module with two 9-cell Tesla cavities the beam is accelerated on-crest to an energy of
16 MeV. Further acceleration happens in the second module with another two Tesla cavities, where the acceleration
is off-crest with a phase of about 45° in order to produce
the needed energy chirp of the bunch. The final beam energy amounts to 26 MeV. In the magnetic bunch compressor (chicane 2) the bunch is compressed to the required
sub-ps length. The final bunch length is defined by the uncorrelated energy spread and phase space nonlinearities
[4].
The mirror downstream sends the radiation towards the
THz laboratory whereas the electron beam passes through
a centred hole towards the undulator (U300 as shown in
Fig. 1). In this electromagnetic undulator with 8 periods
and a period length of 300 mm the super-radiant undulator
radiation is produced with a designated range between 0.1
and 3 THz. It follows a second hole-punched THz mirror,
a bending magnet and the dump for the electron beam.
Near the beamline a broad-band power meter and with an
insertable screen the bunch length can be determined from
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Figure 4: Measured THz power vs. bunch charge.
Because SRF Gun II can provide higher bunch charge than
the old thermionic DC gun, the pulse energy of THz radiation has been improved in a large scale. Figure 5 shows the
total THz power vs. THz wavelength, comparing the results with SRF Gun II and with thermionic DC gun. The
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difference of 2018/2019 is due to the change of bunch compression situation. THz production at 0.3THz with 250 pC
has been demonstrated, where 10 µJ @ 100 kHz CW has
been produced.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP032

iment shifts without any shutoffs. The next step is to improve the stability and further increase the bunch charge,
which is limited by the space charge effect in gun and the
beam transport in the dog leg area.
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Figure 5: Total THz power vs. THz wavelength, comparing
with SRF Gun II and with thermionic DC gun. The difference of 2018/2019 is due to the change of bunch compression situation. THz production at 0.3THz with 250 pC.

CONCLUSION
The first all-SRF accelerator driven THz source has been
operated as a user facility at ELBE radiation centre. The
SRF gun II has operated stably for a number of user experThe amplitude stability and timing jitter are measured by
the THz user labor, showing at least a factor of two better
than that with the thermionic injector. The timing jitter
about 1 ps rms is mainly coursed by the RF phase stability
of the accelerator and therefore rather independent of the
injector used.
The stable high peak energy and high average power
THz radiation have given out convincing results, attractive
for the new scientific cases required ultrashort, high intensity THz sources with adjustable wavelengths.
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CRYOGENIC SYSTEMS STUDIES FOR THE MINERVA 100 MeV PROTON
SC LINAC PROJECT
O. Kochebina†, F. Dieudegard, T. Junquera, Accelerators and Cryogenic Systems, Orsay, France
D. Vandeplassche, SCK•CEN, Mol, Belgium
Abstract
The construction of the first phase of the MYRRHA project (MINERVA: 100MeV-4mA proton Linac, LINearACcelerator) was recently decided by the Belgium Government. In the long term, the MYRRHA project plans to
construct an ADS demonstrator for the transmutation of
long-lived radioactive waste. It will include a subcritical
reactor of 100 MW thermal power and a CW proton Linac
accelerator (600MeV-4mA). The main challenge of this
Linac is an extremely high reliability performance to limit
stresses and long restart procedures of the reactor. The MINERVA Linac includes 30 cryomodules housing 60 SingleSpoke SC cavities. A cryomodule prototype with its valve
box is under construction at IPNO institute. The cavities
operate at 352 MHz in a superfluid Helium bath at 2K.
Therefore, a reliable SC Linac Cryogenic System is essential. This article presents the preliminary studies in this subject including the analysis of high thermal loads induced
by the CW mode operation of cavities (950 W@2K per cryomodule). A Cryogenic Refrigerator with an equivalent
power capacity of 2645 W @4.5 K (3970 W with 1.5 overcapacity factor) is proposed. The constrains for the He distribution in the Linac tunnel are also discussed.

INTRODUCTION
The MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) [1] project is the first European prototype a nuclear reactor driven by a particle accelerator, i.e. Accelerator Driven System (ADS). It is proposed by SCK•CEN and it will be installed at Mol, Belgium. This project aims to demonstrate the feasibility of
large-scale transmutation. The linear accelerator will provide a 600 MeV proton beam in continuous wave (CW)
mode and a current of 4 mA coupled to a 100 MWth subcritical reactor with keff=0.95. In order to maintain the fission chain reaction, it must be continuously fed by an external neutron source: a particle accelerator associated to
an internal spallation target. The main challenge of this
Linac is an extremely high reliability performance to limit
stresses and long restart procedures of the reactor.
The phase 1 of MYRRHA project, also called
MINERVA (MYRRHA Isotopes productioN coupling the
linEaracceleRator to the Versatile proton target fAcility),
has been supported by the Belgium Government in 2018.
This phase includes construction of 100 MeV proton Linac
with a current of 4mA presented in Figure 1. It is composed
of an injector, a section of copper cavities section operating
at room temperature, followed by 30 cryomodules housing
___________________________________________

† olga.kochebina@acsfrance.com

THP033
918

60 Single-Spoke SC cavities powered by RF couplers and
operating at 2K. Thus, it requires a liquid He distribution
system providing reliable conditions for CW Linac.
In this paper we present the preliminary studies in this
subject including the analysis of high thermal loads induced by the CW mode operation of cavities, an equivalent
power capacity of a Cryogenic Refrigerator and the He distribution system. This work follows the previous studies
presented earlier [2] and based on recent experimental results and building plans for MINERVA accelerator.

Figure 1: MINERVA LINAC.

CRYOGENIC PARAMETERS OF
MINERVA LINAC
Single Spoke Cavities and RF Power Couplers
The design of the Single Spoke cavity has been performed by the Institut de Physique Nucléaire d'Orsay
(IPNO), Orsay, France, the main parameters are presented
in Table 1. The two first prototypes have been constructed
and tested using different preparation and conditioning
techniques in 2016-2017. Both prototypes exhibit excellent
performances [3] giving an important margin with respect
to the MINERVA cryogenic specifications. Two additional
prototypes were also procured in 2018.
Table 1: Spoke Cavity Parameters for MINERVA Linac
Parameter
Optimal β
Frequency
Nominal Eacc
Q0
Pcav@ 2K

Value
0.375
352.2 MHz
6.4 MV/m
2·109
8.9 W

A new model for RF power couplers has been proposed by the LPSC Grenoble Laboratory and several prototypes are under manufacturing. The RF coupler requires
an optimized cooling system to handle a temperature gradient from 2K, cavity coupler port to room temperature at
the cryomodule RF connecting port. It is based on two thermal intercepts at 10K and 60 K at defined distances from a
coupler window. These thermal intercepts will be connected and cooled by the refrigerator stages at 4.5 K and
40 K.
Facilities - Progress
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General Heat Loads
Heat losses are generated by the SC Linac components
such as cavities, couplers, cryostats, valve boxes, transfer
lines, etc. These losses are produced at different levels of
temperature (2K, 4.5K, 10K, 40K, 60K). Due to the beam
operation in CW mode, the dynamic RF losses are largely
dominant compared to other SC Linac, operating in pulsed
mode with beam duty cycle of only 5 %. The initial evaluation of heat loads for the Spoke SC Linac is presented in
Table 2.
Two prototypes produced in 2018 shown excellent
Q0 > 2·1010 at low field at 2 K. This recent experimental
result could allow interesting optimization of the cryogenic
power required by the MINERVA. Adopting a High Field
(6.4 – 8.3 MV/m) Q0 of 5·109 will reduce the RF dynamic
losses at 2K to: 3.74 W per cavity. This reduction leads to
Total Heat Losses (including couplers and static losses of
30 cryomodules) at nominal conditions of 614 W, to be
compared to 950 W from Table 2.
Table 2: Heat Loads and Cryogenic Power for
MINERVA

Cryomodules
Couplers level 1
Couplers level 2
Thermal shields
Total:

Heat
losses
[W]
950
180
540
2550

T
[K]
2
10
60
40
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Equiv. Cryo
Power @4.5K
[W]
2156
180
54
255
2645

factor of 250 W/W. The corresponding Electrical Power
Consumption in this case would be 250W/W×3970 W=
990 kW. Compared to an ideal Carnot coefficient of
65.6 W/W, it represents an efficiency of 26.3 %.
An Exergy Analysis for MINERVA, extrapolated from
ESS studies gives:
 53 % (525 kW) Room Temperature compressors
 47 % (465 kW) Cold box:
o 26 % (260 kW) Heat Loads in 4.5 K and 2 K circuits and Thermal Shields
o 21 % (209 kW) Irreversibility, Dissipation in Turbines, Heat Exchangers, Cold Compressors,
Valves

CRYOGENIC DISTRIBUTION
A cryogenic process scheme (Figure 2) is proposed for
the MINERVA facility with main components:
 Gas storage
 Room Temperature Compressors with purifiers and
oil removing systems
 4.5 K cold box, including all heat exchangers, turbine
expanders and cold compressors
 Cryomodules (cavities) with associated Valve Boxes
(heat exchangers and cryogenic valves)

CRYOGENIC REFRIGERATOR
REQUIREMETNS
In order to define the cryogenic refrigerator size, all
the losses are normalized as well to 4.5 K and presented in
Table 2. The total equivalent cryogenic power is
2645 W @ 4.5 K.
An “overcapacity margin” should also be considered.
It includes uncertainties in the heat loads estimations, SC
cavities defects in production and preparation, and the possibility to enhance cool-down speed. It was proposed a
margin factor of 1.5 and consistent to estimations of other
projects: 1.33 for Spiral 2 [4] and 1.5 for ESS [5] and for
LHC [6]. This gives to the Cryogenic Refrigerator Power
for MINERVA of 2645W × 1.5 =3970 W @ 4.5 K.
The Electrical Power consumption of the Cryogenic
Refrigerator is estimated by adopting a Figure of Merit
(FoM) of the theoretical thermodynamic efficiency (Carnot
Coefficient of Performance COP). This FoM depends on
the refrigerator size and the adopted refrigeration cycle.
For example, ESS with a Cryogenic Refrigerator Power of
9.5 kW @ 4.5 K, proposes a FoM of 0.26, leading to a conversion factor of 250 W/W. Thanks to similarity of ESS and
MINERVA projects, it is proposed to use also a conversion
Facilities - Progress
operational experiences

Figure 2: Schema of cryogenic refrigerator configuration.
This scheme is based on a “distributed subcooling system” concept. The main cold box produces super-critical
He (i.e. 4.5 – 5K, 3 bars) for cavities and couplers. Each
cryomodule is associated to a cryogenic interface (Valve
Box) incorporating the subcooling heat exchanger to reduce the temperature and the Joule-Thomson valve to expand and obtain the nominal He bath at 2 K and 30 mbar.
The initial installation of the Cryogenic Plant main components is presented in Figure 3. Based on the preliminary
Balance of Plant (BoP) studies for MINERVA facility, 4 areas (Rooms) have been defined to host all cryoplant and
SC Linac components:
1. Linac Tunnel (30 Cryomodules with associated Valve
Boxes)
2. Cold Box Room (24 × 23 m) including also a LHe
Dewar
THP033
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3. Tunnel between the Cold Box and the Transfer Line
running along the Linac Tunnel
4. Room Temperature compressors (24 × 23 m) including all associated He gas purifiers4
5. Tunnel between the Cold Box and the RT compressors (distance ~ 25 m)
6. A He gas Storage area (24 × 8 m)

Figure 5: View of the SC Linac tunnel.

CONCLUSION
In this paper we discussed cryogenic system of future
MINERVA 100 MeV SC Linac. The presented preliminary studies include the analysis of high thermal loads of
950 W@2K or 2156@4.5Kper cryomodule induced by the
CW mode operation of cavities. A Cryogenic Refrigerator
with an equivalent power capacity of 2645 W @4.5 K
(3970 W with 1.5 overcapacity factor) is proposed. The He
distribution system in the Linac tunnel and their main components are also presented.
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Figure 3: Schema for MINERVA Linac and cryogenic
plant buildings.
An initial 3D model showing several cryomodules and
associated valve boxes in the Linac tunnel is presented in
Figure 4. The connection to the cryogenic line running
along the tunnel is shown in Figure 5.
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O. Kochebina, T. Junquera, Accelerator and Cryogenic Systems, Orsay, France
Abstract
“GERSEMI”, a vertical cryostat to test superconducting
magnets and radio-frequency cavities at liquid helium temperatures, is installed at FREIA Laboratory at Uppsala University, Sweden. This cryostat can be used to test different
superconducting equipment: a “Liquid insert” for cavities
without a helium vessel and a “Magnet insert” with
Lambda plate for magnet testing. The vertical cryostat is
connected at a valve box which manages the cryogenic fluids and the gas led towards the helium recovery system.
For the first step cryostat commissioning, a simulator
(small vertical cryostat) has been used to make the valve
box cryogenic tests. This article describes the GERSEMI
cryo-system and summarizes the results obtained with the
simulator.

INTRODUCTION
The GERSEMI cryo-system, the new equipment of
FREIA Laboratory [1], is composed of a vertical cryostat,
a valve box used to manage the cryogens and a reheater to
warm up the output cold helium gas [2]. The valve box itself is filled of liquid helium by a L140 helium liquefier
Dewar. After reheating, the helium gas is returned to the
recovery system. The external dimensions of the vertical
cryostat are 1.8 m in diameter and 4.7 m in height while its
internal diameter is 1.1 m and the height is 4.3 m. The cryostat is installed in a pit of a 5 m deep and 2 m diameter
and can be surrounded on the sides and the top by a radiation protection shield made of concrete beams. The dimensions of GERSEMI allow the tests of superconducting cavities and small magnets (see Fig. 1). Two types of insert
will be used depending on operation, "Liquid insert" with
saturated liquid helium bath for the cavity tests or "Magnet
insert" with pressurized liquid helium bath for the magnet
tests. All actuators and sensors are monitored by a Programmable Logic Controller (PLC), a software manages
the control sequences of the valve box and the vertical cryostat.
In order to go with cryostat to temperatures lower than
4.2 K, sub-atmospheric pumps operating at room temperature are used. The minimum pressure that can be reached
depends on the mass flow through the pumps: the flow capacity is 10 g/s at 70 mbar and gets down to 3.2 g/s at 10
mbar. To supply liquid nitrogen to GERSEMI, a large LN2
tank is installed outside of the building.
___________________________________________
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Prior to deliver by manufacturer, all the components of
the cryostat underwent a complete series of tests to check
the tightness of the enclosures, the absence of leaks in the
cryogenic circuits and the valves. The validation of the
electronic components and their wiring to the control system was also done. Several control program sequences
were tested as well with a liquid nitrogen filled simulator.
The different components of the cryo-system were
shipped at Uppsala in Mars 2018. After assembly and installation of GERSEMI, the cryogenic tests started in September 2018. To enable the validation of each equipment
of the cryo-system without having to test all the components together, it was decided to build a simulator that
would reproduce the cryostat behavior but using low mass
to cool and requiring small amounts of liquid helium. The
first step of the validation work is the evaluation of the
valve box performances. When the simulator is connected
at the valve box, it is possible to check the valve box operations monitored by the PLC software which controls all
components of the cryo-system. During the operations with
GERSEMI, all data and I/O procedures are operated under
EPICS system and it can be analyzed in line or at any time
later.

Figure 1: Liquid insert installed inside the GERSEMI vertical cryostat.
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GERSEMI CRYO-SYSTEM
To complete the FREIA installations at Uppsala University, the vertical cryostat has been installed in the second
half of 2018.

The GERSEMI Vertical Cryostat
The vertical cryostat is composed of a stainless-steel
vacuum vessel of external diameter of 1.8 m and a height
of 4.7 m. The stainless-steel cold vessel consists of two cylindrical parts of different diameter, 1.25 m on the upper
part, and 1.1 m on the lower part. The seat links the upper
and the lower part, this seat is used to install a lambda plate
to create a double bath for the tests of the magnet in pressurized superfluid helium. The “Magnet insert” (see Fig. 2)
is designed with a lambda plate and the equipment for
hanging and cooling magnets. For the tests of cavities, the
lambda plate is removed and the “Liquid insert” should be
installed. This insert allows operation in saturated liquid
helium. In order to limit the LHe volume, it is planned to
use one or several filling parts made of wood or rohacell
foam. A last mode of operation is possible to test cavity
with its helium vessel: the cold vessel is used as vacuum
vessel. This third mode with “vacuum insert” is expected
in the design of the cryo-system but the insert has not been
built yet.
To reduce the radiation thermal losses of the cold vessel,
an aluminum thermal shield is installed around the cold
vessel and is cooled by liquid nitrogen circulation. As well,
a supercritical helium circulation around the cold vessel
neck limits the conductive heat loads coming of the top
flange.
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The Valve Box
The valve box controls the cryogenic fluids used by the
vertical cryostat for the different operation modes. The
valve box contains a buffer of liquid helium (the 4 K tank),
a heat exchanger for sub-cooling of the liquid helium at atmospheric pressure before expansion through the JouleThomson valve. It also includes a heat exchanger to produce the 5 K supercritical helium and the cryogenic valves
which manage the fluids. All components are surrounded
by a copper thermal shield installed inside a stainless-steel
vacuum vessel. The thermal shield is also cooled by liquid
nitrogen. Liquid nitrogen is used as well to solid conduction heat intercept at 80 K of the tie rods or the cryogenic
valves. The valve box is designed to operate the vertical
cryostat from 1.8 K at 4.5 K with up to 100 W heat loads.

The Simulator
The simulator is a small vertical cryostat designed to operate with saturated liquid helium from 1.8 K to 4.5 K. It is
connected to the valve box instead of the vertical cryostat
and it can simulate the main functions performed by the
cryostat.
It can simulate all operation modes expected with the
“Liquid Insert”. Its main advantages are low mass to cool
and the small volume of liquid helium needed to operate.
The simulator is composed of a cold vessel to store liquid
helium and a thermal loop to simulate a thermal load on the
supercritical circuit. To simulate the thermal loads, electrical heaters are glued on the cold vessel and the helium loop.
A copper thermal shield is installed around the cold vessel.
The thermal shield is brazed on the cold vessel neck to intercept the conductive heat loads coming from the top
flange. A foam plug is glued to the top flange. Floating radiative shields are installed on the top of the cold vessel to
reduce the radiation thermal losses and to avoid the top
flange freezing. To operate, the simulator must be connected directly to the valve box without using the cryogenic line of the vertical cryostat (see Fig. 3). The simulator and the valve box share a common insulation vacuum.
The vacuum pump connected to the valve box vessel maintains the vacuum condition for the cryogenic operation for
the valve box and the simulator.

Figure 2: The GERSEMI Vertical cryostat and the magnet
insert.
THP034
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• four probes to measure the three helium baths of the
“Magnet Insert” (two of them used to simulate a very long
one)
The flow of nitrogen and the helium gas mass is measured by mass flowmeters. Measurements from them are
used to evaluate the thermal losses of the cryogenic circuits.
The pressure in the 4 K and 2 K tanks are regulated by
VAT butterfly valves operating at room temperature. Each
valve is controlled by PLC proportional–integral–derivative (PID) routines. The helium bath pressures are measured by capacitive pressure sensors.

COMMISSIONING

Figure 3: Simulator connected at the valve box.

Controls and Instrumentation
An Experimental Physics and Industrial Control System
(EPICS) is used as a main control system at FREIA laboratory. The GERSEMI control system is similar to the
HNOSS horizontal cryostat [3] in operation for many
years. Driven by an analog current, the control valves of
the cryogenic system are managed through the sensors and
actuators connected to Programmable Logic Controller
(PLC) S7-300 by Siemens. The connection is established
via Profibus or Ethernet cables. For the commissioning, the
EPICS system is associated to a Supervisory Control and
Data Acquisition (SCADA) system using WINCC interface. The last one allows to display and proceed with all
I/O data to obtain the dynamic real-time information essential for the cryostat supervision. The control hardware including the PLC, circuit breakers and power supplies is installed in electrical cabinets located nearby the vertical cryostat pit. To facilitate the commissioning and the insert
changes, all cables relate to sets of plugs and connectors to
general electrical distribution boxes. All electrical connections of the inserts are cabled at their distribution box.
All equipment cooled by liquid nitrogen are controlled
by means of platinum thermometers (Pt100), thin film or
wound. They deliver direct measurements to analog input
cards of the Siemens PLCs.
The temperature of the circuit cooled by liquid helium or
supercritical helium is measured with Cernox thermometers (CX1050SD). The sensors are connected to a CABTF
controller which contains 16 inlets and could manage the
input from 48 Cernox thermometers.
Liquid helium levels of the valve box tank and the inserts
are measured with superconducting level probes located at
different places:
• one probe in the valve box
• one probe in 4 K tank
• two probes used in series in the “Liquid Insert”
Facilities - Progress
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During the factory commissioning, a leak test was carried out on each component. A cool down of the valve box
was made with LN2 to check the instrumentation and to
verify the absence of cold leaks appearing during the cooling. The commissioning at Uppsala is planned in several
steps:
• the first one is a new leak control at room temperature
• the second step is the cryogenic test with LN2 and LHe
necessarily made with a simulator. The cryogenic commissioning of the valve box with the simulator was conducted
during the period from September 2018 to March 2019.
Before the end of 2018, the valve box operation remained unvalidated by the tests with the simulator as there
were detected cold leaks preventing normal operation of
the valve box. However, during this period, the SCADA
program controlling the cryostat was checked and debugged. Moreover, the parameters of control sequences
were optimized. The program running on the PLC can control more than twenty different modes of operation. During
the tests with the simulator about fifteen sequences have
been checked and debugged.
After repairing the localized leak on the body of one of
cryogenic valves, the tests restarted again early 2019. During these tests, the thermal losses of the valve box thermal
shield and the cryogenic line were obtained though the
measurement of LN2 mass flow rate during the steady
state. This is possible as the thermal shield temperature is
regulated by the vaporization of liquid nitrogen circulating
in a pipe exchanger, thus removing heat at constant temperature. The thermal losses deducted of the LN2 flow rate
was 42 W which is higher than the design value of 35 W.
Nevertheless, the measured value stays close to the expected one. The time needed to cool down the valve box
thermal shield is about 2 hours; however, the thermal
steady state is reached only after 1 day.
The last period of cryogenic tests (March 2019) validated the 4 K circuit of the valve box and the helium pumping system. The helium circuits and simulator were cooled
down and the 4 K tank and the simulator cold vessel were
fully filled. The thermal losses were evaluated from the
valve box helium mass flow rate, outgassing of the 4 K
tank after one day of steady state. This flow corresponded
to a power of 1.3 W at 4.2 K. The design values of the thermal losses were estimated in the range from 0.8 W to 1.6 W
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which validates the concept of the system. The main contributions of these thermal losses were in the cryogenic
valves of 0.3 W and due to the thermal conduction through
the bayonet of the cryogenic line of 0.5 W.
The simulator was used to check the program which supervises the operation at 2 K. The main goal was to validate
the control of the VAT butterfly valve which regulates the
pressure of the helium bath and limits the mass flow rate
during the cool down period. At 2 K@31 mbar, the power
dissipated in the simulator was in the range from 7 W to
25 W. During these tests, the maximum helium pumping
speed expected during the cool down stayed unreached, but
the helium low pressure regulation mode with the VAT
valve was validated.
The supercritical helium circuit was also tested in parallel of the 2 K operation benefiting the important evaporation mass flow rate at 2 K. The last one allows cooling the
supercritical helium at 5 K thanks to the heat exchanger
loop. The supercritical helium production was tested with
several different loads in the pressure range from 3 bara to
4.5 bara. We also used an electrical heater installed on the
thermal loop and simulating the thermal loads as it was explained above.
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[2] R. Santiago Kern et al., “The GERSEMI Vertical Cryostat at
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CONCLUSION
The GERSEMI cryo-system installed in FREIA Laboratory aims to provide a test stand for superconducting cavities and magnets. It is possible thanks to availability of two
types of inserts: “Liquid Insert” and “Magnet Insert”. All
equipment was delivered but not yet completely validated.
The first sequences of GERSEMI tests allowed correcting and updating the experimental program as well as validation of its operation with the simulator. The last one operated in a saturated helium bath which corresponds to the
“Liquid Insert” configuration for the superconducting cavity tests. This commissioning also provided the validation
of the valve box and the tests of fifteen sequences of the
control program. Therefore, the tests with simulator are
successfully finished. The next phase of the vertical cryostat commissioning is ongoing and will continue in the second part of 2019. It is planned to validate the “Liquid Insert” followed by “Magnet Insert” tests.
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Abstract
A cryomodule with two Double-Quarter Wave (DQW)
cavities was designed, built and tested with the SPS beam
in 2018. Each cavity was equipped with an RF pickup antenna to monitor field amplitude and phase. The pickup
antenna also included a section expressly designed to couple and extract one of the Higher-Order Modes (HOM) at
1.754 GHz. The SPS beam tests evidenced direct coupling
of the beam to this pickup antenna, in a similar way that a
beam position monitor pickup couples to the passing beam.
This undesired coupling had an impact on the RF feedback
system responsible to regulate the cavity field and frequency.
The present paper proposes a new DQW cavity design with
improved antennae which provides adequate fundamental
mode extraction while providing a reduction of both direct
coupling to the beam and heat dissipation.

INTRODUCTION
Crab crossing will help increase the luminosity in the
High Luminosity Large Hadron Collider (HL-LHC). Crab
crossing will be realized for the Interaction Points (IP) of
ATLAS (IP 1) and CMS (IP 5) [1], which currently collide
bunches in the vertical and horizontal planes, respectively.
To implement the crab crossing, the head and tail of a colliding bunch must receive a transverse momentum kick of the
same magnitude and opposite direction. The kick, typically
in the order of several Mega-Volts (MV) [2], is provided by
a type of transverse deflecting Radio-Frequency (RF) cavity
called crab cavity. A transverse deflecting cavity delivers
a sinusoidal time-varying transverse voltage kick; the crabbing is obtained when the cavity is operated such that the
bunch centroid is at the cavity center when the phase is zero.
The HL-LHC crab cavities deliver a nominal deflecting
kick of 3.4 MV per cavity at 400 MHz. The baseline HLLHC crabbing system uses the Double-Quarter Wave (DQW)
cavities for crab crossing in the vertical plane. The DQW
cavities are compact, superconducting RF cavities which
fundamental mode provides a transverse deflecting kick [3].
In LHC, the second beam pipe imposes a tight spacial
constraint to the cavity’s width. The DQW cavities have
a ”waist” to accommodate the second beam pipe and the
cavity’s height is chosen to meet the tight spacial constraint,
so the cavities can be used for crab crossing in both the
vertical and horizontal planes [4] as illustrated in Fig. 1.
∗
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Figure 1: The DQW cavity satisfies the LHC geometric
constraints imposed by the second beam pipe to provide
a deflecting kick for both vertical and horizontal crossing
planes.
All the HL-LHC DQW cavities present an elliptical cross
section that enhances the figure of merit of maximum peak
surface magnetic field over deflecting voltage (Bp /Vt ). Below we discuss the design evolution of the different HL-LHC
DQW cavity series. The design evolution of the HigherOrder Mode (HOM) filters is discussed elsewhere [5, 6].

THE DQW PoP-SERIES
A first DQW cavity was designed and fabricated in 2012
to validate the DQW concept. The Proof-of-Principle (DQW
PoP-series) cavity has 6 dummy ports. These dummy ports,
with a diameter of only 20 mm, are not intended to handle
the large power levels required for adequate fundamental
power coupling and HOM power extraction during operation
with beam, but to ensure cleaning of the high-magnetic
field region. The largest peak magnetic field is found in the
blending of the dummy ports (Bp /Vt = 25.1 mT/MV). The
DQW PoP-series cavity is shown in Fig. 2.
The cryogenic RF tests of a DQW PoP-series prototype
at BNL demonstrated reliable operation beyond the 3.4 MV
required for HL-LHC, reaching 116 mT before quench at
4.6 MV [7].

THE DQW SPS-SERIES
A cryomodule with two DQW cavities was recently the
world’s first to crab proton bunches in the Super Proton Synchrotron (SPS) of CERN, an important milestone towards the
final installation of crab cavities in the HL-LHC [8, 9]. The
cavities utilized for crabbing the bunches of SPS are based
on the DQW SPS-series design [4]. Two other cavities of the
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electrically to the 1.754 GHz mode. Fig. 5 shows the electric
field distribution around the pickup antenna for modes at
400 MHz and 1.754 GHz. The 1.754 GHz mode does not
couple well to the HOM dampers located in the main cavity
body, so the DQW SPS-series relies on its pickup antenna
to extract most of the 1.745 GHz power [12].

Figure 2: The DQW PoP-series cavity: a) cross-section
side view; b) bottom; c) perspective view; d) magnetic field
distribution using 5-color heatmap scale.
same design were fabricated in the US. The maximum deflecting voltage reached by the four DQW SPS-series prototypes was in the range of 4.7 – 5.9 MV [4,10,11], well above
the 3.4 MV nominal deflecting voltage and reaching magnetic field values as high as 125 mT (Bp /Vt = 21.2 mT/MV).
A DQW SPS-series cavity has 4 large ports, one for the
Fundamental Power Coupler (FPC) and three for the HOM
dampers, as displayed in Fig. 3. The SPS-series has larger
ports (62 mm-diameter) for adequate power handling. The
port-cavity interface is optimized to reduce the Bp /Vt with
respect to the PoP-series. To enable a smooth interface, the
elliptical racetrack of the PoP-series is modified for the SPSseries to have a constant width. The maximum peak surface
fields in a DQW SPS-series cavity are located in between
the two HOM ports, as shown in Fig. 3.

Figure 4: Parts of the DQW SPS-series pickup.

Figure 5: Electric field distribution around the DQW SPSseries pickup for modes at 400 MHz and 1.754 GHz.

Direct Coupling Between Beam and Pickup
The signal extracted through the pickup port during the
SPS beam tests showed a low frequency component comparable to the SPS revolution frequency of 43.45 kHz. This puts
in evidence the direct coupling between beam and pickup.
Fig. 6 displays the signal readout from the pickup port during operation with 4 batches of 36 bunches each. The beam
signal adds up to the cavity signal used to monitor and control the cavity field. This is an undesired situation that may
jeopardize the adequate control of the cavity.

Figure 3: The DQW SPS-series cavity: a) bottom view; b)
side view; c) magnetic field distribution in 5-color heatmap
(shows cavity and HOM filters).
The cavity also has a small port opened in one of the
beam pipes. This small port hosts a dual-function antenna,
as shown in Fig. 4. The hook section couples to the fundamental mode to extract sufficient power for monitoring of the
cavity’s field and control purposes. The T-section couples
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Figure 6: Signal at pickup port in a DQW SPS-series cavity
during SPS operation with 4 batches of 36 bunches each.
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CST simulations [13] revealed the T-section to be responsible for direct coupling. Fig. 7 displays the calculated voltage
signal at the pickup port output due to the passage of a single
bunch (𝜎z = 30 mm, Qb = 1 nC) through the DQW cavity
for the SPS-series pickup with and without the T-section.
Removing the T-section reduces the direct coupling between
pickup and beam by almost an order of magnitude; it also
reduces the coupling to the fundamental mode.

Figure 7: Calculated voltage signal at pickup port of DQW
cavity due to the passage of a single bunch for three different
pickup designs: a) SPS-series, b) SPS-series without Tsection, and c) LHC-series.
The pickup design of the Radio-Frequency Dipole (RFD)
cavity [14], to be used in the HL-LHC for crabbing in the
horizontal crabbing plane, raised similar concerns [15]. The
design of the RFD cavity has been modified consequently
to reduce the direct beam coupling [16].

THE DQW LHC-SERIES
The cavity body remains the same as for the DQW SPSseries. Modifications exclusively affect some cavity ports
and antennae.

Revisited Pickup Antenna
With the scope of reducing the direct coupling to the
beam, the dual-function pickup antenna of the DQW SPSseries is discontinued. Instead, the DQW LHC-series now
features two small ports, one opened on each beam pipe.
One of the small ports is equipped with a hook antenna
to couple and extract sufficient fundamental mode power
(𝑄𝑒 = 2.8×1010 ; 𝑃𝑒 = 1.2 W at 3.4 MV) for monitoring and
control purposes. The new antenna shows reduced direct
coupling to the beam, as shown in Fig. 7.c. First RF-thermal
studies of the new antenna find a maximum temperature
increase of 0.12 K for an antenna made of copper (𝑄0 =
1.3 × 1012 ; 𝑃0 = 0.021 W at 3.4 MV). The calculations
assume conservative material properties: an RF surface
resistance of 1 mΩ – given by the anomalous skin effect
plus 30% extra to account for surface roughness – for copper
exposed to 400 MHz electromagnetic fields and thermal
conductivity 𝐾 of 296 W/K/m. The other small port will
host an antenna to couple and damp the 1.754 GHz. The
realization of this design finds no issues from the integration
point of view, as can be seen in Fig. 8. The dual-function
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pickup antenna involved a complicated manipulation of the
extracted signal, to decouple the 400 MHz signal (to be used
by LLRF for control purposes) from the 1.754 GHz (to be
damped in a load). Having now both functions separated
simplifies the signal processing.

Figure 8: Top view cross-section of DQW LHC-series cavity
equipped with two horizontal tubes into its helium vessel.

Port Length
For validation RF tests of bare and dressed crab cavities at
cryogenic temperatures, the DQW cavity ports use RF-seal
copper gaskets and Nb-coated stainless-steel flanges. In this
manner, the heat load contributed by the port joints is less
than 1% of the total assembly loss.
One of the beam ports of the DQW SPS-series is shorter
by 40 mm with respect to the other. For the DQW LHCseries, the short beam port will made as long as the other
beam port (see Fig. 8). The losses in the port will drop by
two orders of magnitude, making it possible to use a noncoated stainless-steel flange for that port as losses will be
less than 1 mW at 3.4 MV deflecting voltage.

CONCLUSIONS
The DQW LHC-series design incorporates minor changes
with respect to the DQW SPS-series cavities tested with
beam in SPS. The changes do not involve a modification
of the main cavity body, where the maximum peak surface
fields are located; the changes affect the cavity’s ports and
antennae. No integration issues are found that prevent the
changes from being implemented. The two beam pipes of
the DQW LHC-series have the same length. This choice
allows reducing the heat load in the port that was elongated.
The DQW LHC-series incorporates two small ports, each
opened on one of the beam pipes. The first small port hosts
a pickup antenna designed to extract 1 W of fundamental
mode for monitoring and control purposes. A first design of
the new pickup antenna provided adequate external Q while
presenting a reduced beam direct coupling and a reduced
heat dissipation that allows making it out of copper. The
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second port is equipped with an antenna meant to couple
to and extract the 1.754 GHz mode, which eventually can
be used as a backup pickup. Further work on the pickup
antenna will study thermal properties and transportation,
which requires considering the RF feedthrough design [11,
17] and temperature-dependent material properties [18].
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Abstract
One of the key devices of the HL-LHC project are SRF
crab cavities. A cryomodule with two Double Quarter
Wave (DQW) crab cavities has been successfully fabricated and tested with beam at CERN whereas the Radio
Frequency Dipole (RFD) crab cavities are currently on its
fabrication process. The paper provides an insight on the
multiple calculations carried out to evaluate the thermal
and mechanical performance of the DQW and RFD cavities and its components. In some cases, the presence of RF
fields inside the cavity volume requires the use of multiphysics numerical models capable of coupling these
fields with the thermal and mechanical domains. In fact,
the RF field presents a strong dependency on the cavity
shape, whereas the mechanical, thermal and electrical
properties of the materials may substantially vary as a function of temperature, which in turn depends on the RF field.
The results presented in this paper, using both coupled and
uncoupled models, allowed elucidating the importance of
physics coupling on the numerical evaluation of RF cavities and its components. Analyses were also of great support for the design evaluation and improvement of future
prototypes.

INTRODUCTION
Superconducting Radio Frequency (SRF) crab cavities
are key components of the High Luminosity LHC upgrade
(HL-LHC). The electromagnetic field inside of the cavities
provides a deflecting kick on the proton beam, tilting the
particle bunches and thus maximizing their overlap at the
interaction points [1]. Two designs are used for HL-LHC:
the Double Quarter Wave (DQW) [2] and the Radio Frequency Dipole (RFD) [3] (see Fig. 1). During 2018, a cryomodule with two DQW crab cavities was successfully
tested with beam at CERN in the SPS whereas the RFD
crab cavities are currently under fabrication [4].
The cavities are placed in a cryomodule and are cooled
down to 2 K with superfluid helium. The static and dynamic heat losses of the cryomodule were evaluated in previous works [5, 6]. To limit the heat loss of the cavity ancillaries due to the RF heating in dynamic conditions, some
of their parts are made out of high purity niobium (Nb) that
becomes superconducting at cryogenic temperatures. For
such temperatures, the material properties, both electrical
and thermal, are non-linear and highly dependent on temperature itself.

Figure 1: 3D models of the (a) RFD cavity for structural
evaluations and (b) DQW cavity with antennas for thermal
evaluations.
The cavities are equipped with a tuning system that ensures the operation of the cavity at the required frequency
[7]. The cavity frequency may deviate from its nominal
value due to permanent deformations induced by pressure
tests done during the cavity lifespan. In addition, pressure
fluctuations of the He bath and the radiation pressure generated by the electromagnetic field can elastically change
the shape of the cavity, modifying its frequency during operation. To this end, Pressure Sensitivity (PS) and Lorentz
Force Detuning (LFD) are two paramount parameters in
the performance of RF cavities.
The aim of the present paper is to provide an insight on
the multiple numerical evaluations - mechanical, thermal
and electromagnetic - used for the design improvement and
optimization in the context of the crab cavity project. In
some cases, the thermal and mechanical performances of
the cavities and subcomponents shall consider the presence
of electromagnetic fields inside the cavity, and thus require
an adequate physics coupling. In addition to valuable numerical information, the results here presented provide an
insight on the capabilities of multiphysics modelling on the
numerical assessment of such cavities.

GENERAL APPROACH
This part is divided in two sections. The first one describes the parameters used to analyse the cavities mechanical behaviour. The second section discusses the procedure
followed for the electromagnetic-thermal coupled evaluation of the cavity RF antennas. The same division is also
followed in the results section.
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Mechanical Evaluation
Cavity tunability Both the DQW and the RFD crab cavities have a nominal operating frequency of 400.79 MHz.
The cavities are equipped with a tuning system (and a pretuner in the case of DQW) to ensure this value regardless
of the multiple effects affecting the cavity shape during
their manufacturing and testing [7]. The tuner locally deforms the cavity walls in the elastic domain, promoting a
variation of its fundamental frequency. In the case of DQW
cavity, the tuner also provides stiffening in the cavity sensitive region: the capacitive plates. The tunability (in
kHz/mm) measures the ability to change the cavity frequency as a function of the deformation applied on its
walls.
Pressure sensitivity and pressure test Fluctuations on
the pressure of the superfluid helium bath cause a detuning
of the cavity due to small elastic changes on its shape. Pressure sensitivity measures the frequency shift attributed to
these slow pressure fluctuations, which are typically of the
order of mbar.
Additionally, the cavities shall be pressure tested according to the appropriate standards [8]. The pressure test is
generally at a higher pressure than the cavity service pressure and may promote a permanent deformation on the cavity body that produces changes on its fundamental frequency. The use of coupled RF-structural calculations allows the prediction of this frequency shift and the application of correcting actions to minimize this effect.
Lorentz force detuning The RF fields in the cavity volume produce a radiation pressure on the cavity walls that
is proportional to the square of the magnetic, H, and electric, E, fields [9, 10]:

���� =

4

� � −� �

(1)

The deformation induced by the radiation pressure when
the cavity is operated in CW mode produces a shift on the
fundamental frequency of the cavity.
The design of the cavity shall be focused on minimizing
PS and LFD while guaranteeing a locally flexible (i.e. tunable) cavity. Therefore, all these parameters shall be carefully accounted for during the cavity design stage.

Thermal Evaluation
The electromagnetic fields in the cavity generate currents in the cavity antennas that dissipate heat by Joule effect. The power dissipated depends on the surface resistance (Rs) and the magnetic field intensity at the surface
of the conductor (H):

�
= � |�
̂ × �|
�

with

� =√

��
�

(2)

Note that, in Eq. (2), the power dissipated in the antenna
depends on the surface resistance, which in turn varies with
temperature, as it depends on the electrical conductivity of
the material (σ). Hence, for an adequate evaluation of the
heat loss in the antennas, it is necessary to couple the RF
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and thermal physics in order to account for both thermal
and electrical properties that depend on temperature.

NUMERICAL MODELING
Figure 1 shows 3D models used for the evaluation of the
DQW and RFD bare cavities. The mechanical response to
the pressure test, the pressure sensitivity and Lorentz force
detuning were calculated using the numerical model of the
RFD cavity shown in Fig. 1(a). This model is a simplification of the model used for the thermal evaluation of the
RFD cavity that only contains its antennas and the vacuum
volume. Thermal analyses on the DQW antennae were performed using the model in Fig. 1(b). Note that all the analyses coupled the RF domain with the mechanical or thermal domains. Therefore, the models shall consider both the
vacuum (for RF calculations) and the solid (for structural
and thermal calculations) domains.

Materials
The mechanical properties in Table 1 were used for the
structural analyses of the cavities at cryogenic (PS and
LFD) and room temperatures (pressure test). In particular,
for the DQW tunability analysis, properties similar to those
of previous analyses [11] were used for the sake of comparison. For the pressure test numerical evaluations, elastoplastic material models with Rp0.2 of 65 MPa were used.
Table 1: Mechanical Properties Used for Nb [12, 13]

Density
[kg/m3]

Poisson’s
ratio [-]

Young’s
modulus
(2 K)
[GPa]

Young’s
modulus
(Room)
[GPa]

8600

0.38

118

106

The RF antennas here analysed are made of copper (Cu)
and/or high purity niobium (RRR300). In the case of copper the surface resistance increases by 20-30 % due to the
anomalous skin effect [14]. For superconducting niobium
the surface resistance has two adding terms: the BCS and
the residual resistance.
Two different approaches were followed for the thermal
evaluations: a first estimation with thermally independent
properties and a second approach using temperature-dependent thermal and electrical conductivities [15, 16]. For
the former, the temperature dependence of the surface resistance of Nb is considered by using a residual resistance
of 20 nΩ and temperature-dependent BCS resistance. In
the case of copper, the surface resistance of Cu RRR90 was
scaled up accounting for the anomalous skin effect considering a surface resistance of 1 mΩ at 2 K.

Simulation Procedure and boundary Conditions
The simulation methodology for the structural evaluation of the RFD cavity is similar in all the cases.
Firstly, an eigenfrequency problem is solved to obtain
the fundamental frequency of the cavity, f0. Secondly, the
structural problem is solved, which is coupled with the deformation of the mesh in the vacuum volume. The structural calculations assume the cavities fixed in all the
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flanges except the pick-ups, emulating the cavity inserted
in an infinitely stiff He vessel. The presence of the tuning
system was modelled by a spring of stiffness ks between the
tuning surfaces for the PS and LFD evaluations. Lastly, the
fundamental frequency of the deformed cavity volume is
calculated, f1. The values of the tunability, PS and LFD can
be then obtained relating the frequency shift with the tuning displacement,|� |, the pressure, �� , and the square of
the field, � , respectively, as depicted in Table 2.
Table 2: Equations to Calculate Tunability, PS and LFD

Tunability
[kHz/mm]
� −�
|� |

PS [Hz/mbar]
� −�
��
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LFD
[Hz/MV2]
� −�
�

Figure 3 shows a comparison of the experimental and
numerical results of the frequency shift of the cavity as a
function of the force applied by the tuner. The similarity
between the numerical predictions and the experimental results is remarkable. The difference between them increases
progressively with the applied force due to the slight different slope of the curves. It is worth to mention that Fig. 3
implicitly includes the transformation from displacement
to force in the ensemble of the tuning system, which introduces an incertitude in the comparison between experimental and numerical results. Despite of this, the certainty,
the simplicity and the closeness between the numerical and
the experimental results confirm the application of this
coupling strategy for an adequate prediction of the cavity
tunability.

In general, commercial software scale the fields to some
value of the energy stored in the cavity. In the particular
case of LFD and the thermal calculations, it is necessary to
scale up the fields to the nominal deflecting kick on the
particle bunch. To do so, the deflecting kick in the axis of
the cavity was integrated following Eq. (3) and scaled up
to match the expected deflecting voltage of the cavity.
� = |∫ � cos

��

� + ∫ μ c · � sin

��

�|

(3)

Where x represents the coordinate of the particle bunch
along the beam direction; Ey and Hz represent the main
components of the electric and magnetic field at the cavity
axis, respectively; c is the speed of light; ω is the angular
frequency and � is the vacuum permeability.

RESULTS

Mechanical Evaluations
Tunability – DQW cavity Figure 2 shows the deformation of the DQW cavity body when a pulling displacement of 1 mm is applied to its top and bottom plates. The
frequency shift of the cavity after this deformation results
in 315.5 kHz/mm. This result, obtained with COMSOL
Multiphysics, is consistent with the 318 kHz/mm encountered in previous works for the same numerical conditions
and a different software [11].
The calculated value of the cavity tunability was compared against experimental results obtained during the testing of the DQW cavities at CERN SM18 in 2018.

Figure 3: Frequency of the DQW cavity as a function of
the force generated by the tuner system. Numerical results
are derived from COMSOL and the tuning system stiffness.
Pressure sensitivity – RFD cavity Figure 4 shows the
unscaled electric and magnetic fields of the RFD cavity
volume at the fundamental frequency and the magnetic
field for an aimed total stored energy in the cavity of 10.7 J,
which corresponds to a deflecting kick of 3.41 MV. Once
the fundamental frequency was obtained, a pressure of
1 bar was applied to the external walls of the cavity, resulting on their deformation. The frequency in the deformed
cavity was then recalculated to evaluate the pressure sensitivity of the cavity, resulting in -193 Hz/mbar.

Figure 4: Qualitative vectors of the electric (red) and magnetic (blue) fields combined with contours of the magnetic
field (in A/m) in a central slice of the cavity vacuum volume. Deflecting kick of 3.41 MV.

Figure 2: Contour plot of the displacement (in mm) in the
DQW cavity. Tuner pulling displacement of 1 mm.

Cavities - Design
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Lorentz force detuning – RFD cavity Figure 5 shows
the deformation due to radiation pressure on the cavity
walls resorting from a deflecting kick of 3.41 MV. The
magnetic repulsive forces tend to push the cavity top and
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bottom plates to the exterior of the cavity, promoting a decrease of the cavity fundamental frequency, whereas the
electric forces tend to join the poles together, which also
promotes a decrease of the cavity frequency. The value obtained for the Lorentz force detuning after recalculating the
frequency in the deformed model is - 555 Hz/MV2.
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differences between both approaches (around 12 %).
A benchmark of these calculations using the experimental
results of the frequency shift of the DQW cavity prototypes
during their testing is currently ongoing.
Table 3: Pressure Test Frequency Shift Simulations

Material model

RFD

DQW

Elastic-perfectly plastic

20.7 kHz

-15.8 kHz

Realistic

18.3 kHz

-14.2 kHz

Thermal Evaluations

Figure 5: Displacement of the cavity walls (in mm) due to
the radiation pressure. Deflecting kick of 3.41 MV.
A precise evaluation of the Lorentz Force detuning requires the use of a fully coupled RF-structural calculation:
the electromagnetic field induces a change in the shape of
the cavity that modifies the electromagnetic field, which
affects the radiation pressure applied to the cavity walls.
This mutually interacting behaviour was numerically evaluated and lead to negligible variations in the value of LFD.
The results presented above can provide valuable information on the optimal stiffness of the tuning system, ks.
Figure 6 shows the variation of the absolute value of PS
and LFD with ks and reveals opposed trends of the tuner
stiffness on PS and LFD. This behaviour can be easily explained by the counteracting effect that the pressure-induced deformation of the pole (negative frequency shift)
and the tuning regions (positive frequency shift) have on
the fundamental frequency of the cavity.

Figure 6: Evolution of the absolute value of the PS and
LFD as a function of the tuning system stiffness.
Pressure tests – DQW and RFD cavities Pressure test
calculations were also performed to provide a first estimation of the permanent frequency shift of the cavities during
their testing campaign. For that, elasto-plastic simulations
with a yield strength of Nb of 65 MPa were performed on
both cavity models and using a stress-strain curve measured at CERN [17]. The results are shown in Table 3, which
also includes values of the frequency shift using an elasticperfectly plastic material model, and reveal relatively small
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Thermally independent material properties As a first
study, three different commercial software products were
used for the thermal evaluation of the DQW “hook” copper
antenna (Fig. 7). A direct visual comparison of the results
obtained in COMSOL, CST and ANSYS-HFSS was done
by simulating the field and temperature on the surface of
the pickup antenna after solving an eigenfrequency problem using thermally-independent material properties.
These calculations aimed for 1 J stored energy in the cavity,
which corresponded to a deflecting kick of around
1.04 MV in the three cases. Due to the different internal
algorithms used in the three programmes for the solution
of the eigenvalue problem, the fields needed to be appropriately scaled for each case. It can be clearly appreciated
in Fig. 7 that the maximum temperature in the antenna and
its evolution with the kick voltage is perfectly matching for
the three software products. The values fit to a quadratic
function, as constant material properties are used. Figure 7
also shows the H field and the temperature distribution in
the antenna. The maximum field takes place in the central
part of the hook and the maximum temperature is located
in the tip of the antenna in all cases.

Figure 7: Maximum temperature in the pickup antenna as
a function of the vertical kick. Copper properties at 2.1 K.
Thermally dependent material properties COMSOL
was used for the subsequent analyses accounting for thermally dependent material properties due to its simplicity
for the coupling of physics. The effect of using constant
material properties is analysed in Fig. 8, which depicts the
heat loss and maximum temperatures of the second pickup
antenna of DQW cavity (viz. mushroom) if it were done in
copper and using constant and thermally dependent material properties. Note that not accounting for the material
dependence with temperature can create differences in the
temperature increase up to a 25 % for a deflecting kick of
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5 MV. In this particular case, the heat loss remains equal
for both cases, as the copper electrical conductivity presents a negligible variation on the 4 to 15 K range. The use
of this coupling strategy becomes critical when using superconducting materials [18], as inappropriately simulating thermal dependent properties may lead to misleading
conclusions when trying to precisely predict thermal instabilities and quenches.
Figure 8 also shows the magnetic field distribution in the
surface of the antenna, which presents a maximum value
of 5000 A/m in the border of the mushroom. The temperature distribution for an antenna done in copper and
3.41 MV deflecting kick is also depicted in the figure. As
in the case of the hook, the maximum temperature takes
place in the tip of the antenna.

Figure 8: DQW mushroom antenna. (a) Maximum temperature and heat loss as a function of the deflecting kick.
(b) H field and T distribution on the antenna.
To reduce the heat loss of this antenna, it was decided to
use Nb on its tip, with a length that extends to the required
distance to correctly weld the Cu and Nb interfaces (see the
circumferential black line in Fig. 8). In this new situation,
calculated using a fully coupled model, the maximum temperature increase is 4 mK and the heat loss is below 3 mW.
Comparing this results with those in Fig. 8 one can note the
dramatic decrease of both the maximum temperature and
heat loss as compared to the Cu antenna.
The same exercise previously described was done for the
thermal evaluation of the preliminary design of the pickup
and V-HOM antennas of the RFD cavity. First, similarly to
the abovementioned studies, the effect of introducing Nb
in the tip of the V-HOM antenna was analysed. The results
in Fig. 9 show the distribution of the temperature increase
for different lengths of niobium. It is worth to note that the
temperature increase is negligible as soon as niobium is introduced in the model. The heat loss also dramatically decreases by a factor of 130 in comparison with the antenna
integrally done in Cu.
A similar study was carried out for the vertical pick-up
antenna of the RFD cavity. As for DQW, the initial design
of the antenna is made of copper. In this situation, the maximum temperature increase for a deflecting kick of
3.41 MV is 0.017 K with a heat loss of 3.4 mW. Both the
temperature increase and the heat loss remain very low
even if the deflecting kick is increased (see Fig. 10). Thus,
the use of Nb in this antenna is initially discarded.
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Figure 9: Temperature increase distribution (in K) and heat
loss in the RFD V-HOM antenna for different length of niobium and a deflecting kick of 3.41 MV.
In an opposed way to the calculations previously done
for the DQW pick-up antennas, the use of fully coupled
models in calculations in which the temperature decrease
is small, such as in the RFD pick-up antenna, can be considered unnecessary, as the change of the thermal properties of the material will be marginal.

Figure 10: RFD pickup antenna. (a) Temperature distribution (in K) for a deflecting kick of 3.41 MV. (b) Maximum
temperature and heat loss as a function of the deflecting kick.

CONCLUSIONS
This paper presented the general approach, the numerical procedure and valuable results on multiphysics calculations of some of the key parameters of the numerical assessment of the crab cavities of the HL-LHC upgrade. The
assessments included the evaluation of the frequency variations due to mechanical actions on the cavities and the
heat losses due to electromagnetic heating of the cavity ancillaries. The results, obtained for both DQW and RFD cavities, were of great use for the improvement of the cavities
design and the correct determination of the materials of the
cavity antennas. In addition, the analysis here presented
highlight the importance of physics coupling on the evaluation of this type of cavities and their corresponding ancillaries.
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Abstract
Nowadays, one of the main issues of the superconducting thin film resonant cavities is the Cu surface preparation.
A better understanding of the impact of copper surface
preparation on the morphological, superconductive (SC)
and RF properties of the coating, is mandatory in order to
improve the performances of superconducting cavities by
coating techniques. ARIES H2020 collaboration includes a
specific work package (WP15) to study the influence of Cu
surface polishing on the SRF performances of Nb coatings
that involves a team of 8 research groups from 7 different
countries. In the present work, a comparison of 4 different
polishing processes for Cu (Tumbling, EP, SUBU,
EP+SUBU) is presented through the evaluation of the SC
and morphological properties of Nb thin film coated on Cu
planar samples and QPR samples, polished with different
procedures. Effects of laser annealing on Nb thin films
have also been studied.

INTRODUCTION
Thin film technology moves the surface preparation
from Nb to Cu, because the Nb thin film cannot be chemical treated. For the Nb on Cu resonant cavities two principal copper cleaning and polishing treatments were studied:
one is the electropolishing (EP) and the other one is the
chemical polishing with SUBU solution [1-4]. The influence of surface preparation is deeply studied in bulk Nb
cavities and it is responsible for the main performances advancement. Similar considerations can be done for Nb on
Cu cavities, because the morphology and the roughness of
the copper surface are replicated by the Nb growing film.
Moreover, there exist studies that show a direct correlation
between copper surface preparation and Nb films SC properties [5]. A better understanding of the surface effects and
their impact on the thin film and later on rf-properties of
the coating is mandatory in order to improve the performances of superconducting (SC) cavities by coatingtechniques, and it’s the goal of the present work.
___________________________________________
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Operatively the effect of copper polishing has been studied through the evaluation of the morphological and superconductive properties of Nb thin film coated on the polished copper planar samples. The cleaning and polishing
procedures were carried out at CERN and Italian Institute
of Nuclear Physics - Legnaro National Laboratories
(INFN). At CERN 25 copper planar samples were treated
with SUBU solution as reference, at INFN other 25 samples were divided in 4 different batches, one for each treatment investigated: SUBU solution, EP, SUBU+EP and
Tumbling. On 15 out of the 50 treated copper planar samples, a 3 µm thick Nb film deposition was done. The deposition processes were carried out at Science and Technology Facilities Council - Daresbury Laboratory (STFC),
University of Siegen and INFN, 5 samples each, using the
same procedure and parameters. Samples treated in the
same cleaning and polishing batch were coated in more
than one laboratory, in order to minimize the role of the
deposition facility on the SC film properties. Laser treatment was also tested as post-treatment on 5 coated samples, at Riga Technical University (RTU).
Surface characterization on Cu samples and Nb film was
done after each process (polishing, film coating, post treatment, etc.), directly by the partner involved in the process.
At this stage, superconductive characterizations were carried out at IEE Bratislava and consist in magnetic moment
vs. field and temperature measurements. Nb coatings were
also characterized by thermostimulated and photothermostimulated exoelectron spectroscopy at RTU. The interpretation of the results requires additional research to understand the nature of the introduced defects and physics
of TSE/PTSE in Nb and for that reason are not reported on
this paper. More information in [6]. More superconductive
characterizations are planned in the next year, at Saclay
Nuclear Research Centre (CEA) with a local AC-magnetometer, at STFC with a radiofrequency cathode and at
Helmholtz-Zentrum Berlin (HZB) and CERN on Quadrupole Resonator (QPR)’s sample in order to have more information about the correlation between polishing treatment and superconductive properties. On Fig. 1 the samples flow is schematized.
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Figure 1: Samples workflow scheme of the present work. For each sample are reported all the process done and the
treatment facility.

EXPERIMENTALS
On this section are described all the processes reported
in the sample workflow scheme of Fig. 1.
The samples have a size of 53mm x 53 mm and comes
all from the same OFE copper sheet (rolling machining),
The samples were cut at CERN. The polishing procedures
were carried out at CERN and INFN. At CERN 25 copper
planar samples were treated with SUBU solution as reference, at INFN other 25 samples were divided in 4 different
batches, one for each treatment investigated: SUBU solution, EP, SUBU+EP and tumbling. For all the processes,
except tumbling, 40 μm of material removing was agreed
on in order to have comparable results. Unlike chemical
and electrochemical polishing, tumbling smooths the surface without etching.
15 samples (3 for each batch) were coated with a Nb film
via magnetron sputtering in 3 different coating facilities
and then characterized. This paper refer only on these 15
samples. The polishing protocol used for the different treatments has been standardized as reported in Table 1 and differ for each treatment basically only for the polishing step.
Table 1: Standard Polishing Protocol Used
#

Treatment

Solution

1
2
3
4
5
6
7
8

Degreasing
Activation
Polishing
Passivation
Rinsing
Spraying
Drying
Packing

NGL 1740 ultrasounds
H3NO3S, 5 g/l
Treatment depending
H3NO3S, 20 g/l
Demineralized water
Ethyl alcohol
Nitrogen gas
Wafer boxes under N2

Time
(min)
5
3
1
1
2
-

The polishing agent is SUBU5, a solution developed for
LEP2 at CERN [7, 8]. SUBU5 is a mixture of sulfamic acid
(5g/l), hydrogen peroxide 32% (50ml/l), n-butanol 99%
(50ml/l) and ammonium citrate (1g/l); the working temperature is 72°C. 6 samples were treated by chemical polishing: 3 at CERN and 3 at INFN. The protocol and the set-up
adopted were identical and are reported in Table 1 and Fig.
2 respectively. Treatment time was different, since SUBU
erosion rate strongly depends on the sample surface / solution volume ratio.

Figure 2: On the left the copper samples during the chemical polishing in SUBU5 solution at CERN. On the right,
the polished samples at INFN.

Electro-Polishing
The second treatment evaluated in this work is electropolishing (EP). The electrolyte used was a mixture of
phosphoric acid and butanol in a volume ratio of 2 : 3. EP
of copper for resonant cavities is described in [9].

Chemical Polishing (SUBU5)
Chemical polishing with SUBU solution is a standard
process in the copper cavity preparation of Nb on Cu superconductive radio frequency (SRF) cavities [1-4].
THP041
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Figure 3: Configuration used for the EP of the copper samples at INFN. A central copper cathode, and 4 copper samples in each side.
Fundamental R&D - non Nb
sample testing

SRF2019, Dresden, Germany

The EP was done at room temperature and without bath
agitation in order to prevent difference between the 8 samples (Fig. 3). Since no agitation was present the process
current was driven at low current in order to avoid high
bubble evolution.

EP + SUBU
Cavities surface preparation on ALPI linac at INFN-LNL
[1] and LHC at CERN [3] consisted in a double process.
First a deeply etching with EP and then a SUBU for the
surface finishing. A similar process was replicated in this
project in order to identify potential advantages in use a
combined polishing treatment in respect to the single polishing techniques (SUBU and EP).

Tumbling
Tumbling has been applied to to Nb/Cu cavities at LNL
for ALPI QWR [1] and it is a common treatment in Nb bulk
cavities [10]. Tumbling effectively removes irregularities
like scratches and especially any roughness at electron
beam weld seams. Tumbling is also needed for removing
the fissures in the initial surface preparation of hydroformed and spun cavities.
For this project, the samples was treated at INFN with a
Turbula 3D Powder mixing machine (Fig. 4). Samples
were kept in a sample holder to prevent bending and two
different media were used in order to obtain the best results
in terms of surface smoothing.

Figure 4: Pictures of the Set-up of the tumbling polishing
procedure. A) Sample holder, B) Allumina embedded in
ureic resin, C) Coconut powders, D) Tumbling barrel filled
with alumina media and Rodastel30 bath, E) Tumbling barrel filled with coconut powders, F) Turbula tumbling machine

Nb Film Deposition
The Nb deposition was carried out by STFC, INFN and
University of Siegen using the parameters reported in Table
2. Each facility has been coated one sample for each treatment, for a total of 15 samples, as reported on Figure 1.
Table 2: Parameters set for the coating of Nb thin films on
Cu using DC magnetron sputtering.
Parameter
Base pressure @
650 °C (mbar)
Deposition T
Current density
(mA/cm2)
Target power (W)
Discharge gas
Disch. P (mbar)
Substrate rotation
Thickness

STFC

U.Siegen

INFN

<10-9

1.22x10-5

< 9x10-8

650 °C

650 °C

650 °C

22

15

27

≈ 400
Kr
1.5x10-3
4 rpm
10 µm

≈ 400
Ar
1.5x10-2
n/a
3 µm

≈ 750
Ar
5x10-3
No
3 µm
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All the samples has been coated via magnetron sputtering. Although the deposition configuration is different
from one centre to another, the deposition parameters were
set to be comparable. The procedure and the applied deposition parameters in all three deposition facilities are shown
in Table 2.

Laser Post Treatment
Laser irradiation of Nb / Cu samples was performed in
Ar atmosphere by the fundamental frequency of Nd:YAG
laser (λ=1064 nm). The samples were irradiated with different intensities of laser radiation (I=140MW/cm2 – 320
MW/cm2) with spot diameter 1 mm. The pulse duration
was τ= 6 ns. The focused laser beam was scanned over the
sample surface at different speeds of 0.1 – 0.5 mm/s and a
step 0.3 mm.

RESULTS AND DISCUSSIONS
Cu Morphological Characterization
Five different characterizations were done at INFN to
evaluate the copper surface after the polishing: optical inspection, reflectivity, , SEM and EDS.

Figure 5: Copper surface after the polishing treatments.
From a simple optical inspection (see Fig. 5) significant
difference are visible. The SUBU samples present a mirror
like surface, EP samples presents a mirror like surface with
a diagonal texture due to the oxygen evolution during the
EP process and the absence of a bath agitation. In the
EP+SUBU samples, SUBU process reduced the texture,
but did not remove it completely. Tumbling samples present a shining surface (but not mirror like as SUBU and EP
samples) with small scratches visible only examining the
sample from a certain angle. Reflectivity characterization
present similar values for all the treatments (64-66 %), except Tumbling one, that present a lower reflectivity (52 %),
confirming the visual inspection.

Figure 6: SEM micrographs of the four treatments evaluated.
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The SEM characterization (Fig. 6) shows a very smooth
surface in the EP sample. SUBU produce pitting on the surface, visible also in the EP+SUBU sample. On the other
hand, SEM micrographs confirm the presence of a large
amount of scratches and defects on the surface of tumbling
sample. EDS characterization was also done on each samples and no visible contaminations appear.

Nb Morphological Characterization
AFM measurements were performed in non-contact
mode for roughness evaluation. Scan area was 5 x 5 µm.
Three successive scans on different sample spots where
taken. The scans (reported in Table 3) show a high deviation of roughness on the three measured spots in case of
sample SUBU (CERN). In fact, the measurements should
be correlated with SEM surface micrographs, since the
AFM scan maps only a very small fraction of the overall
sample surface.
Table 3: Summary of AFM measurements performed on
three different spots of the Nb coated sample. Ra value is
the average of three measurements.
Treatment
SUBU5 (CERN)
SUBU5 (INFN)
EP
EP + SUBU5
Tumbling

AFM - Roughness (Ra) [nm]
21 ± 12.1
6.3 ± 1.2
11.5 ± 0.7
14.2 ± 2.4
18.3 ± 1.5
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ment leads to anisotropic etching of the different grain orientations on the polycrystalline Cu substrate. This, in turn,
leads to different growth mechanisms of the deposited film.
Another phenomenon of the SUBU treatment revealed by
the SEM investigations is pitting which leads to areas with
very high roughness values and high deviation of these values. The EP, by contrast, shows less deviation of Ra which
also correlates with the SEM investigation. The lowest
roughness values are measured on SUBU samples provided by INFN. This is in contrast with the before mentioned findings. However, the inspected area by AFM is
small. If the measurement does not cover one of the areas
showing high roughness due to the above-mentioned effect, the result is reasonable.

Nb SC Properties Evaluation
Small measurement samples of approximately 2 mm x 2
mm were cut from the deposition samples (53x53 mm2) to
characterise the superconducting properties of the Nb
films. After cooling down the sample below Tc in zero applied field, the magnetic moment m of the measurement
sample was measured in dependence on monotonically increasing applied field B, recording the so-called virgin
magnetization curve. The applied field was oriented perpendicular to the flat face of the sample. The main characteristic determined was the first flux entry field Ben, detected as the applied field at which the virgin magnetization
curve starts to deviate from the linear Meissner-state dependence.

Figure 8: First flux entry field Ben determined at 4.22 K for
the Nb samples deposited at INFN Legnaro, University of
Siegen and STFC Daresbury.

Figure 7: SEM micrographs of the coated sample surface
(plan view). All samples deposited with Nb at UniSiegen.
Figure 7 shows SEM investigations of all five samples.
It becomes obvious that on the SUBU samples two different grain structures can be observed. That is, areas with
lower grain size and lower roughness, and areas with
higher grain size and, therefore, higher surface roughness.
The findings correlate with the SEM investigations of
the uncoated substrate: it is shown that the SUBU pre-treat-
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The cutting process surely created certain damage at the
edges of the measurement samples, however, the same procedure was followed and the same cut-off machine was
used in preparation of all the investigated samples. We thus
assume the damage was comparable in all the cases and the
determined Ben values can be used to relatively compare
the samples’ properties. Similarly, due to practically identical dimensions of the samples, the geometry-related effects should have the same impact on the determined values. The results of the first flux entry field determination
are summarised in the Fig. 8.
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Nb Laser Post Treatment
The AFM characterizations of non-irradiated and laser
irradiated samples summarized in Table 4, show that the
surface roughness decreases dramatically after irradiation.
Table 4: AFM Roughness Comparison Between Nb Coated
Samples before and after Laser Irradiation
Treatment
SUBU5 (CERN)
SUBU5 (INFN)
EP
EP + SUBU5
Tumbling

Ra Non irradiated
9 nm
9 nm
12 nm
13 nm
25 nm

Ra Irradiated
1 nm
7 nm
5 nm
3 nm
13 nm

Figure 9: SEM images of Nb/Cu sample before irradiation
(A) and after irradiation by Nd:YAG laser with intensities:
I1 = 140 MW/cm2; I2 = 170 MW/cm2; I3 = 253 MW/cm2; I4
= 320 MW/cm2.
SEM images of non-irradiated and irradiated samples are
shown in Fig. 9. Before the irradiation, Nb/Cu surface consists of nano-crystals with sizes ranging from 300 nm to 2
µm. After the irradiation, nanocrystals become smaller and
surface becomes smoother due to its melting with increasing of laser intensity. Evaporation takes place at the intensity 320 MW/cm2. However, cracks appear on the irradiated surface at 253 MW/cm2 and higher intensities. XRD
patterns of non-irradiated and irradiated Nb/Cu sample has
shown the increase of crystallite size from 25 nm to 31 nm
and the decrease of lattice constant a0 from 3.370 Å to
3.289 Å. Superconducting properties of the samples were
investigated, as well. In Table 5, the flux entry field Ben,
determined applying the 2% relative difference criterion
before and after the irradiation by laser depending on Cu
surface preparation methods at 4.22 K is shown.
Table 5: First Flux Entry Field Ben Determined at 4.22 K
for the Nb Coated Samples before and after Laser Irradiation
Ben Non irradiated Ben Irradiated
Treatment
SUBU5 (CERN)
12 mT
17.0 mT
SUBU5 (INFN)
20 mT
23.7 mT
EP
18 mT
18.8 mT
EP + SUBU5
14 mT
15.5 mT
Tumbling
18 mT
19.1 mT
The temperature distribution in the irradiated Nb/Cu
structure was calculated by solving the Stefan problem. We
consider the two-phase Stefan problem, since certain part
of the material is melted. Assuming the known parameters
of bulk Nb and Cu, the numerical solution suggests that
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only the Nb layer can be partly melted during a nanosecond
laser pulse, the underlying Cu being not melted. It is because the heat diffusion length in Nb (about 0.38 μm for
pulse duration 𝜏 = 6 ns) appears to be much smaller than
the 3 μm thickness of the Nb layer. Longer pulses (1 μs to
10 μs) are required for melting of Cu.

CONCLUSIONS
Five surface treatments techniques: SUBU, EP,
EP+SUBU, Tumbling and Laser Polishing, prepared in 3
different Institutions on an identical planar substrate was
investigated. Based on the morphological characterization,
the main conclusion is that the most promising procedures
are EP, as a pitting free technique. SUBU provides the lowest roughness, but pitting is more dangerous from RF point
of view. Superconducting Properties of Nb films shows a
slight difference between deposition facilities rather than
different surface preparation. RF test are mandatory for a
better comprehension of the substrate effect on the final
properties of Nb film coating. RF measurements at Helmholtz-Zentrum Berlin (HZB) on Quadrupole Resonator
(QPR)’s sample are already planned.
Laser post-treatment first results are very promising. Laser radiation show the capability to reduce dramatically the
surface roughness and to increase the field of first entry in
all the samples treated. The mechanism is still under investigation.
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INITIAL RESULTS FROM INVESTIGATIONS INTO DIFFERENT
SURFACE PREPARATION TECHNIQUES OF OFHC COPPER FOR SRF
APPLICATIONS
S. B. Leith† , A. S. H. Mohamed, Z. Khalil, M. Vogel, X. Jiang,
Institute of Materials Engineering, University of Siegen, 57076 Siegen, Germany
Abstract
As part of efforts to improve the performance of thin film
coated accelerating cavities, improvement of the topography of the surface of copper is being pursued. This is
known to strongly affect the properties of the deposited superconducting thin film. This study focuses on determining
the optimal procedure to enhance homogeneity and
smoothness of the copper surface. OFHC copper substrates
have been processed using mechanical polishing (MP),
chemical polishing (CP) and electrochemical polishing
(EP) procedures as well as a combination thereof.
The parameters of each of the procedures have been
tested and optimised to produce the smoothest surface possible. The resulting samples have been analysed using a
scanning electron microscope (SEM), a laser profilometer
(LP) and a confocal laser scanning microscope (CLSM).
Results indicate the superior performance of electropolishing over chemical polishing in terms of planarization efficiency, while a combination of mechanical polishing followed by electropolishing provides the most homogeneous and smooth surface when utilising the critical current density of the electrolyte.

INTRODUCTION
This study forms part of a larger study looking at the optimisation of Nb and NbN thin films deposited onto copper
substrates, to be used in superconducting radio frequency
(SRF) accelerating cavities. In order to assist with the production of higher quality films, an improved copper surface
preparation procedure was investigated.
When depositing a thin film onto a copper substrate/cavity, it is well known that the thin film will replicate the morphology of the copper substrate [1]. As such, any changes
in the surface of the copper substrate will be evident in the
deposited Nb film and therefore influence the properties of
the film as well. This is evidenced by the reduction of defect density in thin films, where a reduction in the surface
roughness of the substrate onto which it was deposited, is
seen [2]. The effect of the substrate on the deposited film
allows one to optimize the copper surface prior to the deposition of the thin film so as to enhance the performance of
the film.
There has been considerable research into the effects of
different surface treatments for thin films deposited onto
copper however, they are not as clear as for bulk Nb and
considerable research is still required to fully comprehend
how the thin film is affected. The overarching conclusion
is that a reduction in surface roughness leads to improved
___________________________________________

cavity performance [2]. The roughness of the copper surface can also lead to contact issues at the interface between
the copper cavity and the deposited thin film, resulting in
decreased superconducting performance [3]
During cavity forming processes or as a by-product of
mechanical polishing, a damaged surface layer is
understood to form on the copper surface. This has been
reported to lead to a decrease in thin film performance [4].
The thickness of this layer is reported to be between
50-150 μm and should be removed for optimum superconducting performance [5].
With this in mind, studies were completed which utilised
different copper surface preparation techniques, including
mechanical polishing (MP), chemical polishing (CP) and
electropolishing (EP), in order to optimise the copper surface preparation process for future thin film deposition.

EXPERIMENTS
A single Cu sheet was cut into 25x25 mm samples which
were then subjected to the different surface preparation
procedures. Prior to CP or EP, samples were first degreased
in an ultrasonic bath with acetone (15 min), followed by
ethanol (15 min), then rinsed with distilled water and blow
dried with N2 gas.

Chemical Polishing

In this study, the chemical solution SUBU5, initially developed at CERN for the LEP-II cavities [6], was used for
all CP processes. The exact procedure used for the chemical polishing process was adapted from that used in the
ARIES research project [7]. SUBU5 is comprised of sulfamic acid (H3 NO3 S) (5 g/l), hydrogen peroxide (H2 O2 )
35 % (50 ml/l), n-butanol 99 % (50 ml/l) and ammonium
citrate (C6 H14 N2 O7 ) (1 g/l). During polishing, the mixture
is maintained at a working temperature of 72°C. Bath agitation is utilised during polishing to decrease the likelihood
of pitting, a common issue with SUBU5.
The SUBU5 process is preceded and followed by immersion in sulfamic acid in order to increase wettability (before) and passivate the copper surface (after). The passivation of the sample following the chemical polishing
needs to be completed as fast as possible, to avoid oxidation of the chemically active surface.
Samples were chemically polished in SUBU5 without
mechanical polishing for 30 min, 60 min, 90 min and
120 min. Further samples were chemically polished for
30 min following mechanical polishing with 2000 grade,
3000 grade, 4000 grade and 4000 grade + 1μm polishing
fluid with a polishing disk.
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Electropolishing

For the EP process, a well-known copper electrolyte of
phosphoric acid (85 %) (H3 PO4 ) and n-butanol was utilised in a ratio of 3:2 with a copper counter electrode. A
current density of 6 A/dm2 was used for initial EP experiments, based on work completed at CERN [4]. The electrolyte was not agitated during polishing.
As with the CP experiments, samples were subjected to
EP with and without previous MP. Those without MP, were
electropolished at a temperature of 30°C and 50°C for 20
min and 40 min respectively. Further samples were initially
mechanically polished, and then electropolished at 40°C
for 40 min. The MP used for these experiments was the
same as that described for the CP samples above. The copper cathode used for polishing was roughly 5 x the size of
the anode in order to facilitate higher polishing rates as determined during pre-testing.
Following the implementation of the electrochemical
characterisation process, further samples were subjected to
EP using the newly found critical current density of
18.5 A/dm2.

Electropolishing and Chemical Polishing

A series of samples were also polished with a combination of EP and CP. the CP was employed for a shorter time
frame, to try and avoid pitting observed during the initial
CP experiments. These samples were subjected to EP at
40°C for 20 and 40 min, followed by a CP for 5 and 10 min
respectively.
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surface, see Figure 1 (Inset). This phenomenon is known
as surface decoration.

10μm

Figure 1: (Main) Copper sample following Nitric acid etch.
(Inset) NbN thin film deposited onto nitric acid etched copper sample.
The CP results, displayed in Figure 3, indicate that without MP, the smoothest surface is reached after 60 min of
CP. Thereafter, the surface roughness increases again due
to increased pitting. Samples treated with CP following MP
display relatively equal surface roughness values in the region of � ≈ 110 nm, regardless of MP grade. It is also evident that the CP etches more prominently at the grain
boundaries, as indicated in Figure 2.

Electrochemical Characterization

After initial electropolishing experiments, electrochemical characterisation, using a saturated calomel reference
electrode (SCE) and a copper counter electrode, were employed in a three-electrode cell. This cell was utilized to
complete an electrodynamic sweep of the copper-electrolyte combination. This determination is based on the work
performed by Jacquet [8].
To monitor the effectiveness of the surface preparation
procedure, the surface roughness is measured following
each step of the process using an UBM laser profilometer
with a scan size of 1 x 1 mm. Additionally, surface images
are captured using an Olympus LEXT OLS 4000 confocal
laser scanning microscope (CLSM), as well as a Zeiss Ultra 55 Scanning Electron Microscope (SEM). To monitor
the loss of material after the specific treatments, the samples were weighed with a microscale.

RESULTS AND DISCUSSION
The as-received copper sheet has an RMS surface roughness of Sq = 526 ± 90 nm as measured by CLSM. Initial
copper substrates were prepared using a MP followed by a
nitric acid etch prior to thin film deposition. This resulted
in a surface as shown in Figure 1, with an RMS surface
roughness Sq = 844 ± 14 nm as measured by CLSM. Due
to the fact, that defect sites on the substrate’s surface, like
grain boundaries, lead to a higher nucleation rate on these
sites, these defect sites are extremely visible on the films’
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Figure 2: CLSM image of the polished copper surface following 30 mins of CP. Enhanced grain boundary etching is
visible.
The EP surface roughness results, which are shown in
Figure 4, indicate a level of reliance on electrolyte temperature. Following 20 min of EP, the sample polished in 50°C
electrolyte possesses the smoothest surface, followed by
the 40°C and then the 30°C samples. This does however
change after 40 min of EP, where the sample polished in
40°C electrolyte possesses the smoothest surface. This result requires further investigation. The material removal
rate is found to drastically change with electrolyte temperature, increasing from 0.5 μm/min at 30°C to 2.08 μm/min
at 50°C.
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Figure 3: CP result overview. Blue data indicates results
for CP only while red data is for MP + CP. The (f) specifies
the use of 1μm polishing fluid after 4000 grade MP.
The surface roughness of samples treated with MP + EP
can be seen to steadily decrease as the fineness of MP increases. The smoothest surface was obtained using a combination of MP, with 4000 grade paper + 1 μm fluid, and
EP at 40°C for 40 min, with a resultant Rq = 43 ± 1 nm.
The copper surface following MP + EP also displays a
more homogeneous finish than samples only treated with
EP. Multiple samples polished at lower current densities
displayed surface striations following polishing, most
likely due to the passage of bubbles along the copper surface.
0,20
EP 30
EP 50

0,16

2000

40 min

MP + EP

0,14

0,12

20 min

0,10

20 min

0,08

EP 40
3000

20 min

0,06

40 min

The used electrolyte (electrolyte solution following polishing of three samples) indicated in Figure 5, was tested
in the electrodynamic sweep setup to determine its usability. It was found to display a much reduced performance
(essentially zero) compared to the new electrolyte. This
was verified on multiple occasions. A decrease in performance was also noticed after a single cycle.
The polishing rate (rate of thickness reduction) showed
a marked reliance on the current density, increasing steadily with increasing current density. This is displayed in Figure 6. The outlier at ~2.5 A/dm2 in Figure 6, is believed to
represent a second optimum polishing setting with superior
polishing dynamics. This is supported by the polarization
curve which shows a trough at this current density. Based
on this, samples polished at 2.5 A/dm2 will result in different surfaces depending on the voltage applied. This does
however require further testing and verification.

40 min

0,04

4000

4000 (f)

1,2

0,02
0,00

Figure 4: EP result overview. Blue data details 30°C electrolyte EP. Purple data details 40°C electrolyte EP. Green
data points detail 50°C electrolyte EP results and red data
points detail MP + 40°C (40 min) EP data. The (f)
indicates the use of polishing fluid after 4000 grade MP.
The introduction of the electrodynamic sweep investigation, which resulted in the polarization curve shown in Figure 5, was based on trying to find the optimum polishing
setting for our anode-cathode-electrolyte combination.
From this, the optimum current density to be used during
the electropolishing process was determined and was found
to be equal to 18.5 A/dm2. The copper samples polished at
this setting displayed a surface roughness of
q = 59 ± 2 nm, which is a vast improvement over the nitric acid etched surface. Samples also showed a much reduced presence of surface striations following EP.
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Polishing Rate (μm/min)

Surface Roughness (Rq - μm)

0,18

Figure 5: Polarization curve showing current density vs.
voltage of the new and used (3 cycles) phosphoric acid +
butanol electrolyte.
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Figure 6: Electropolishing experiment results detailing the
effect of current density on the polishing rate.
The use of both EP and CP resulted in a surface similar
to that obtained for the CP samples themselves. This despite the reduced time of the CP process. The surfaces became rougher following the CP and pitting was evident in
the 10 min samples.
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The resultant copper surface following both EP and CP
procedures, enjoys a vast improvement over nitric acid
etched copper surface in terms of surface roughness and
topographic homogeneity. This is carried over to the deposited thin film as shown in Figure 7. A NbN thin film was
deposited onto an EP copper sample. The thin film is once
more seen to mimic the surface onto which it was deposited. This thin film also has a far shinier surface than the
films deposited onto nitric acid etched copper.

Figure 7: (Main) Copper sample following EP. (Inset) NbN
thin film deposited onto EP copper sample.

CONCLUSIONS
From the testing completed so far, it is evident that the
use of a combination of MP and EP results in the most homogeneous and smooth surface. The MP creates a more
uniform surface to start the polishing from, as it removes
any irregular surface abrasions present when received. Sufficient material must be removed following MP to ensure
the removal of any possible inclusions of abrasive material,
caused by the MP procedure.
The use of the optimal current density, as determined
through an electrodynamic sweep, allows for a superior
surface finish while minimising the presence of striations
on the surface of the sample. In order to remove the damaged surface layer present following MP, a 2 hour EP is
recommended for all samples prior to thin film deposition.
In order to ensure consistent results and polishing rates, the
electrolyte should be renewed for each sample.
The introduction of CP post EP is found to enhance the
presence of grain boundaries which leads to these being detectable in the thin film as well (surface decoration). IF CP
is to be used it should be for a short duration (≤ 5 min) to
avoid possible pitting of the surface.
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Abstract
NbN thin films have been the subject of considerable research since the 1980’s, firstly to be utilised in Josephson
junctions or more recently, as part of multilayer coatings
for superconducting radio frequency (SRF) cavities. So far
their deposition has been limited to commercially available
substrates such as Si and MgO, or Nb. As part of efforts to
investigate their potential use with SRF cavities, results
from a screening study probing the effects of various deposition parameters on the resulting film microstructure,
phase formation and subsequent superconducting properties of NbN thin films deposited onto copper are presented.
The substrate temperature, process pressure, bias voltage,
Ar/N2 ratio, gas type and cathode power were alternated
between a high and low value. The resulting films were
characterised using, among others, scanning electron microscopy (SEM), x-ray diffraction (XRD) and a DC magnetisation setup. Initial results indicate a large variance in
the microstructure and superconducting properties with the
change in deposition parameters.

INTRODUCTION
As part of efforts to improve the performance and reduce
the costs of SRF cavities, alternative materials or procedures are currently being investigated to replace bulk niobium cavities. NbN is one of the alternative materials under
investigation to provide these better performance figures.
One of the most promising approaches is to use NbN in a
multilayer superconductor-insulator-superconductor (SIS)
coating, as first proposed by A. Gurevich [1]. This was initially proposed for deposition on a bulk niobium cavity.
NbN, with its higher Tc (17 K) and Hc1 (200 Oe) in bulk
form, has been touted as one of the front runners for implementation in SIS multilayer coatings [2]. One of the issues
facing NbN however, is ensuring the formation of the desired phase during thin film deposition. NbN is known to
form in a number of phases, three of which are superconducting, with deposited thin film Tc 's ranging from 11.6 K
for the hexagonal 𝜖-phase [3], 12-15 K for the tetragonal
𝛾-phase [4] and up to 16 K for the cubic 𝛿-phase [5]. The
creation of atomic level nitrogen deficiencies, which lead
to the formation of the non-superconducting 𝛽-phase
Nb2 N, is possible if the nitrogen flow rate is insufficient
during film deposition [6]. The phases of 𝑁𝑏𝑁 exist in
different Nb:N ratios [7]: (1) β-NbN, x = 0.4 - 0.5, (2)
γ-Nb4 N3 , x = 0.75 – 0.8, (3) δ-NbN, x = 0.88 – 0.98 and
1.015 – 1.062, (4) ϵ-NbN, x = 0.92 - 1. The most critical
parameter, with regards to phase formation, seems to be the
Fundamental R&D - Nb
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Ar/N2 ratio. However, the optimum ratio changes with the
substrate temperature [8], and with the process pressure
[9].
The formation of normal conducting oxides, oxynitrides
and voids, between NbN grains, is a known issue with NbN
film performance and is thought to lead to the high resistivity [10] and early flux penetration found in NbN films.
The effects of deposition parameters on film growth and
phase formation was investigated in order to realise an optimum parameter set for high performance films. The films
were grown on copper substrates, in order to investigate
their use as standalone thin film coatings, as well as on silicon substrates. The effects of the deposition parameters on
the NbN film growth and the subsequent phase formation
is discussed. This is the first known publication detailing
the deposition of NbN onto copper for SRF applications.

EXPERIMENTAL
NbN thin films were deposited onto copper substrates
and silicon witness samples via DC reactive magnetron
sputtering using a Nb (RRR 300) target in a commercial
high-volume, fully automated coating tool (CemeCon
CC800) in the presence of a mixture of argon (99.998 Vol%) or krypton (99.999 Vol-%) and nitrogen (99.999 Vol%). The Ar or Kr to N2 ratio was maintained via flow rate
control of the two gases. The copper samples were initially
mechanically polished and then chemically etched with nitric acid, which produced a surface roughness of
Rq = 0.107 μm.
Prior to deposition, the system was passively baked at
650 °C for 6 hours, to assist in removing any built up adsorbents, and thereafter evacuated to a base pressure of 5 x
10-7 hPa. The system was then backfilled to a pressure of
1.5 x 10-3 hPa for target plasma cleaning and sputter etching of the copper substrate in an Ar atmosphere.
Following this, the chamber was set to the parameters
required, depending on the sample in question. Samples
were deposited for a screening study based on a Design of
Experiments (DoE) approach, which utilised a high and
low value for all parameters for both argon and krypton
process gases. The values of the parameters are detailed in
Table 1.
Table 1: NbN Film Deposition Parameter Set
Parameter Substrate Pressure Substrate
N2
Process
boundary Temp
[mPa]
Bias
content
Gas
[°C]
[V]
[%]

Cathode
Power
[W]

high (+)

600

1600

-80

30

Ar

500

low (-)

200

800

0

10

Kr

300
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Following the deposition of the films, samples were immediately placed in a Zeiss Ultra 55 Scanning Electron Microscope (SEM) to analyse the film microstructure. The silicon witness samples were cleaved in order to determine
the thickness of each film and to explore the cross sectional
structure of the film. The films were scanned with an EDX
detector attached to the SEM, to determine contaminants
like oxygen or carbon in the films, if any. The surface
roughness of the samples was determined with both an
Olympus LEXT OLS 4000 confocal laser scanning microscope (CLSM), with a scan size of 257 x 257 μm, and a
Halcyonics XE-100 Atomic Force Microscope (AFM) in
non-contact mode, with a scan size of 5 x 5 μm, to better
understand the surface roughness at different length scales.
X-ray diffraction (XRD) θ - 2θ studies were completed
on all samples, using a Panalytical Empyrean diffractometer with a Cu 𝐾𝛼 source, to assist with phase identification.
X-ray photoelectron spectroscopy (XPS), using an Evans
Analytical Group LLC XPS SSX-100, was used. The XPS
setup used in this study is not fitted with a sputter device
and was unable to sputter away the surface layer of the
film. As such, the data provided information relating to the
outermost ~10nm of the film.
Rutherford Backscattering Spectroscopy (RBS) was also
conducted on five pre-screening test samples which were
deposited at N2/Ar flow concentrations of 10, 15, 20, 25
and 30%, with a high temperature, mid cathode power,
high pressure and no bias in comparison to the screening
test samples. RBS measurements were performed using a
hydrogen beam with 0° angle of incidence, 165° scattering
angle and 25° exit angle.
Sections of these same samples were sent to IEE in Bratislava for DC magnetisation studies to investigate the
basic superconducting properties. Small samples of approximately 2x2 mm2 were tested using Vibrating Sample
Magnetometer (VSM) from Quantum Design Inc. In the
experiments, a DC magnetic field of 5 mT was applied perpendicular to the flat face of the sample and the temperature T was subsequently decreased through the transition
range at a rate of approximately 0.2 K/min. The magnetic
moment m of the sample was measured at 0.1 K steps and
the superconducting transition temperature Tc was taken as
the onset of magnetic moment change. The variation in the
baseline magnetic moment of the different samples is
mostly due to volume effects of the different samples.

RESULTS AND DISCUSSION
All results detailed here are based on investigations of
the NbN films deposited onto copper, except the SEM
cross section images, which required the use of cleaved silicon samples. The cleaved Si samples provided an indication of the film thickness, with all films lying within the
region of 1.2 ± 0.2 μm. The different deposition conditions
resulted in deposition rates ranging from 11.4 to
49.5 nm/min, mostly affected by the Ar/N2 ratio and the
cathode power. Due to the parameters used in the sputter
etching of the substrates, a thin interlayer (40 – 60 nm) of
Nb was deposited on nearly all samples.
THP043
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Figure 1: Optical image of hexagonal silver NbN film (left)
and cubic gold NbN film (right).
Initial optical inspections of the samples showed films
with either a silver or gold colour, as shown in Fig. 1. Generally the gold colour is said to indicate a cubic film structure (𝛿-NbN) while the silver colour indicates a hexagonal
structure (𝛽, 𝜖 𝑜𝑟 𝛾 -NbN) [11], however, this is not conclusive in itself, as in some instances, films which are gold
in colour, display low 𝑇 values and films with a silver colour display high 𝑇 values. The films were found to have a
dull finish, indicative of a fairly rough surface. This was
supported by AFM, CLSM and SEM investigations, where
the surface was found to closely conform to the underlying
copper surface as evidenced in Fig. 2.

Figure 2: SEM images of Cu substrate following: (Main)
Nitric acid etching and (Inset) NbN thin film coated Cu
sample detailing close matching of film to substrate morphology.
The surface roughness measurements, conducted using
both the AFM and CLSM, provided topographical information at two different length scales. The deposition parameter effects on the surface roughness are detailed in Table 2, with (+) indicating an increase in surface roughness
and (-) indicating a decrease in surface roughness.
Both the AFM and CLSM measurements detail similar
trends in terms of the deposition parameter influence on the
surface roughness. All parameters except the substrate temperature were found to influence the resultant surface. The
AFM measurements displayed greater variability in surface roughness between the high and low deposition parameters, indicating a more noticeable influence at smaller
length scales, indicating a large effect on film microstructure, such as grain morphology.
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The biggest influence is found to be due to the change
from Ar to Kr gas. Which results in a 30 – 40 % reduction
in surface roughness.
Table 2: Deposition Parameter Effect on Surface Roughness
Parameter Substrate Pressure Substrate
N2
Process
boundary Temp
[mPa]
Bias
content
Gas
[°C]
[V]
[%]
High
Equal
+
+
Low
Equal
+
+
-

Cathode
Power
[W]
+
-

Generally, NbN films are said to grow in a columnar
fashion [12]. Based on SEM investigations completed in
this study, growth modes within NbN films are found to
vary significantly depending on the deposition conditions.
For a dense film, a high substrate temperature is preferred, but not mandatory, provided that a substrate bias
and high cathode power is applied, as shown in Fig. 3.

Figure 3: SEM images detailing low substrate temperature
effects overcome by use of bias and high cathode power to
produce dense film. (Main) Plain view of film on Cu. (Inset) Cross section view of film on Si.
The process pressure is found to have a large impact on
the growth mechanism, with high pressure tending to grow
porous and highly disconnected columnar films, while low
pressure deposition leads to dense films and adherent columns, as detailed in Fig. 4.
A high cathode power in nearly all cases is needed for a
dense film however, an applied substrate bias can compensate for a lack of power, provided that there is a high
enough mean-free-path (low pressure). The substitution of
Ar with Kr as working gas, and the variation in N2 % does
not seem to change the growth modes significantly within
this parameter window.
The results from EDX scans of the NbN films provided
details regarding the oxygen content of the coatings. Samples deposited using Kr gas were found to repeatedly contain more oxygen than their Ar counterparts, while Lower
process pressure leads to a decreased level of oxygen
within the films. This is currently under investigation.
The RBS analysis, completed on the pre-screening samples, indicated a changing Nb:N ratio in the deposited thin
films when different N2 concentrations were used during
deposition. The results are detailed in Table 3.
Fundamental R&D - Nb
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Figure 4: SEM images showing (a) Low pressure films
grow dense and adherent structure. (b) Same deposition parameters with a high pressure produce porous columnar
growth
Table 3: Elemental Composition of NbN Thin Films Deposited with Differing N2 Flow Rates
N2 flow
Nb
N
O
x
%
(at.%) (at.%) (at.%)
10
48.8
46.2
5
0.95
15
48.75 45.17
6.07
0.93
20
48.30 45.75
6
0.95
25
45.71 51.37
2.90
1.12
30
48.70 50.86
0.43
1.04
Films coated with 20 % N flow rate are found to be
under stoichiometric and within the range defined by Oya
[7] for 𝛿-NbN while those deposited with > 20 % are over
stoichiometric, however the 30 % N2 film is still within the
𝛿-NbN band defined by Oya.
The high percentage of N within the films indicates a
lack of the 𝛽-NbN and 𝛾-NbN phases, x = 0.4 to 0.8, for
these deposition parameters. The decrease in oxygen content in the films with increasing nitrogen flow, also confirmed with EDX analysis, will affect the absolute stoichiometry of the NbN films. The presence of oxygen can be
linked to the higher base pressure of the system used, the
use of 4.8 purity argon and the formation of the native oxide layer since removal from the sputtering chamber. The
increase in nitrogen flow rate is understood to decrease the
likelihood of oxygen inclusion due to a decreased ratio of
oxygen to nitrogen in the deposition chamber.
The XPS data of all measured samples were very similar,
indicating no significant difference due to the deposition
conditions. Figure 5 shows the Nb3d and N1s spectrums
and their deconvolution for an indicative sample scan.
The data indicates the presence of a Nb2 O5 oxide layer
indicated by the ~207 eV peak in the Nb3d spectrum [13].
A series of oxynitrides (𝑁𝑏𝑂 𝑁 ) which are known to
decrease the superconducting performance of NbN thin
films, are indicated by the ~400 eV and ~401.4 eV peak
in the N1s spectrum [13]. NbN is detailed in both the N1s
spectrum (~397 eV) and the Nb3d spectrum (~204eV)
[14]. The oxynitrides are said to disappear following the
removal of the surface oxide layer [14,15], which was not
done in this study as mentioned earlier. No unbound Nb,
characterised by a peak at ~202.4 eV in the Nb3d spectrum, was found, providing evidence for the lack of the 𝛽phase in XRD scans.
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Figure 6: XRD scans of three NbN thin film samples
indicating the general results of all films.
orientation and sharp peaks, while for (c) the columns are
a few nm in diameter which, in turn, leads to broadened
XRD peaks.
The Tc results for the same selection of samples as described above in the XRD section are presented in Fig. 7.
All the investigated samples were found to be superconducting, with Tc ranging from 8.2 K to 14.8 K, with the
larger Ar/N2 ratio films proving to be superior. Sample (a)
presents two distinct transition points at 8.2 K and 10.8 K,
which indicates the presence of two separate superconducting phases, as confirmed by the XRD analysis. Sample (b)
shows the highest Tc which is in compliance with the above
discussed XRD and SEM results. Crystal size and/or orientation seems to lead to a decrease in the Tc, as revealed
by sample (c).
Figure 5: XPS indicative scans of the outer 10nm of NbN
film surface. N1s (Top) and Nb3d (Bottom) In general, all
films exhibit similar profiles.
XRD (θ-2θ) scans were performed on all NbN/Cu samples and produced varying profiles for the different deposition conditions, with a subset of representative scans presented in Fig. 6. Due to the nature of the overlapping NbN
peaks, it is known to be challenging to characterise NbN
phases from XRD data alone [16]. The figure shows three
selected samples which correspond to the Tc measurements
described below. Sample (a) features a phase mixture of 𝛿
and 𝜀-NbN. Here the Nb interlayer can be detected and
shows to be aligned along a growth direction of [110], evident through the (110) and corresponding (220) XRD
peaks. Sample (b) and (c) are identified as cubic 𝛿-NbN
films. While (b) shows relatively sharp NbN peaks which
are oriented along the [111] growth direction, the NbN
peaks in (c) are broadened and exhibit a different growth
orientation in [100] direction. The SEM cross sections of
sample (b) and (c), not shown here, are in good consistency
to the XRD results. Sample (b) feature a columnar growth
with a diameter of more than 100 nm, explaining the found
THP043
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Figure 7: m(T) measurements of NbN thin film samples.
The determined Tc values are stated.

CONCLUSION
It has been shown that the synthesis of a superconducting
NbN phase is possible on a polycrystalline Cu substrate.
Further studies will exploit NbN’s potential in a multi-layered coating system on Cu substrates. A first set of conclusions are given: in an attempt to avoid the possible formation of voids and/or oxynitride inclusions in between
Fundamental R&D - Nb
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NbN grains, dense films with adherent columns should be
pursued. Thus a high substrate temperature and a low process pressure are recommended as well as a relatively high
cathode power, keeping in mind the requirement for sufficient nitrogen to react with niobium.
One critical parameter for the formation of the 𝛿 – NbN
phase is the use of lower nitrogen flows (10 %).
The use of Kr instead of Ar as a working gas leads to a
lower surface roughness at smaller length scales. A lower
nitrogen flow rate during deposition results in superior superconducting properties, however it leads to an increased
oxygen content compared to higher nitrogen flow rates.
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RF CHARACTERIZATION OF NOVEL SUPERCONDUCTING
MATERIALS AND MULTILAYERS∗
T. Oseroff† , M. Liepe, Z. Sun, CLASSE, Cornell, Ithaca NY, US
B. Moeckly, STAR Cryoelectronics, Santa Fe NM, US
M. Sowa, Veeco-CNT, Medford MA, US
Abstract
Cutting edge SRF technology is likely approaching the
fundamental limitations of niobium cavities operating in the
Meissner state. This combined with the obvious advantages
of using higher critical temperature superconductors and
thin film depositions leads to interest in the RF characterization of such materials. A TE mode niobium sample host
cavity was used to characterize the RF performance of 5"
(12.7 cm) diameter sample plates as a function of field and
temperature at 4 GHz. Materials studied include MgB2 and
thin film atomic layer deposition (ALD) NbN and NbTiN on
Nb substrates. These higher critical temperature superconductors all have coherence lengths on the order of a few nm.
It is therefore likely that defects on the order of the coherence
lengths will cause early flux penetration well before the theorized superheating field of an ideal superconducting surface.
Superconductor-insulator-superconductor (SIS) multilayers
have been proposed as a mechanism of arresting these early
penetration flux avalanches and are therefore studied here
as well, using the same NbN and NbTiN films, but over thin
layers of insulating AlN on Nb substrates.

INTRODUCTION
For decades niobium has been the sole choice for accelerating SRF cavities. In this time it has been pushed to what
are currently believed to be near its intrinsic bulk limitations
of efficiency and maximum Meissner state magnetic field.
Alternative materials with different properties could provide
a means of pushing beyond these limitations. Achieving
such a breakthrough could allow for building and operating
future accelerators with greatly reduced cost. Materials with
properties that make them candidates for this application are
difficult to deposit such that these properties are maintained,
especially on the large area and curved surface required of
an accelerating cavity. Due to limited data available for how
these materials respond to the high RF field conditions of
an SRF cavity it is difficult for researchers to choose ideal
paths for the long and costly path to develop the equipment
and techniques needed to obtain these materials on a cavity.
In this paper a specialized resonator capable of exposing flat 5" diameter sample disks to similar conditions to
that of an accelerating cavity is used to investigate some of
these candidate materials. In contrast to depositions on a
∗
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curved cylindrical cavity surface it is possible to obtain samples of these materials on flat sample plates using existing
equipment and techniques and is done via collaboration with
industry specialists. The specialized resonator is not capable of driving the materials at the field strengths that would
be necessary to surpass niobium or currently with enough
resolution to comment on its agreement with theoretical predictions (The identification of the sources of measurement
error and their elimination to improve resolution enough that
this is possible are both active research [1]). But it can indicate if a material has the potential to compete in this regime
and is worthy of investing in a more costly and rigorous
investigation on a cylindrical cavity.
In this work surface resistance measurements as a function of sample magnetic field and temperature at 4 GHz are
presented for five samples of promising materials. Plasma
enhanced atomic layer deposition (PE-ALD) at Veeco-CNT
was used to deposit SIS’ and SS’ multilayer structures of
NbN and NbTiN. These samples have good results and are
likely promising candidates for future study. A single MgB2
sample deposited by reactive vapor deposition at STAR Cryoelectronics was investigated. This sample is one of the
first grown by a new deposition system and needs further
investigation and development.

MEASUREMENT
All measurements discussed in this work were performed
with a sample host cavity shown in Fig 1. The cavity is a
modified pillbox designed to achieve maximum field on the
sample assuming limitation by thermal quench of the low
mean free path niobium host cavity and can theoretically
achieve up to 120 mT in a 4 GHz TE011 -like mode [2]. The
quality factor is measured by observing the decay of energy by monitoring the power emitted from the fundamental
power coupler after driving the cavity at resonance and turning off the signal generator. This quality factor is converted
into sample surface resistance by combining measurements
from two independent sample plates. The first is the sample
of interest and the second is a niobium sample plate. This
second measurement is used to obtain the dissipation on the
host cavity which should be independent of sample plate
material and allows for isolating the dissipation corresponding to the sample plate. For a complete discussion of how
the measurements are performed and how sample surface
resistance and sample magnetic field values are obtained
see [1].
Fundamental R&D - non Nb
sample testing

SRF2019, Dresden, Germany

Figure 1: Sample host resonator used for measurements in
this paper. The host cavity is made of low mean free path
niobium. The sample is a 5" diameter disk that completes
the closed cavity boundary at the top of the host and is
thick enough to maintain high vacuum in the cavity without
imploding (usually 3 mm is used). The cavity is designed for
operation in a TE011 -like mode excited by a copper coupler.
The right image shows the surface magnetic field strength on
the surface of the resonator in the 4 GHz TE011 mode (the
plate area is shown through the cut-out).

MULTILAYER NbN & NbTiN
Interest in NbN & NbTiN
NbN and NbTiN have similar superconducting properties
that could theoretically allow for Meissner state operation of
an SRF cavity with less dissipation. The superconducting
properties are sensitive to growth conditions and can vary
over a wide range, making it challenging to obtain a largearea film of high enough quality for use in an SRF resonator.
Sputtering has been used to obtain high quality films of both
materials and has been used to grow small flat NbTiN samples that have reached surface resistance lower than niobium
for small fields [3–5]. This is promising but obtaining these
high quality films on the large curved surface of an SRF
cavity could be technologically challenging. An alternative
deposition process is plasma-enhanced atomic layer deposition (PE-ALD) which has the advantages of atomic-level
thickness control, high uniformity over large-area substrates,
low temperature depositions, and a more direct extension
to deposition onto the curved surfaces of an SRF cavity.
Both NbN and NbTiN have been deposited with PE-ALD.
The best superconducting properties observed are promising,
with higher critical temperatures than Nb, but are lower than
the best of other deposition methods [6, 7].

Interest in Multilayers
Superconductor-insulator-superconductor (SIS’) multilayers were proposed for SRF applications mainly as a means of
increasing maximum SRF cavity accelerating gradient [8].
They consist of a thin superconducting layer S with thickness
less than its penetration depth (d < λs ), an insulating layer
(I) of thickness ∼ 1 − 10 nm , and a bulk superconductor
(S’). The configuration is such that the field is applied to
layer S and propagates into the rest of the structure due to the
small thickness providing incomplete screening. Screening
currents are induced in the bulk layer (S’) that produce magFundamental R&D - non Nb
sample testing
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netic fields in the thin layer (S). If λs > λs′ the screening
currents in the bulk layer overwhelm those in the thin layer
and suppress magnetic field screening in this layer. It is easy
to show that this can lead to a modest increase in superheating field (defined as the magnetic field where it becomes
energetically favorable for a vortex to enter a superconductor
in the Meissner state including the energy barrier associated
with the vortex being inside the material) [9–11]. This effect
also occurs in SS’ bi-layers
The superheating field predicted is relevant for DC fields
but for RF fields it is likely that the superheating field is not
necessarily the maximum field in which a low-loss Meissner
state can be maintained. Indeed the high critical temperature
and superheating field materials of interest for SRF applications (and would be desired for use as the thin S layer)
are all high κ materials having large penetration depths and
small coherence lengths. This small coherence length can
cause a defect on the same spatial order as the coherance
length to disrupt the phase of the BCS condensate and act
as a Josephson junction where Josephson vortices can enter
at a Josephson penetration field that seems to be far lower
than the superheating field. This has been observed experimentally and agrees with simple theories for YBCO in RF
fields [12–16] and there is strong evidence that it should
be involved in the determination of current maximum field
for bulk Nb3 Sn [17, 18]. Vortices that enter the body of the
superconductor dissipate energy of the applied RF field and
can trigger a heating avalanche effect resulting in loss of
the superconducting phase. The main potential role of an
SIS’ structure in SRF is for the insulating layer to prevent
vortices that enter these high κ materials from penetrating
into the bulk and causing such an event [19]. While this
can be visualized somewhat intuitively we have not found a
rigorous argument for this behavior. Even if the insulating
layer does block the flow of vortices there is debate about if
it will cause less or more heating [11].

Samples & Results
Multilayer NbN and NbTiN structures were desposited at
Veeco-CNT using plasma enhanced atomic layer deposition
(PE-ALD) [6, 7].
• 100 nm NbN deposited on bulk Nb
• 100 nm NbN deposited on 2 nm of AlN deposited on
bulk Nb
• 100 nm NbTiN deposited on bulk Nb
• 100 nm NbTiN deposited on 2 nm of AlN deposited
on bulk Nb
The bulk Nb used in these depositions was electropolished,
high pressure rinsed and baked at 800◦ C to remove gaseous
impurities introduced from the acid. The critical temperatures of various materials were measured by flux expulsion. The Nb was all near 9.2 K, NbN was 13.3 K in the
THP044
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bi-layer and 13.5 K in the SIS’ structure. No flux expulsion was observed for the NbTiN samples which could indicate their deposition conditions caused them to be in a
non-superconducting phase or that their critical temperature
was less than that of Nb. Material properties were investigated for the NbTiN depositions using witness samples that
were grown simultaneously to the sample used for RF testing.
Results are displayed in Fig. 2. XPS measurement indicate
that the NbTiN layer deposited over the AlN is titanium-rich
while the NbTiN layer deposited directly on Nb is niobiumrich. XRD reveals shifts in diffraction peaks. SEM shows
the samples have similar morphology. The conclusion of
this characterization is that the superconducting properties
of the two NbTiN samples could differ significantly.

Figure 2: (Top left) XPS data indicating the sample of NbTiN
deposited on Nb is niobium-rich while the layer deposited
over AlN is N-rich. (Top right) XRD data showing shifted
diffraction peaks between the two NbTiN samples. (Bottom
left) SEM image of NbTiN on AlN. (Bottom right) SEM
image of NbTiN on Nb.
Surface resistance measurements are shown in Fig. 3.
Note that reported uncertainties are not complete due to
omitting an important systematic error resulting from differences in extra dissipation between the calibration and
sample measurements [1]. The measured surface resistances
at 4.25 K as a function of peak sample magnetic field are
shown including the calibration measurement. Simple estimates of low field surface resistance in multilayer structures
predict the measured surface resistance should be very near
that of the niobium substrate [9]. The measurements of both
NbTiN samples and the SIS’ NbN sample are all close to
expected values of niobium. The NbN bi-layer is higher than
expected and may indicate poor superconducting properties
of the NbN or impurities at the Nb - NbN interface. Note
that this is speculation and the higher resistance could result
from countless possibilities.
The measured residual resistance is displayed in the center
image of Fig. 3. The NbN samples were both measured in
conditions of higher ambient magnetic fields [1] and it is
possible the residual resistance is due to dissipation from
flux vortices interacting with the RF fields. The measured
THP044
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Figure 3: Surface resistance measurements for NbN and
NbTiN mutlilayer samples at 4 GHz and the low mean free
path Nb calibration measurement. The top and center figures show surface resistance as a function of peak magnetic
field on the sample at a temperature of (top) 4.2 K showing
the BCS component and (center) 1.6 K - 2.0 K showing the
residual resistance. The bottom figure shows surface resistance as a function of temperature at a fixed peak sample
magnetic field of 9 mT. Note that the error bars do not account completely for systematic errors and notably ignore
uncertainty due to differing amounts of extra dissipation
between sample and calibration measurements [1].
surface resistance of these samples increases linearly with
applied field which is characteristic of such dissipation [20].
The NbN bi-layer surface resistance shows a slight negative
slope at low fields but this could be a measurement artifact.
The NbTiN bi-layer surface resistance increases with field
but appears to be less linear and approaches that of the of
Fundamental R&D - non Nb
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the niobium calibration. It is interesting that 2.0 K and 1.8 K
low field measurements are identical while the low field surface resistance at 1.6 K is smaller. It is unclear if this is a
true effect of the material or just unaccounted measurement
error. A measurement mistake was made on the NbTiN
SIS’ sample test resulting in the decay data of the 1.8 K and
1.6 K measurements having too few data points for acceptable resolution for reliable decay constant extraction and
are omitted in this plot. Despite this it is clear that the low
temperature surface resistance of this sample is relatively
poor even though its cooling conditions are similar to that
of the low resistance NbTiN bi-layer sample.
The bottom plot of Fig. 3 displays the measured surface
resistance as a function of temperature at a peak sample magnetic field of 9 mT and again shows curious results for the
NbTiN samples. The two are similar at 4.25 K − 3.75 K. At
3.25 K the surface resistance of the SIS’ sample jumps while
that of the bi-layer drops. Again it is not clear if this is truly
an effect of the samples and not a measurement artifact. Reports from the HZB quadrupole resonator measurements on
a similar sample of sputtered NbTiN on AlN on Nb describe
a similar effect [4, 5].
No comments can be made on the role of multilayers in
maximum Meissner state field due to limitations of maximum power input achievable in the test system preventing
observations of the limit in the sample. The resonator should
be able to operate at higher powers than were used in these
measurements but reliable measurements are currently limited to low power due to power dependent issues that are
not understood. In this work the maximum field observed
on the NbTiN SIS’ structure is ∼ 20 mT, for the NbTiN bilayer ∼ 35 mT, for the NbN SIS’ structure ∼ 50 mT, and for
the NbN bi-layer ∼ 22.5 mT. These measurements indicate
that PE-ALD NbN and NbTiN seem like viable options to
further explore for SRF accelerator application because the
surface resistance measurements are not negatively impacted
by their presence (if the simple theories are believed) and
their field limits have not been observed.
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first sample was a 800 nm thick layer coated on electropolished niobium. SEM images were obtained on a witness
sample coated with this deposition. Figure 4 displays one of
these images showing deep divisions between MgB2 regions.
This sample had a critical temperature of 40 K measured by
flux expulsion but its surface resistance was not measured.
The layer was removed using nitric acid and a 400 nm layer
was deposited after solvent cleaning and rinsing the niobium
plate. This second deposition had a critical temperature of
35 K.

Figure 4: SEM image taken on 800 nm thick MgB2 .
The second deposition surface resistance was measured
to have a high residual resistance and is shown at 2 K in Fig.
5. The large dissipation on the sample required moving the
coupling antenna further into the cavity where it dissipates
more power than in the calibration measurement. This mismatch causes a large systematic error in the sample surface
resistance calculation [1] that is not included in the displayed
error bars. Despite this it is clear that this sample had a large
residual resistance.

MgB2
Interest in MgB2
MgB2 is a relatively novel superconductor with unique
superconducting properties such as the occurrence of two
energy gaps of different symmetry. Cooper pair formation
is thought to be mediated by phonon interactions. It has a
critical temperature of up to 40 K making it the largest of any
material realistically considered for SRF application. MgB2
has displayed promising surface resistances surpassing that
of niobium at 4.2 K. For further discussion on MgB2 see
references such as [3, 21].

Sample & Results
In this work a large-area 5" diameter niobium disk was
coated with MgB2 using reactive vapor deposition [22] at
STAR Cryoelectronics with a newly developed system. The
Fundamental R&D - non Nb
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Figure 5: Measured surface resistance of 400 nm thick
MgB2 at 4 GHz and 2.0 K. Error bars do not include a large
systematic error resulting from mismatch between extra dissipation in calibration and sample measurements [1].
It is expected that this surface resistance can be improved
significantly. The deposition system is still under development and and it will likely improve in the quality and
consistency of its films in time. The superconducting propTHP044
953
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erties of MgB2 degrade if it is exposed to moisture. This
requires not high pressure rinsing the sample before it is assembled onto the host cavity and it is possible this introduced
contamination that caused extra dissipation. In addition to
skipping the high pressure rinse the sample was exposed to
cleanroom air for two hours during the assembly process and
the degradation in material quality during this time could
contribute to the resistance. To enable high pressure rinsing
and maintain the properties of the MgB2 film during the
assembly procedure the implementation of a passivization
layer of atomic layer deposition AlN is being investigated.
The SEM image in Fig. 4 reveals deep trenches dividing
regions of MgB2 by distances that are likely on the same
order as the coherence length. It is possible the additional
residual resistance comes from Josephson coupling through
these divisions [13].

CONCLUSION
The surface resistance of PE-ALD NbN and NbTiN multilayers was measured and is found at high temperature to
be similar to that of the niobium substrate as is expected by
basic theories. At low temperatures resistance seems to become dominated by residual but can approach values similar
to niobium. No limiting field was observed on any sample
due to apparatus power issues. This indicates PE-ALD NbN
and NbTiN multilayers could be viable for SRF accelerator
applications. Preliminary results on MgB2 are presented but
have poor surface resistance. It is expected that the use of a
passivation layer, further development of the deposition system, and more careful substrate preparation could improve
its performance.
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IMPROVEMENTS TO THE CORNELL SAMPLE HOST SYSTEM∗
T. Oseroff† , M. Liepe, CLASSE, Cornell, Ithaca NY, US
Abstract
RF characterization of arbitrary superconducting samples
has been of interest for many years but, due to the experimental complexities, has never been achieved to its full
potential. A TE mode niobium sample host cavity has been
used at Cornell to characterize the RF performance of 5"
(12.7 cm) diameter sample plates. It was designed and built
in 2012 – 2013 and since then has encountered a range of
problems. The focus of this work is to highlight these and
to present solutions to assist future researchers hoping to design novel RF characterization instruments. Topics covered
include coupler design, cryostat support structure, sample
preparation, and a discussion of potential systematic errors
introduced by the data extraction and calibration methods
applied to this device.

INTRODUCTION
A system capable of measuring microwave surface resistance of flat superconducting samples up to magnetic fields
≥ 100mT with a resolution < 1 nΩ is of great interest to the
SRF cavity accelerator community. Such a device would enable the study of semi-exotic materials that have properties
that would theoretically allow them to surpass the standard
niobium accelerating cavities in terms of dissipation and
maximum magnetic field in which the Meissner state is
maintained. Depositing these materials on the curved surface of a standard SRF resonator would involve specialized
equipment, research, and development but can be obtained
on a flat surface using standard equipment and techniques.
Within the accelerator community, one successful measurement system is based on quadrupole resonators. [1, 2].
They have the advantages of being able to measure the sample at a relatively independent temperature from the host
resonator and using a very high resolution calorimetric measurement to obtain the dissipation of only the sample instead
of having to rely on calibration measurements. The negative
aspects are that they currently are unable to measure completely flat samples, and the uneven heating of the sample
leads to the requirement of pulsed measurements for high
fields. Reported surface resistance can be impacted by the
pulse shape.
A simpler sample host resonator is used at Cornell which
is the topic of this paper. It measures surface resistance via
monitoring the decay of energy in the resonator which has the
disadvantages of thermal coupling between the host cavity
and the sample and of requiring a calibration measurement
to isolate the surface resistance of the sample. Its advantages
are that it can achieve similar fields to the highest seen on
∗
†
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quadrupole resonators in continuous wave operation and it
can accept truly flat samples.
Despite the advantages of quadrupole resonators, many
labs have expressed interest in building similar host cavities
to that of Cornell. The purpose of this paper is to describe
key issues that can limit its capabilities so that these labs
can guide their designs appropriately.

APPARATUS
The sample host cavity shown in Fig. 1 discussed in this
paper is a modified niobium pillbox designed to maximize
achievable sample field when limited by thermal quench
and is theoretically capable of reaching up to 120 mT when
operated in a 4 GHz TE011 -like mode [3]. In practice the
maximum field achieved before quench is ∼ 80 mT. The cavity could theoretically support measurements at a 5.2 GHz
TE012 -like mode but attempts have not succeeded due to
problems with the phase-locked loop. TE0nl monopole
modes are ideal for sample host cavities because the currents on the sample plate and host cavity flow azimuthally
which reduces the danger of losses on the joint (indium
gasket) between the cavity and sample plate [4].

Figure 1: (Left) Cross-sectional cartoon showing how a 5"
diameter sample disk is placed on the specialized Nb host
cavity over an indium gasket and the location of a copper
coupling antenna. (Right) The magnetic field strength of
the 4 GHz TE011 mode indicated by color is shown on the
surfaces of the host cavity and sample plate via a cut-away
view.
The preparation of the host cavity follows standard procedures:
1. Electropolish with normal recipe. The electrode is a
thin cylinder and could cause uneven etching/polishing
due to the difference in electrode-cavity distance along
the cavity.
2. High-pressure rinse with DI water
3. 800 ◦ C out-gassing bake in vacuum for 5 hours
4. 120 ◦ C bake in vacuum for 48 hours to reduce the surface mean free path
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5. High-pressure rinse with DI water
Low mean free path niobium is used in the RF surface penetration layer because it has a lower surface resistance than
clean niobium and has empirically been shown to reduce
high field Q-slope effects [5] which allows for reaching
higher peak fields and could increase sample surface resistance resolution.

MEASUREMENT
The measurement is typical for high quality factor resonators. The first step is driving the cavity near resonance
with a phase-locked loop. The Cornell system is unique as
it uses the reflected power signal for this purpose. After
allowing sufficient time for energy stored in the cavity to
reach a maximum the power going into (P f ) and being reflected from (Pr ) the cavity are measured. The power is then
turned off and the power being emitted (Pe ) from the cavity
immediately after shutdown is measured along with a trace
of the decay in emitted power corresponding to energy in
the resonator decreasing as power is dissipated. Because of
the field dependence of the surface resistance this decay is
often non-exponential which makes obtaining a characteristic decay rate a source of potential uncertainty. To account
for this an exponential fit is performed on a range of points
where the resonator has energy ≥ (0.85)2 of its initial value
corresponding to a field within 15% of the reported field
that is calculated from the maximum energy. A range of
exponential decay constants are obtained by individually
fitting the trace including data points from the first point of
the decay to a corresponding range of second points. The
reported decay constant and its uncertainty are then taken to
be the mean and standard deviation of this selection.
A concern has been that the quality of the lock onto reflected power was not correctly driving the resonator. It has
been shown that the lock is sufficient and keeps the drive
frequency within half of the bandwidth by a novel analysis
for the conversion of the measurements into quality factor
and magnetic field that accounts for the distance of the drive
frequency ( f ) from the resonant frequency ( f0 ). The analysis is a modification of the standard procedure (see [6]) but
omitting the assumption that δ = 0 where,
δ=

f
f0
−
f0
f

and assuming that the two measurements for the coupling
factor (β) are equal up to measurement uncertainty. Carrying
out the analysis yields
β=

Pe
Pr + P f

The distance between the drive frequency and resonance
can now be measured to determine the quality of the phaselocked loop
v
t
1
4β2
δ=
−1
ωτ Pe (β + 1)2
Pf
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The quality factor is the standard expression Q0 = ωτ(1 + β)
and the energy stored in the cavity becomes
!
4β
Q0
U = Pf
2
2
2
ω
(β + 1) + Q0 δ
Magnetic field on the sample is obtained from this energy
via a numerical scaling factor calculated in CST Microwave
Studios (©).
To extract the surface resistance of the sample plate the
contributions to the measured intrinsic quality factor from
the sample (Q sample ) and the host cavity (Qhost ) must be
decoupled. This is accomplished by separately measuring
the quality factor with a different sample plate that is prepared identically to the host cavity. This will be referred to
as the calibration measurement and assuming the calibration
sample has identical surface resistance to the host cavity it
can be used in conjunction with field integrals calculated
in CST Microwave studios (©) to obtain the contribution
to the quality factor from the host cavity. The calibration
measurement (converted into average surface resistance) is
shown in Fig. 2.
∫
∫
!
|H| 2 dA + plate |H| 2 dA
host
calib
∫
Qhost = Q0
(1)
|H| 2 dA
host
Q0calib is defined as the intrinsic quality factor measured in
the calibration measurement. Assuming this quality factor
corresponding to loss on the host cavity will not change
between the calibration measurement and the sample measurement and that extra sources of dissipation in the measurements are very small it can be used to find the contribution
to the intrinsic quality factor from the sample:
Q sample =

1
sample

−

Q0

1

! −1

Qhost

(2)

sample

Q0
is defined as the intrinsic quality factor measured
in the sample measurement. The surface resistance of the
sample is:
∫
∫
!
|H| 2 dA + plate |H| 2 dA
G
host
∫
Rsample =
(3)
Q sample
|H| 2 dA
plate

G is the standard resonant cavity geometry factor.

ISSUES WITH THE CORNELL SAMPLE
HOST CAVITY METHOD
This section highlights some important problems that
have been encountered while using this sample test cavity.
Problems that would impact any similar system are presented
along with a discussion and attempted solutions to help guide
the designs of researchers who wish to produce similar test
systems.
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Where α =

∫
∫
host

|H | 2 d A

host ∫
|H | 2 d A+

pl at e

|H | 2 d A

i
and Qi0 , Pi and Pextr
a

denote the measured quality factor, the total power dissipated in the measurement, and power dissipated from any
source other than the host cavity or plate respectively. The
superscript describes whether the value comes from the
calibration measurement or from the sample measurement.
Figure 3 shows the potential impact of this error for different
sample surface resistances. If the sample is less lossy than
the low mean free path Nb calibration plate

s a m pl e

Q0

Q0c al i b

≥1

the error can be large and exceeds 100% for small amounts
of
For a higher surface resistance sample
 extra dissipation.

s a m pl e

Q0

Q0c al i b

< 1 the error is less severe than in the previous

case but can become large when the extra dissipation is near
the order of dissipation in the cavity.

Figure 2: Measurement at 4 GHz of a low mean free path
niobium sample plate with the preparation described in the
apparatus section. A quench was observed in an unknown
location for fields higher than ∼ 80 mT. The fit (with shaded
region showing uncertainty) for T ≤ 2.0 K (bottom) is
parabolic. For the higher temperatures (top) a measurement
mistake prevented the collection of sufficient data for simple
inference on all temperatures so a BCS fit was performed
for various fields on 4.25 K, 3.75 K, 3.5 K, and 3.25 K and
then extended to the less complete temperatures. The measurement will be repeated to obtain a cleaner calibration in
the future.

Extra Dissipation
As was described in the measurements section, sample
surface resistance is obtained by combining independent
calibration and sample measurements to remove the contribution from the host cavity. A critical problem with this
occurs if extra sources of dissipation are not identical and
not small compared to the dissipation in the cavity in both
measurements. These extra losses will manifest as an error
in the reported sample resistance, ∆R. As can be derived
similarly to Eq. (1) - Eq. (3) by including an extra quality factor corresponding to extra dissipation not seen in the
cavity, the fractional error is given by:
©α
∆Rsample

= −

Rsample
«
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s a m pl e

b
Pecxali
tr a
Q0c ali b P c ali b

Q0

α

s a m pl e

Q0

Q0c ali b

s a m pl e

−

Pe x t r a
P s a m pl e

−1

ª
®
®
®
¬

Figure 3: Percent error introduced in the extracted sample
surface resistance in the presence of extra dissipation not on
the host cavity or sample plate. The ratio of the extra dissipation to the total dissipation in the calibration and sample
measurements is shown on the x and y axes. Two cases are
given: (top) a sample that has lower surface resistance than
the calibration plate and (bottom) a sample that has higher
surface resistance than the calibration plate.
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In Cornell’s sample host measurements it is apparent that
a nontrivial source of extra dissipation considered above is
likely occurring on the coupling antenna due to the dependence of the measured intrinsic quality factor on its position.
If this dissipation is resulting from the TE011 mode fields
then these losses are expected to increase as the coupler is
positioned closer to the cavity. This is usually the case with
some notable exceptions.
The problem has been difficult to solve for a number of
reasons. The dissipation does not seem to be equivalent
for the same position in different tests (perhaps due to the
coupling and dissipation being sensitive to small changes
in coupler angle) so it is not an option to leave it in a static
location and expect the extra dissipation to cancel in the
calibration. For measurement the coupler is positioned as
far as possible from the cavity to minimize its dissipation
but this is limited because moving the coupler away from
the cavity increases the reflection. Specifically the limiting
factors become the change in reflected power on and off of
resonance becomes too small for the phase-locked loop to
detect and the amount of power entering the cavity becoming
too small for power meters to measure quality factor with
acceptable signal-to-noise ratio.
Addressing this source of extra dissipation is critical to
obtaining high resolution data for varying temperatures and
field strengths on an arbitrary superconducting sample. For
measurements of low surface resistance samples at low temperatures the coupler can be moved farther from the cavity so
in this regime it is possible for the coupler to be in a position
such that small changes do not noticeably impact the quality
factor measurement. This becomes limited due to the small
amount of power that can be coupled into the cavity in this
position limiting the maximum field that can be obtained and
usually making the power emitted from the cavity too low
to reliably measure the characteristic decay time. For higher
temperature measurements the coupler must be positioned
farther into the cavity so more dissipation is expected and it
is rarely in a position where its influence on the measured
quality factor is negligible. Samples that have higher surface
resistance than the niobium calibration sample are the most
heavily impacted by this error as their measurement requires
the maximum distance the coupler can be positioned from
the cavity is less than that of the calibration sample. In this
case minimizing the coupler position in both the sample
and calibration measurements will result in a difference of
extra dissipation moving the error away from the zero line
in Fig. 3. The identification of the exact mechanism of this
dissipation and its subsequent elimination is an essential
step in improving the resolution of this sample measurement
system.

Source of Coupler Loss
In an effort to reduce the impact of the coupling antenna in
the quality factor measurement a new coupler design shown
in Fig. 4 was developed to minimize coupler dissipation
in the TE011 mode. Simulations of the new design in CST
Microwave Studio (©) showed the dissipation on the new
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design was roughly 10% of the original over the relevant
position ranges as is shown in Fig. 4. Little to no difference
was observed when the new design was implemented. Using
the conductivity of high RRR copper including the anomalous skin effect with simulation data reveals that the expected
power loss from fields produced by the TE011 mode is far
less than what is needed to produce the observed changes
in measured quality factor. A possible explanation for this
discrepancy is a low-Q mode near 4 GHz existing between
the copper stem holding the coupling antenna and its stainless steel housing the leads up to the flange on which the
cavity is placed. This explanation would be consistent with
some (rare) observations of less dissipation for a coupler
positioned closer to the cavity.

Figure 4: (Left) Original and new coupler designs. (Right)
comparing original and new design power dissipation on
the copper coupler from the field of the TE011 mode as a
function of external quality factor corresponding to position
of the coupler tip.

Ambient Magnetic Fields
DC magnetic fields present on the sample as it is transitions into the superconducting state can increase low temperature surface resistance measurements due to extra losses
resulting from the interaction of RF fields with trapped magnetic flux vortices [7–9]. It is likely that the novel growth
processes used for samples of interest have a higher probability of flux trapping defects than would be seen in typical SRF
cavities and the little-studied materials investigated have unknown loss-sensitivity to these vortices. For the goal of
measuring the intrinsic response of a sample it is therefore
essential to minimize the ambient magnetic field present
as it enters its superconducting phase. It is believed that
until recently many low temperature measurements made
with Cornell’s system have been dominated by flux vortex
dissipation [10]. Indeed, large magnetic fields have been
observed by flux gate magnetometers placed on the sample
disk though exact origins and characteristics are somewhat
mysterious as they do not appear to strictly be generated by
initial magnetization (small at room temperature) or thermal
currents (persist when cryostat temperature gradients are
small).
A possible explanation for the larger magnetic fields observed is the joint/clamps used to attach the sample plate to
the host cavity. Interest in producing maximal strength RF
fields on the flat sample plate requires joining the plate to
the host cavity near a region of high fields/currents so any
trapped flux in this region will have a strong effect on the
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measurement. In contrast standard SRF single-cell material tests have no flanges near the test region so if fields are
generated by the flange it will not impact the measurement
as heavily. The flange consists of metal-metal connections
(niobium-indium-sample material) and clamps required to
maintain vacuum against superfluid helium. Originally the
Cornell system used large 316 stainless steel clamps for this
joint but these were changed to titanium to remove potential sources of magnetization near the sample. Changing
these clamps to titanium reduced ambient magnetic field at
room temperature (1 − 4 mG) but produces larger thermal
currents due to the titanium-niobium connection. Slowly
cooling the cryostat to minimize thermal gradients seems to
produce acceptably low trapped flux in measurements but
more testing is needed for a full conclusion. The thermal
current from the titanium clamp may be eliminated by replacing with G10 if it can provide sufficient clamping force
or the titanium connections to other metals can be broken
with Teflon spacers.

CONCLUSION
The sample host cavity at Cornell is capable of probing
sample surface resistances with enough resolution to determine if they are viable candidates for further study towards
SRF application. It can expose samples to an appreciable
magnitude of continuous wave fields. Further improvements
should be implemented to allow for careful comparison between produced data and theories. Careful data analysis
shows that this limitation is not intrinsic to the measurement
but is likely caused in part if not completely by extra dissipation somewhere in the system. This extra source depends
on the coupler position but is too large to be caused strictly
by dissipation from the TE011 fields. These clues may lead
to identification of the source and its removal in the future.
For researchers considering implementing a similar design for sample testing they should carefully consider how
the sample is attached to the host cavity to reduce RF losses
on the joint and the production of magnetic fields on the sample as its proximity to support structures may lead to more
issues than are seen in standard tests. The calibration measurement required to extract the surface resistance should
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allow for high resolution measurement but extreme care
should be taken to eliminate any source of extra dissipation.
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MAGNETIC FIELD MAPPING SYSTEM FOR CORNELL SAMPLE
HOST CAVITY*
S. Lobo†, T. Oseroff, M. Liepe
Cornell Laboratory for Accelerator-Based Sciences and Education, Ithaca, NY, United States
Abstract
Dissipation due to flux trapping is a persistent problem
experienced in SRF cavity testing and cryomodule operation. This work addresses accurately and cheaply measuring magnetic fields in a cryostat without using delicate
and expensive fluxgate magnetometers. Anisotropic
Magnetoresistive (AMR) magnetic field sensors were
investigated for the detection of small fields in a cryogenic environment. Initial development of instrumentation
using 16 AMR sensors is presented for the purpose of
measuring magnetic fields perpendicular the normal of a
5" diameter sample plate on the Cornell sample host cavity.

INTRODUCTION
A magnetic field mapping system was developed to
explore local ambient magnetic fields during the RF performance testing of superconducting radio-frequency
(SRF) cavities. The magnetic field mapping system consists of a prototype board that could hold four verticallyorientated AMR sensors. AMR sensors are potentially
more useful than the currently used magnetic field
fluxgate sensors because they are smaller, so they can be
easier orientated in all three axes, and less expensive. This
novel magnetic field mapping system will allow for the
detection of local quench in the superconductor and for
the closer monitoring of dc field dynamics during a helium transfer.
The goal was to design a system that could measure the
magnetic field on the outside of the sample plate of the
Cornell sample host cavity in more places and in more
directions. This work followed research done at Helmholtz Zentrum Berlin (HZB). AMR sensors were chosen
for several reasons: (1) they can measure magnetic fields
in a broad range from 100 Gauss to 10 Gauss [1] (the
fields expected in our magnetically shielded cryostats
would be within this range); (2) they have a large sensitivity that increases at lower temperatures, and (3) they
are small and inexpensive (so several sensors could be
used at once to get several different magnetic field readings around our plate in three dimensions).

Anisotropic Magnetoresistance (AMR)
AMR is a property of ferromagnetic materials where
the electrical resistance varies based on the angle between
the current and magnetization vectors. The AMR effect
has been used in many applications that detect a change in
magnetic field such as vehicle detection, directional compassing, rotational sensing, current sensing, plane yaw

rate sensors, etc. [1].
AMR sensors’ unique geometry allows for a change in
magnetic field magnitude to be detected. Strips of aluminum (called barber-poles) are placed on a thin film of
ferromagnetic material (ferrites) at a 45° angle. These
barber poles force the current to flow at a 45° angle to the
preferential magnetization axis of the ferrites. If the magnetization direction is parallel to the current, the ferrite’s
resistance is a maximum, and vice versa if perpendicular
to the current. Four of these barber poles are arranged
together in a Wheatstone bridge to form one AMR sensor
so that the output signal can be maximized. This configuration allows for a change in bridge resistance to create a
bridge voltage that is proportional to the applied field:
∆𝑅
𝑉
𝑉
𝑅
where 𝑉 is the bridge voltage, 𝑉 is the AMR supply
voltage of 5V, ∆𝑅 is the change in bridge resistance, and
R is the resistance of one of the barber poles; see Fig. 1.
For a more complete discussion, refer to the HZB paper
[2].

Figure 1: AMR sensor composed of Wheatstone bridge
of four ferrites and aluminium barber-poles [2].

MAGNETIC FIELD MAPPING SYSTEM
The magnetic field mapping system (Fig. 2) was developed by soldering AMR755 sensors onto a SOIC-8 to
DIP8 connector. This would allow the small surface
mount AMR sensor to be placed into a standard PCB,
breadboard, or prototype board to thus be read out. Four
of these AMR sensors were then soldered onto a 6cm x
6cm prototype board. The appropriate connections, (+I/-I
flip coil, Vsupply, +V/-V readout, and ground) were also
soldered to the AMR pins on the prototype board. Finally,
these AMR sensors were placed appropriately to allow
the vertical magnetic field (above the plate) to be measured when the prototype board was laid vertically on top
of the plate. Ultimately, this allows for many magnetic
field measurements to be taken, in small areas above and
next to the Cornell sample host cavity [3].

___________________________________________
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Figure 2: Four AMR sensors on a 6cm x 6cm prototype
board ($2 each).
Multiple of these boards could be developed to fit on
top of Cornell’s 5” diameter sample host cavity. In order
for the sensors to measure a vertical change in field, the
prototype boards need to be secured in a vertical position.
This could be done with a ribbed semi-circle G-10 holder.
The ribs in the G-10 holder would be small cut-outs designed to fit the width of the prototype board. Multiple
ribs would be present in the holder so that 16 AMR sensors could simultaneously measure a change in magnetic
field above Cornell’s sample host cavity. Furthermore,
there is unused space on the prototype board and above
the four sensors that could house additional sensors.
These additional sensors could be positioned to measure a
change in horizontal field, or to provide more sensitivity
in the vertical field measurements.

Problems Encountered
The AMR sensors worked well when the sensors were
tested individually. However, many problems were encountered when the sensors were soldered onto the SOIC8 to DIP8 connector (green board in Fig. 2) and when the
sensors were connected to each other on the prototype
boards. Some of these problems, and their solutions are
listed below:
 Sensors would break when soldering flux was used;
sensors needed to be soldered without flux.
 Troubleshooting became difficult when multiple sensors were connected on one prototype board; careful
monitoring of data-sheet-values—magnetic field,
temperature, current, voltage, etc.—was needed during tests.
 Ordinary pointed tips could not solder surface mount
connections; flat soldering tips were needed.
 The terminals on three of the four side rails of the
6cm x 6cm prototype board are connected to each
other; the side rails needed to be broken if units were
soldered to them.
The first problem listed was the most notable. Directly
soldering the small AMR sensors onto the connector was
difficult and time-consuming as the sensor would slide
away from metal pads on the connector. To make this
THP046
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process easier, soldering flux was used to hold the sensor
in place and create a better electrical connection.
However, the sensors began to exhibit strange behaviour when this method was used: the sensor’s bridge resistance and flip coil resistance were significantly off the
values listed in the data sheet, indicating an internal problem in the AMR sensor; the sensors read high voltages at
room temperature and liquid nitrogen temperature; and
the sensor’s voltage readout began steadily dropping over
the course of several minutes from its initial voltage reading. This could be because the soldering flux was allowing the pins to communicate via an electrical connection
or because the soldering flux underneath the sensor heated up so much that it overheated the sensor.
The other major problems encountered occurred when
multiple sensors were connected to each other on the
prototype board. Because the sensors’ flip coils were all
connected in series (so that one could flip the flip coils
simultaneously), if one sensor was broken, they all did not
work. Therefore, any errors made in the soldering process
would lead to the whole board giving erroneous data.

Viability of Sensors
The data recorded for the geometry factor, sensitivity,
and voltage response to a fluctuating magnetic field
matched that of HZB [2]. HZB’s process for measuring
these variables was used.
0
0
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Figure 3: Cancelling applied magnetic field from a Helmholtz coil with a test coil to measure the geometry factor.
To collect the data shown in Fig. 3, a Helmholtz coil
was used to provide a known magnetic field, which was
then cancelled with a similar field from the AMR’s Test
Connector (a Helmholtz coil built inside the AMR sensor). The slope of the data shown in the graph is the geometry factor of the coil; 0.3413 microT/mA for the example shown in Fig. 3.
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Magnetic Field Applied to AMR Sensor
(microT)

To collect the data shown in Fig. 4, the voltage response to multiple different known fields created by a
Helmholtz coil was measured. The slope of the points
gave the sensitivity of the AMR sensor at 77K. This value
was slightly smaller than that measured at HZB, partially
because HZB went to large magnetic fields beyond the
range specified in the data sheet.
Every sensor used had different properties: they had
different bridge resistances and flip coil resistances; they
read different voltages at the same temperature, even
though they were created and soldered in the same manner; and their internal coils had different geometry factors, which caused their sensitivity to be different from
one another at different temperatures. However, they still
exhibited a linear response to incident field; see Fig. 5.
While this linear response is not perfect, the sensors could
be calibrated so that a small change in magnetic field at
cryogenic temperatures registers a known change in voltage.

Figure 4: Sensitivity of AMR sensor at 77K.
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Figure 5: AMR voltage response to fluxgate measured magnetic field.

CONCLUSION
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could determine the source of high ambient magnetic
fields during the cool down and warm up of SRF cavities,
could be used to localize trapped flux, and has the potential to localize a quench due to an increase in localized
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they could prove to be very powerful and valuable for
SRF research.
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PROGRESS OF TRIUMF 𝛽-SRF FACILITY FOR NOVEL SRF
MATERIALS
E. Thoeng∗ , Physics Department, University of British Columbia, Vancouver, BC, Canada
also at TRIUMF, Vancouver, BC, Canada
T. Junginger, Physics Department, University of Victoria, Victoria, BC, Canada
P. Kolb, B. Matheson, G. Morris, N. Muller, S. Saminathan, R. Baartman, R.E. Laxdal,
TRIUMF, Vancouver, BC, Canada
Abstract
SRF cavities made with bulk Nb have been the backbone
of high-power modern linear accelerators. Demands for
higher energy and more efficient linear accelerators, however, have strained the capabilities of bulk Nb close to its
fundamental limit. Several routes have been proposed using
thin film novel superconductors (e.g. Nb3 Sn), SIS multilayer,
and N-doping. Beta-NMR techniques are more suitable for
the characterization of Meissner state in these materials,
due to the capability of soft-landing radioactive ions on the
nanometer scale of London penetration depth, as compared
to micrometer probe of the muSR technique. Upgrade of the
existing beta-NQR beamline, combined with the capability
of high parallel magnetic field (200 mT) are the scope of
the beta-SRF facility which has been fully funded. All hardware required for the upgrade has also been procured. The
status of the commissioning, which is currently in phase I,
is reported here, together with the future schedule of phase
II with the fully installed beta-SRF beamline. Finally, the
detailed layout of the completed beamline and sample requirements will be included in this paper which might be of
interest of future users.

BACKGROUND AND SCIENTIFIC
MOTIVATIONS
Superconducting RF (SRF) cavities have conventionally
been made of bulk Niobium (Nb), a type-II superconductor
with 𝑇𝑐 9.25 K and 𝐻𝑐1 ∼170 mT. Bulk Niobium performance can be characterized by the RF surface resistance that
impacts the cryogenic load, and the peak accelerating fields
which determine the overall length of the linear accelerator (LINAC). The peak RF electric field is determined by
the surface cleanliness while the peak RF magnetic field is
limited fundamentally by the superheating field 𝐻𝑠ℎ (∼230
mT for Nb). Demands for higher energy accelerators require operating SRF cavities based on bulk Nb close to
this fundamental limit and therefore novel approaches based
on impurities doping, thin film higher-Tc superconductors
(e.g. Nb3 Sn/Nb and MgB2 /Nb), and SIS (SuperconductorInsulator-Superconductor) multilayers have been proposed
to overcome these challenges.
In all cases, the goal of the layered Nb structures have been
to sustain the Meissner state (vortex-free superconducting
state) at a higher field compared to non-coated Nb. Several
∗
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theoretical studies have suggested that the interface between
the layered structure provides an additional energy barrier
for flux penetration [1] as well as recovering the stability
of the order parameter near defects via the proximity effect
[2]. Elucidating the mechanism and effectiveness of layered
Nb will require probing the local magnetic phase at each
layer near the interface. Sample studies with DC methods
can allow a quicker and more accurate measurement of the
fundamental limiting field without being affected by RF
surface conditions and without building the entire cavity.
One powerful technique is to measure the local magnetic
field via beta-decay asymmetry which is correlated with the
nuclear spin of the probe (muon or radioactive spin-polarized
ion beam). At TRIUMF, two simultaneous experimental stations exist, utilizing muon spin resonance/rotation (𝜇SR)
and 𝛽-NMR techniques. Previous studies conducted by our
group have characterized the pinning strength and the field
of first flux entry (𝐻𝑒𝑛𝑡𝑟𝑦 ) of different sample shapes and
surface treatments [3] using the TRIUMF 𝜇SR M20 beamline. Other studies using the low-energy 𝜇SR (LE-𝜇SR)
facility at Paul Scherrer Institute (PSI), Switzerland, have
revealed the mechanism of low-temperature baking which
pushes the onset of the ”High-Field Q-slope” by creating
tens of nm dirty layer on top of bulk Nb (bi-layer system) [4].
These two studies highlighted the indispensability of the
beta-detected NMR technique in the microscopic study of
new RF superconductor materials.

𝛽-SRF FACILITY
Scope of 𝛽-SRF Project
Recent trends on utilizing layered Nb and multilayer superconductors for SRF cavities demand not just a local measurements of the magnetic phase with field parallel to sample
surface, but also depth resolved studies at each layers. Muon
beams at TRIUMF penetrate in the order of ∼ 200𝜇m into
the sample, therefore acting as a bulk probe, while LE-𝜇SR
at PSI is currently limited to low parallel field. The 𝛽-SRF
project is designed with these two requirements in mind,
combining both depth-controlled beam implantation using
radioactive 8 Li beam and high parallel magnetic field up to
200 mT.
The present 𝛽NMR beamline consists of two spectrometers to cover different ranges of magnetic field: high-field
and zero/low field (Fig. 1). Both spectrometers are equipped
with He flow cryostats (3-325 K temperature range) and
Fundamental R&D - non Nb
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Figure 1: Current 𝛽NMR beamline with two spectrometers at different magnetic field ranges [5]. Beta-SRF facility is
designed as an upgrade to the zero/low-field spectrometer circled in red colour.
operated under ultra high vacuum (UHV) at ∼ 10−10 Torr.
The beam can be kicked to both spectrometers using an electrostatic bender and can be operated simultaneously. Both
spectrometers are separately on a high-voltage platform to allow electrostatic deceleration of the ion beam, and therefore
to control the ion implantation depth. While the high-field
spectrometer can be operated up to 9 T using a superconducting solenoid, the configuration of the cryostat only allows
magnetic field and spin polarization of the beam perpendicular to the sample surface. The zero/low-field spectrometer,
on the other hand, allows both magnetic field and spin polarization parallel to the sample surface which is suitable
for the measurement of the magnetic field penetration in the
Meissner state. This spectrometer, however, is capable of
only low parallel magnetic field (up to 24 mT) without the
𝛽-SRF upgrade. [5]
The scope of the 𝛽-SRF project includes modifications
of the existing beam optics, as well as construction of a
beamline extension and high parallel field spectrometers.
This project is separated into two phases: phase-I which
modifies the existing spectrometer and phase-II with the
construction of the new beamline extension and the highfield spectrometer (Fig. 2). Prior to the 𝛽-SRF upgrade, the
transverse deflection due to the existing Helmholtz coil can
be compensated with the electrostatic steerer. At higher field
of 200 mT, this is no longer adequate and a newly designed
four-electrode segmented decelerator will be used as the
primary compensating steerer in addition to deceleration.
In phase-II, a new Helmholtz coil will be installed in the
new spectrometer and therefore two spectrometers with two
Helmholtz coils (at low field and high field) can be operated
in tandem.

Current Status of the Upgrade
Phase-I of the upgrade is currently ongoing, and the modified beam optics and vacuum boxes re-installed for the incoming 𝛽NMR beamtime. The modified beam optics (shown in
Fig. 3) have been assembled and high-voltage tested off-line
prior to installation. The new beam optics and beam diagFundamental R&D - non Nb
sample testing

nostics will be tested on-line upon restarting the beamline.
The four-segmented electrode for phase-I, shown in Fig. 4,
has been fabricated and will be tested on a separate schedule.
For the current beamtime at low-field operation, the existing
cone decelerator and steerer should be adequate for focusing
and steering the beam to the sample.

FUTURE PLAN FOR 𝛽-SRF FACILITY
A beamtime proposal to measure the London penetration
depth has been submitted and approved for a preliminary
measurement of SRF samples with possible schedule as early
as October 2019. Ellipsoid Nb samples are being prepared
in-house by the SRF group and heat treated and (nitrogen)
doped/infused using the existing induction furnace. The results obtained will be useful for comparison with the above
mentioned LE-𝜇SR studies of low-temperature bake at PSI,
as well as bench-marking layered Nb samples measured by
our group with 𝜇SR. On top of that, a custom holder/adapter
will be made to fit ellipsoid samples (as shown in Fig. 5)
into the existing target target ladder for future 𝛽-SRF experiments.
The phase-II beamline detailed design is almost complete
and ready for fabrications. It is expected that fabrication
and installation will continue until June 2020. The phase I
and Phase II equipment procurements are complete. Shown
in Fig. 6 is the 200 mT Helmholtz coil and the vendor test
result meets the field uniformity requirement at lower current.
Design of the coil support stand and bracket has also been
completed and ready for fabrication. It is possible to test the
Helmholtz coil off-line at the full operational current once
the bracket, support stand, and received power supply (600
Amps) have been installed.

CONCLUSION
The main motivation of the 𝛽-SRF facility is to provide a
unique tool to study the Meissner state of layered Nb at high
parallel fields. The upgrade consists of extending the existing 𝛽-NMR beamline with low parallel field spectrometer to
a new spectrometer capable of a parallel field up to 200 mT.
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Figure 2: Scope of 𝛽-SRF project for phase I (modified) and phase II (new).

Figure 5: Heat treated ellipsoid samples planned for incoming beamtime with the modified zero/low-field spectrometer.

Figure 3: Modified beam optics after clean-room assembly.

Figure 6: Left: Helmholtz coil received on-site, which has
been fabricated and qualified by Stangenes Industries. Right:
Design of coil bracket and support for Phase-II installation.

Figure 4: The four-segmented electrode in front of the sample used for both deceleration and high magnetic field compensation (modified from [6].
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Upon completion of this upgrade, high parallel field up to
200 mT and depth resolved measurement of London penetration depth can be obtained. The scope of the upgrade has
been divided into two phases: modification of the existing
beamline in phase I, and construction of beamline extension
in phase II. Phase-I installation are currently ongoing for the
preparation of the upcoming beamtime. Our group has also
been approved beamtime for preliminary studies of ellipsoid
Nb samples which will be heat treated and infused in-house
using induction furnace. This will be a useful feedback on
Fundamental R&D - non Nb
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the performance of phase-I beamline modification, as well
as for future experiments with the completed 𝛽-SRF project.
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Abstract
The maximum accelerating gradient (Eacc ) of SRF cavities can be increased by raising the field of initial flux penetration, Hvp . Thin alternating layers of superconductors and
insulators (SIS coatings) can potentially increase Hvp , and
hence Eacc . Magnetometry is commercially available but
has limitations. For example, SQUID measurements apply
a field over both superconducting layers, so Hvp through
the sample cannot be measured. If SIS structures are to be
investigated a magnetic field must be applied locally, from
one plane of the sample, with no magnetic field on the opposing side to allow Hvp to be measured. A magnetic field
penetration experiment has been developed at STFC Daresbury Laboratory, where a VTI has been created for a cryostat
where Hvp of a sample can be measured. The VTI has been
designed to allow flat samples to be measured to reduce limitations such as edge effects by creating a DC magnetic field
smaller than the sample. A small, parallel magnetic field is
produced on the sample by the use of a ferrite yoke. The
field is increased to determine Hvp by using 2 Hall probes
either side of the sample.

Samples are most commonly deposited on planar substrates. Using SQUID magnetometry is not ideal for the
testing of multilayer structures on planar samples. This is
due to SQUIDs applying a parallel magnetic field over the
sample, on all sides of the sample, as shown in Fig 1. For a
multilayer structure, the magnetic field will also penetrate
the insulating layer between the two superconducting layers,
causing the screening effect to be unable to be studied. To
study planar multilayer structures one must apply a field
from one side of a sample, allowing the field to decay as it
penetrates through the multilayer, and allows the screening
effect to be observed as shown in Fig. 2.

INTRODUCTION
The maximum SRF accelerating gradient Eacc of bulk Nb
is defined by its superconducting properties. There are different methods suggested and studied on how to increase the
maximum accelerating gradient, such as the use of multilayer
S-I-S coatings which have been theorized by Gurevich[1, 2].
By using S-I-S coatings, the field is screened by the first superconducting layer, reducing the field applied to the second
superconducting layer. Hence, the second superconducting
layer will reach Hc1 at a higher applied magnetic field.
To study the magnetic properties of thin films, one can
use various magnetometer applications, such as SQUID
magnetometry. In SQUID magnetometry, a small sample
is placed into an applied magnetic field. By increasing the
magnetic field, the magnetization of the sample is measured
to allow Hc1 and Hc2 to be determined. However, to study
multilayer structures, the sample should be deposited into
an ellipsoid substrate, with consistent thickness of the layers
all around the entire surface.
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Figure 1: A simplified sketch of how a magnetic field (Ha )
applied by a SQUID magnetometer penetrates a multilayer
structure.

Figure 2: A simplified sketch of how a magnetic field (Ha )
applied from one side of a multilayer penetrates a multilayer
structure.
Gurevich proposed a method to study the effects of multilayer screening by applying a parallel field from a small coil
and a long a tube placed in the center of the coil.
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This idea was realised in previous work completed at
Daresbury Laboratory [3] . The facility consisted of a superconducting solenoid, in which a sample tube made of bulk
Nb or Cu, which can be coated with a thin film deposited
on the outer wall. Hall probes were placed both inside and
outside of the sample tube, half way through the solenoid
such that the parallel field applied to the outer surface of the
sample could be measured by one probe. By ramping up
the magnetic field, the value of the Hall probe experiencing
the magnetic field would increase, whilst the other would be
shielded by the sample until the field reached Hvp , defined
by when the second probe started measuring a field larger
than zero.
When the magnetic field penetrated through the sample,
the Hall probe inside the tube detected the magnetic field,
the field of full vortex penetration, Hvp . When the applied
field was greater than Hc2 , both Hall probes would read the
same value for the magnetic field.
The draw back testing tubular samples is due to the deposition on tubes not being standard practice, and the technique
does not resemble the deposition of a cavity. The standard
practice of deposition at Daresbury Laboratory is on flat copper gaskets. A facility should be designed such that planar
samples can be tested, of which there is a backlog of samples
at Daresbury Laboratory. The purpose of this work was to
design, build and test a new facility for which would recreate a similar magnetic field penetration idea, but applied to
planar samples.
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At the point at which HP2 starts reading a field, Hvp is measured. Due to the samples consisting of thin films, the field
should enter and leave from opposing sides of the sample,
and hence Hvp can be measured accurately. By increasing
the field further, the upper critical field can be found when
HP2 readings become linear. The maximum field that can
be produced in between the dipoles on the surface of the
sample is approximately 0.5 T at 20 A, however this varies
depending on the thickness of the sample/substrate as shown
in Fig. 4. The two shaded areas shown on Fig 4 shows where
the hall probes are situated compared to the maximum field.
There is a possibility of further increasing the field if there
is enough cooling capacity.

Figure 4: The magnetic field as a function of distance from
the dipoles as determined from a simulation.

EXPERIMENTAL
METHOD
To provide localised penetration measurements, one
should generate a strong magnetic field parallel to the sample surface at a small area of the sample and be negligible
at the edges of the sample. This field can be created by the
use of a ferrite C- shaped dipole, as shown in Fig 3 below.

A C-shaped dipole magnet has been designed with a low
temperature superconductor (LTS) wire coiled around the
magnet to produce a magnetic field. A C-shaped dipole
magnet was chosen to guide the magnetic flux through the
yoke to produce a parallel magnetic field in between the
poles. As there is a 2 mm gap between the poles, so that the
resultant field created is parallel to the sample with limited
stray flux.
A variable temperature insert (VTI) has been designed
and constructed to accommodate the magnetic field penetration experiment, see Fig 5. The cage which holds the
magnet, sample, thermometers and Hall probes is placed at
the bottom of the insert to be operated at the temperature
range 4 - 7 K as shown in Fig 6. There are 2 Hall probes in
the sample cage, one is placed in the gap of the dipole magnet with the sensitive area as close to the center of the field
and the sample (HP1), whilst the other Hall probe (HP2) is
placed on the alternate side of the sample shown by Fig. 3.

Construction and Operation of the VTI
Figure 3: An illustrative simulation of the superconducting
magnet showing the position of both HP1, HP2 and a sample.
By increasing the field produced by the dipole magnet,
HP1 increases linearly with current whilst HP2 should not
increase due to being shielded by a superconducting sample.
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The LTS leads were chosen to reduce the heat load to
the magnet whilst in operation. The main challenges constructing the VTI were the limited volume in which the
components and modifications could be applied due to the
set volume of the chamber, and connecting the LTS magnet
lead to a normal conducting power supply. This challenge
was carried out by the team at Rutherford Appleton Labora-
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HTS ribbon to two copper rods that were fed through the
baffle connected to the first stage. The superconducting joins
are shown in Fig. 6.
The baffle is electrically isolated from the copper rods
by the use of ceramic screw insulators, and is thermally
anchored to the baffle by the use of copper braids. The
copper rod are connected to by the use of electrical lugs. A
brass bolt had a hole drilled through the center to enable the
copper rod to be inserted through the center. The lugs are
then compressed onto the copper rod by the use of the nuts,
allowing a good electrical connection.

Cooling of the VTI
The pulse tube cold head is connected to the to two plates
within the cryostat. The stage 1 (S1) and stage 2 (S2) cold
head is connected to the corresponding plates (S1 and S2
respectively) by the use of thermal couplers. The S1 cold
head is stated to reach 45 K, and the S2 cold head is stated
to reach ≈ 3 K. The thermal couplers help remove heat from
the plates whilst being flexible to allow the contraction of
the plates due to the change in temperature. The S2 cold
head is attached to the S2 plate in a similar fashion, as well
as having another connection to the VTI chamber. For an in
depth description on the cryostat, see [4].
The VTI is placed within a sealed volume within the cryostat, the chamber. The S1 plate enters this chamber forming
a ring on which the baffle of the insert sits, allowing the
insert to thermalise to the S1 plate. Thermalising on the S1
plate reduces the heat load on the second stage where there
is a reduced cooling capacity of 1 W. The baffle connecting
to the S1 plate is compressed by the use of a spring creating
a good thermal contact.
The second stage of the insert (the cage) sits at about the
same height of the S2 plate, however is not mechanically
connected. The tube around the cage is directly connected
the S2 cold head by the use of thermal strapping, as well
as connected to the S2 plate and then the S2 cold head by
further strapping. The VTI cage is then thermalised with
the surrounding tube via the use of He gas which removes
the heat from the insert. This is shown in Fig 7.
There are 2 Lakeshore Cernox thermometers attached to
the cage. One is placed on the copper plate above the cage,
and one is placed under the large copper holster. This allows
a thermal gradient to be determined over the sample and the
superconducting magnet to ensure that both will be in the
superconducting state.
Figure 5: The constructed variable temperature insert, total
length of 950 mm.
tory1 . The LTS wire was connected to a high temperature
superconductor (HTS) ribbon with a join as long as possible
to reduce heating due to the join resistance, and joining the
1

Ben Green and Josef Boehm
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RESULTS
Under the current set up, the required temperature cannot
be reached within the cryostat. When both the chamber and
the cryostat are under vacuum, the cold head reaches 37.23 K
and 3.25 K on the S1 and S2 cold head respectively, and the
outside of the VTI chamber reaches 4.03 K. The determined
heat loads on each stage can then be determined from the
capacity map. The temperatures aforementioned determine
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Figure 6: The superconducting joins made at Rutherford Appleton Laboratory by Ben Green and Josef Boehm. Diodes are
placed facing either way to short the magnet in the case of resistance increasing, which protects the LTS leads, total length
343.5 mm.
baffle to determine if there was any difference. The resulting
temperatures are shown in Table 1. The temperature difference for the thermometer above the cage is 0.13 K higher,
whilst the temperature difference for the thermometer under
the sample is 0.16 K.
Table 1: A table showing the recorded temperatures on the
sample cage, where T1 is above the sample, and T2 is below
the sample.
SC thermalised on S1 plate
Thermalised
Not thermalised
Figure 7: A schematic showing how the insert sits within
the cryostat.
that the heat load on the S1 and S2 cold head are ≈ 20 W
and less than 1 W respectively.
Inserting helium causes the temperature of the entire system to increase, with the minimum temperature recorded
being 8.71 K and 7.41 K across the cage, at a He pressure of
2.1 mbar. Varying pressures have been tested to determine
the most effective pressure to thermalise the system. The
system remains at too high a temperature to enable current
to be applied to the superconducting magnet. Low currents
have been used to test the magnet, with the maximum current
being 2 A which resulted in 51.8 mT. However, even a small
current creates heating within the system causing the current
to have to be turned off to make sure the superconducting
magnet is not damaged.
As the heat loads for each wire had previously been calculated, the only apparent explanation for not reaching the
temperature was due to the conducting heat load through the
superconducting joins, mainly from the indium in the solder
which was present all around the joins. The high temperature
power leads were disconnected and moved away from the
HTS ribbon to determine what the standard temperature was,
followed by removing the thermal braids connected to the S1
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T1 (K)
8.44
8.57

T2 (K)
8.14
8.3

It was concluded that the temperature step between the
sample and the cold head does not come from the superconducting joins, but due to poor thermal contact between the
cage and the VTI chamber.

LHE TESTING
A new approach to cool the insert is ongoing, where the
dry cryostat will be switched for a wet cryostat where the
VTI will be immersed in LHe ensuring that the operational
temperature is 4.2 K. The Lhe will act as a thermal reservoir
as long as the vapour pressure is maintained. This allows the
equipment to be used fully, with no concerns on the heat load
of the equipment. The LHe facility requires no alterations
for the VTI, as the LHe input and output are attached to the
flange that the VTI will be connected too.

CONCLUSION
A VTI has been designed and constructed for the purpose of testing planar multilayer thin film superconductors.
The VTI has been tested within a dry cryostat, where the
facility has had a limited performance due to poor thermal
conductivity between the insert and the S2 cold head. A new
approach is to be undertaken in summer 2019, where the
VTI will be placed in a wet Dewar, and cooled by the use of
LHe.
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Abstract
The JLAB Low Energy Recirculating Facility, LERF,
has been modified to support concurrent testing of two
LCLSII cryomodules. The cryomodules are installed in a
similar fashion as they would be in the L1 section of the
LCLSII linac, including the floor slope and using all of the
LCLSII hardware and controls for cryomodule cryogenics,
vacuum, and RF (SSA and LLRF). From the start, it was
intended to use LCLSII electronics and EPICS software
controls for cryomodule testing. In effect, the LERF test
facility becomes the first opportunity to commission and
operate the LCLSII LINAC hardware and software
controls. Support for specific cryomodule high level test
applications like Qo and HOMs measurements, are being
developed from the basic cryomodule control suite. To
support the testing, 2 K He is supplied from the CEBAF
south linac cryogenic system, where care must be taken
when using the LERF test facility to not upset the CEBAF
cryogenics plant. This paper discusses the commissioning
of the hardware and software development for testing the
first two LCLSII cryomodules.

INTRODUCTION
The LERF began life as the JLAB free electron laser
facility where it produced coherent CW 14 kW IR light. It
has since become a multipurpose facility supporting
nuclear physics experiments, isotope production and now
cryomodule testing. The concept for testing LCLS-II
cryomodules was twofold. First, as an additional test
facility to keep JLAB cryomodule production on schedule,
and second, as test bed for LCLS-II linac hardware and
controls. An added benefit of the LERF over the
Cryomodule Test Facility (CMTF) was the potential for a
more reliable and stable He supply. In addition from the
start it was decided to minimize the role of external
software (Labview) and test equipment for cavity testing,
relying on built in EPICS applications in the RF and
cryogenic controls.
To accommodate two cryomodules the building and
existing systems had to be modified. The existing FEL
LINAC RF system was partially removed, such that 16
four kW solid-state amplifiers (SSA) could be installed in
the equipment gallery. The existing WR650 waveguide
between gallery (upstairs) and the vault below was
____________________________________________
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repurposed for this project. Additionally, all new
waveguide was installed in the vault to connect the two
cryomodules. Figure 1 shows the cryomodule and
waveguide installed in the vault along with the SSAs in the
equipment gallery.

Figure 1: LCLS-II cryomodule in the LERF vault and four
kW solid state amplifiers in the equipment gallery.
The LCLS-II project provided all of the controls
software and instrumentation for the cryomodules [1]. This
included the four kW RF amplifiers, Low Level RF
(LLRF) control chassis, resonance, interlocks and racks,
cryomodule cryogenic PLCs and racks, and vacuum
controls. The EPICS controls provided by LCLS-II is using
the identical process variables and naming convention that
are planned for the L1 section of the LCLSII linac. The
idea being the controls software can be ported back to
SLAC as tested and commissioned.
A key portion of the cryomodule test facility is the
cryogenic connection to the central helium liquefier (CHL)
that supplies 2 K He for the CEBAF accelerator. A new
cryo-connection was designed to make it minimally
invasive while operating the CHL during CEBAF
operations. The LERF cryogenic system is an extension of
the CEBAF “south” linac He supply which is connected to
one of the two CHL plants. Once connected the CEBAF
linac and the LERF are cooled down from 4K to 2K
together. To accommodate the two LCLSII cryomodules
two of the three FEL cryomodules were removed.
Attaching to the existing U tubes is a cryogenic transfer
line with bayonet stubs that is then connected to the “Cryo
Can” which contains the valves and piping to supply the
LCLSII cryomodules [2]. The piping inside the cryo can
allows the LERF cryomodules to be “bumped” up in
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temperature and for fast warms ups. Figure 2 shows the
short transfer line connecting the U tubes to the cryo can.
The two cryomodules initially installed in the LERF were
J1.3-12 and J1.3-5. J1.3-12 was tested last winter and has
since been shipped to SLAC for installation in their tunnel.
J1.3J-5 is to be reconditioned to fix cryogenic performance
issues identified during early cryomodule tests. Presently
J1.3-16 is installed and undergoing testing.

SYSTEM READINESS
All of the hardware and controls were tested before the
initial cryogenic cool down and RF being applied to the
cavities. The three major systems, EPICS controls, cryo
and RF had written procedures for initial check out and
tests. These and remote development procedures were then
presented at a system readiness review before system start
up.
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The cryogenic controls were also thoroughly tested prior
to cool down. Items tested included: control of all 16 cavity
heaters, all of the temperature diodes, all four of the
pressure transducers, and all four cryo valves (JT and RT).
Figure 3 shows the control screen for the cryomodule
controls.
The RF system’s four kW solid state amplifiers were
operated into waveguide shorts for initial check out and
power calibrations. Each amplifier was tested to 4 kW
using the LLRF system as the source, while checking the
forward and reverse power levels against the factor SSA
settings. This ensured that the amplifiers internal interlocks
were operational and as a check on the forward power
calibrations. Since cavity testing would rely on the LLRF
receivers for gradient and QL measurements these were
given additional scrutiny.
The LLRF systems were calibrated in a test stand and
then installed into their racks at SLAC. From there they
were shipped to JLAB. At JLAB the LLRF receiver’s
calibrations were checked again.
Early on, remote development and checkout was
identified as a key to success since much of the hardware
and controls were being developed at other laboratories.
Policies and procedures were developed such that systems
could be safely developed and tested remotely. There were
two concerns driving this. First that a remote developer
could harm a production cryomodule, and second, a remote
user could inadvertently harm the CHL which is providing
both 2 K He to the LERF cryomodules and the operating
CEBAF accelerator.

Figure 2: Showing the U tube, transfer line and cryo can
connecting to the first cryomodule.

Figure 3: LCLS-II cryomodule EPICS cryo-control controls. Showing valves, heaters and temperature sensors.
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Before the first cool down, the procedures were
implemented and refined to make remote modifications as
seamless and safe as possible.

CRYOGENIC COOL DOWNS
The initial cool down of the cryomodules went very
smoothly with no issues. The LERF is cooled down at the
same time as the cryomodules in the CEBAF south linac.
Cool downs are scheduled around the CEBAF operation
schedule so that it is minimally invasive to the Nuclear
physics program.
The cryo system in the LERF does allow for temperature
bumps and cool downs independently of the CHL. To start
a bump the LERF first uses the eight cavity helium vessel
heaters to bring the cryomodule to atmospheric pressure,
and then gas at 300K to warm the cavities to 40K. All
return flow is directed to the recovery header. From 40 K
the cool down rate is limited to ~ 15.1 K/min [2]. The fast
cool down in the LERF is not limited by a lack of flow
through the cryomodules but by the effects of sudden
increase in flow through the 2K sub-cooler at the CHL.
Therefore the flow into the cryomodules must be dialed
back to keep the pressure manageable so not to trip the
CHL.

CRYOMODULE COMMISSIONING
The J1.3-12 cryomodule underwent the full performance
qualification testing that other cryomodules received at the
other test facilities (JLAB and FNAL). These tests have
been extensively described elsewhere, but include Qo,
maximum useable gradient, field emission onset, along
with tests that ensured the cavities and cryomodule met
their performance specifications [3, 4]. Figure 4 shows the
Qo’s and gradients measured from J1.3-12.

Figure 4: J1.3-12 Qo and maximum useable gradient.
To facilitate these tests the LLRF system have built-in
applications that measures the cavity QL and calibrates the
gradient from the emitted reverse power. This made cavity
commissioning easier since external test equipment was
not needed or used (like in the older CMTF).
A different Qo measurement (than what is used in the
JLAB CMTF) was developed and implemented in the
LERF using the He liquid level. The measurement
compares the dLL/dt, the rate of change of the He liquid
level between a known electric heat and the RF heat when
a cavity is at a specific gradient. Unlike pulsed SRF
systems CW SRF systems must have electric heaters
connected to each cavity in order to balance the cryo-plant
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load between RF on and off. This measurement takes
advantage of these heaters using them in a calibrated
fashion to measure the cavity Qo. Figure 5 shows the
results of that measurement.

Figure 5: Qo Measurement: He Liquid level vs. electric
heat and RF heat.
1.3 GHz (fundament mode) signals from the higher order
modes (HOM) couplers were also automated within
EPICs. A commercial “off the shelf” system (power meter
and switch matrix) was assembled such that all 16 HOM
couplers (both polarizations) could be monitored and
measured for 1.3 GHz bleed through.

Multiple Cavity Operations
After the cryomodules were performance tested, all 16
cavities in the LERF were operated all at once. This was
done in a two-step process, first turning on all eight cavities
in J1.3-12 to 16 MV/m. The cavities were to operate in
GDR, but some issues in the feed-back control firmware
made this problematic and they were operated in SELA
which only has amplitude lock. The initial eight cavity run
of J1.3-12 went smoothly with no CHL issues. The heat
load was manually balanced with the electric heat so the
effective LERF cryo-load was stable.
After the success with J1.3-12, the eight cavities in J1.35 were turned on. This was more problematic. An issue
with a personal safety system “area radiation monitor”
tripped off all of the RF solid state amplifiers. This was
traced to a field emitting cavity in J1.3-5. This cavity was
left off for the remainder of the run. An additional issue is
that J1.3-5 had not been put through a fast cool down, so
the Qo’s were higher than expected leading to more heat
on the cryo system. Therefore several cavities were
operated at a lower gradient to keep the heat load at a
manageable lever. Even with these shortcomings both
cryomodules achieved an accelerating voltage of 230 MV
with no issues seen at the CEBAF CHL.

LLRF SYSTEM COMMISSIONING
The LCLS-II RF system footprint is designed to support
the SLAC gallery to cryomodule layout [5]. The footprint
for the LERF RF system is almost identical, where each
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cryomodule is divided between two LLRF control racks,
such that four cavities are controlled from each rack. The
LCLS-II RF system is a single amplifier, single LLRF
controller per cavity. LLRF control is intelligently divided
between a precision receiver chassis (PRC) which
processes four cavity signals, and the RF station that
processes the forward and reverse power and provides the
drive signal to the SSA. Each RF station controls two
cavities. Resonance control is provided by a stepper motor
and a piezo tuner.
The RF system controls and functionality were fully
tested during the first LERF operations. The LLRF system,
on startup, performs a number of routines to measure the
coupler loaded Q and RF amplifier linearity. Figure 6
shows an EPICS LLRF waveform screen, during a gradient
calibration. All aspects of the hardware, firmware and
software were tested against their performance goals. This
also included testing of the cavity resonance controls and
the cavity interlocks.
A key performance parameter for the LLRF system is
the very tight phase and amplitude, 0.01o and 0.01%
control which the LLRF must maintain for less than 1
second.
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sophisticated algorithm, only used an integrator for this
run. The cavity microphonics in the LERF were small and
the integrator controller had no trouble keeping up with the
small He pressure drifts.

Figure 7: Phase noise plot of the cavity field.
An aspect of the commissioning that was extremely
beneficial was the opportunity to test and turn on all of the
RF applications before they are installed in the LCLS-II
linac. No system is perfect at the start, and the LLRF
controls were no different. LLRF experts would test
aspects of the LLRF system locally, communicating “real”
time with the remote developers. Modifications and
improvements many times were made immediately, or at
the worst, overnight. At the end of the run a list of
improvements to the LLRF controls were made and for the
most part are now being implemented during the present
LERF commissioning run. The RF system as a whole will
be ready on day one at SLAC to control a cryomodule and
accelerate beam.

SUMMARY

Figure 6: Cavity waveforms during QL and cavity probe Q
measurements.
To that end the LLRF system was tested first in self excited
loop (SEL) mode and then in generator driven resonator
(GDR) mode, where it is locked both in phase and
amplitude. Figure 7 shows a phase noise plot of the cavity
field while the system is in GDR. The phase control
measured was 0.05o, which is larger than specification, and
is attributed to the local oscillator (LO) used in the LERF.
Using the LCLS-II LO reference the phase rms cavity
phase will fall below the specification.
The resonance control system worked as expected. The
stepper motor interface easily tuned the cavities to within
+/-20 Hz of 1.3 GHz. A frequency counter application was
added in the middle of the commissioning run that
extended the visible detuning range beyond 10 kHz when
in SEL. The piezo controller, while capable of using a more
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The LERF Cryomodule test facility has been
successfully commissioned. It has fulfilled both goals, first
as an alternate commissioning facility for cryomodules,
and second, as a place to “pre”commission the LCLS-II
linac hardware and software. Two LCLS-II cryomodules
have undergone commissioning, and a third is now being
tested. The LCLS-II linac hardware and controls (RF,
Cryo, and Vacuum) have been tested and are undergoing
continuous refinements. CEBAF operations have not been
affected by the testing, and remote development of the
software and tools has been wildly successful.

REFERENCES
[1] J. N. Galayda, “The LCLS-II: A High Power Upgrade to the
LCLS”, in Proc. 9th Int. Particle Accelerator Conf.
(IPAC'18), Vancouver, Canada, Apr.-May 2018, pp. 18-23.
doi:10.18429/JACoW-IPAC2018-MOYGB2

[2] N. A. Huque, E. Daly, and T. Wijeratne, “Upgrades to
Cryogenic Capabilities for Cryomodule Testing at JLab”,
presented at the 19th Int. Conf. RF Superconductivity
(SRF'19), Dresden, Germany, Jun.-Jul. 2019, paper THP051.

SRF Technology - Cryomodule
module testing and infrastructure

SRF2019, Dresden, Germany

[3] M. Drury et al., “CEBAF Upgrade: Cryomodule Performance
and Lessons Learned”, in Proc. 16th Int. Conf. RF
Superconductivity (SRF'13), Paris, France, Sep. 2013, paper
THIOB01, pp. 836-843.
[4] M. Drury et al.,“Current Results From Acceptance Testing of
LCLS-II Cryomodules at Jefferson Lab”, presented at the 19th
Int. Conf. RF Superconductivity (SRF 19), ' Dresden, Germany, Jun.-Jul. 2019, paper THP056.

SRF Technology - Cryomodule
module testing and infrastructure

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP049

[5] C. Serrano et al., “RF Controls for High-Q Cavities for the
LCLS-II”, in Proc. 9th Int. Particle Accelerator Conf.
(IPAC'18), Vancouver, Canada, Apr.-May 2018, pp. 29292933. doi:10.18429/JACoW-IPAC2018-THYGBE3

THP049
977

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP050

MEASUREMENT OF THE MAGNETIC FIELD PENETRATION INTO
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Abstract
The magnetic field at which first flux penetrates is a
fundamental parameter characterizing superconducting
materials for SRF cavities. Therefore, an accurate
technique is needed to measure the penetration of the
magnetic field directly. The conventional magnetometers
are inconvenient for thin superconducting film
measurements because these measurements are strongly
influenced by orientation, edge and shape effects. In order
to measure the onset of field penetration in bulk, thin films
and multi-layered superconductors, we have designed,
built and calibrated a system combining a small
superconducting solenoid capable of generating surface
magnetic field higher than 500 mT and Hall probe to detect
the first entry of vortices. This setup can be used to study
various promising alternative materials to Nb, especially
SIS multilayer coatings on Nb that have been recently
proposed to delay the vortex penetration in Nb surface. In
this paper, the system will be described, and calibration
will be presented.

INTRODUCTION
A superconductor can stay in the Meissner phase if no
nucleation sites for vortices are presented. The maximum
field above which this metastability disappears is called the
superheating critical field (Hsh). In another words, the
superheating field determines the field at which vortices
start to penetrate into the superconductor with no
topographic defects on the surface. For type I
superconductor, Hsh is higher than thermodynamic critical
field (Hc), which defines the condensation energy of the
superconducting state. Hsh of type II superconductor is
above the lower critical field (Hc1). The actual
superconducting surface involves a tremendous number of
topographic defects which cause local penetration of
vortices at the field Hc1< H< Hsh or even at H<Hc1 [1].
The investigation of magnetic field penetration into
materials that are used to fabricate SRF cavities is
important because the field at which the first onset
penetration determines the onset of increased power
dissipation. The high-power dissipation limits the
maximum possible accelerating gradient (Eacc) of the
cavity. With the development of the Nb SRF cavity
technology, Eacc of 40-50 MV/m is now achievable [2]. A
large Hsh is attractive for future high energy accelerators,
___________________________________________
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as cavities reaching peak magnetic field close to Hsh would
greatly decreases the overall length and cost.
In order to investigate magnetic field penetration into
SRF materials, an accurate experimental method is needed.
Different experimental methods are explained in Refs. [35]. This paper will discuss the design and calibration of an
experimental setup which allows us to capture magnetic
field penetration into a superconducting sample. This
experimental set up can be used to study potential
alternative superconducting materials to Nb for SRF
applications.

METHODOLOGY
The experimental setup was designed and built to
measure onset penetration directly through bulk, thin film
and multilayer superconducting samples. The samples
prepared for the measurements are bulk superconductors
and superconducting thin films fabricated on a dielectric or
metallic substrate. As shown in Figure 1, a
superconducting solenoid magnet made using NbTi thin
wire is placed in the middle of the sample to generate a
magnetic field parallel to the sample. Since the size of the
magnet is small compared to the sample, magnetic field
becomes negligible few diameters away from the center of
the magnetic coil, with no edge and demagnetizing effect.

Figure 1: Schematic cross section of experimental setup.
In the Meissner state the sample acts as a magnetic
mirror which cancels out vertical component of the
magnetic field. The field felt by the sample is equal to twice
the radial component of the magnetic field that would be
generated by the solenoid in free space. Since the radial
magnetic field is parallel only to one side of the sample,
this field configuration closely resembles the SRF cavities.
Another sapphire plate with thickness 0.5 mm is placed
on the top of the sample to maintain a fixed distance
between the sample and the magnet. This also helps to keep
Fundamental R&D - non Nb
sample testing
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the sample intact during the experiment. In order to
measure onset penetration of the magnetic field, the
magnetic field sensor (Hall probe) is placed underneath the
sample. The Hall probe chosen to measure the magnetic
field is the cryogenic probe HHP-NP from Arepoc, which
measures the magnetic field normal to the probe and it has
an active area of 500 µm x100 µm. Figure 2 shows a picture
of nonmagnetic container which is used to assemble the
sample, solenoid magnet, and Hall probe symmetrically.

Figure 2: External view of nonmagnetic container which
supports the sample, solenoid magnet, and Hall probe
symmetrically.
This system is placed in a liquid He dewar at Jefferson
lab to perform the experiment at both 2 K and 4 K. Figure
3 represents the schematic diagram of the complete
experimental setup which is placed in liquid He dewar. The
penetration of the magnetic field can be identified when the
Hall probe reads the magnetic field for the first time while
gradually increasing the external magnetic field provided
by the superconducting solenoid magnet.

JACoW Publishing
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MAGNET
Superconducting NbTi wire with thickness 0.317 mm,
which can hold a maximum current of 100 A was used to
fabricate the superconducting magnet. Superconducting
wire can generate intense magnetic field compared to Cu
coil using low electrical power input. This magnetic coil
was fabricated by winding NbTi thin wire carefully on
dielectric spool using strategies followed in magnet
fabrication. An epoxy was used after winding to obtain a
good insulation and a monolithic structure which cannot
allow any movement of the conductor inside the coil
(Figure 4).

Figure 4: Superconducting solenoid magnet before (top)
and after (bottom) applying an epoxy.
The computer code Poisson [6] was used to simulate the
expected field generated by the coil, when it is placed
above the superconducting sample. This gives the idea of
the dimensions of the magnet with required number of
turns and maximum current for a given distance between
the sample and the magnet.

Figure 5: Field lines from the right half of solenoid magnet
placed at 1 mm above the superconducting sample.
Figure 3: The details of the cryogenic insert at Jefferson
Lab.

Fundamental R&D - non Nb
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The fabricated magnet consists of 4 layers of 80 turns to
produce field on the sample higher than 500 mT. It is 25.36
mm in length and 9.04 mm in diameter with core diameter
THP050
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6.5 mm. The magnetic field configuration of solenoid
magnet placed 1 mm above the superconducting sample is
depicted in Figure 5.
The maximum field felt by the sample is at the edge of
the coil and decreases with the radius of the sample. Figure
6 represents the radial magnetic field felt by the sample
along the sample radius, when the magnet current is 100 A.
In addition, this solenoid magnet must have quench
protection. This can be achieved by powering up the
magnet using a power supply with a quench protection or
by adding resistance or diode in parallel to the output of the
magnet.

JACoW Publishing
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100 A, we can power up the magnet with the current below
100 A without quenching the magnet.
In the third step, calibration was performed on the
complete system using both calibrated Hall probe and
solenoid magnet. 99.99% pure bulk superconducting Lead
(Pb), Tantalum (Ta) samples from Advent Research
Materials Ltd and Niobium (Nb) sample from Stanford
Advanced Materials shown in Table 1 have been prepared
for this step of calibration. Pb, Ta and Nb are well known
superconductors and many investigations have been
performed to characterize them. The critical field values
from Refs. [7-9] can be used to calibrate our system. All
samples are 50 mm in diameter and 0.1 mm in thickness.
Table 1: Details of Reference Samples Used in Calibration
of the Experimental Setup

Figure 6: The radial magnetic field felt by sample when
magnet is powering up by 100 A (using Poisson simulation
[2]).

CALIBRATION
The calibration of our measurement system was
performed in three steps. For the first, the high linearity
HHP-NP Hall sensor was calibrated in order to determine
its sensitivity. This calibration was performed using a
superconducting solenoid magnet which gives a maximum
field 1 T. Measurements were performed in the increasing
and the decreasing directions in order to examine the
linearity of the characteristic. The sensitivity of the sensor
was calculated from the slope of the obtained characteristic
curve of Hall voltage plotted against magnetic field
(VH=f(H)) and it gave us the sensitivity value equals to
157.7 mV/T ± 0.2% at 4.35 K.
Then the calibration of the fabricated solenoid magnet
was done using the calibrated Hall sensor. At this step,
dependence of the magnetic flux density generated by the
solenoid magnet on its electrical current is examined. A
final result of the calibration is the magnetic field as a
function of the applied current (B= g (I)). The sensor was
placed in the middle of the solenoid, so that the sensor
surface is perpendicular to its longitudinal axis and the
magnetic field. Measurements were performed under
forward and reverse electrical current in order to examine
the linearity of the characteristic. According to the linear
fit of measured results, the slope of the B=g(I)
characteristic of the solenoid magnet is 2.4 mT/A ± 0.2%
at 4.35 K. Since the NbTi wire can hold the current up to
THP050
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Reference
Sample

Critical
Temperature
(K)

Temperature at
measurements
(K)

Pb
Ta
Nb

7.20
4.50
9.26

4.35
2.00
4.35

The curves in Figure 7 represent the Hall probe response
against Pb, Ta and Nb samples while powering up the
magnet with gradually increasing current. These curves
indicate the first penetration of magnetic flux for each three
sample clearly, which confirms that this technique is
successful to determine the surface fields at which first flux
penetrates through the various superconducting samples.

Figure 7: Field Penetration measurements with 99.99%
pure Lead, Tantalum and Niobium samples.
Figure 8 shows the calibration curve of the experimental
system which is a linear representation of the critical
magnetic field against current at which first penetration
detected using Hall sensor of each three material.
This experiment was repeated with samples having
different thicknesses, between 0.1 mm and 0.5 mm. Table
2 shows the comparison of current at the critical field
values corresponding to samples with different
thicknesses. When the sample thickness increases, the
current at which the magnetic field is detected at the
opposite side of the sample increases.
Fundamental R&D - non Nb
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Figure 9: The Hall Probe response against Nb thin film.
Figure 8: The calibration curve of the experimental setup.
This is possibly because the identification of first flux
penetration through the Hall probe is delayed while
magnetic flux is passing through the sample thickness. We
estimate that this effect would negligible with 0.1 mm
sample thickness. This will be explained properly in
experimental and theoretical work planned for near future.
Table 2: The Dependence of the Current at First
Penetration on the Sample Thickness
Sample
Pb
Ta

Thickness
(mm)
0.1
0.5
0.1
0.5

Current at first
penetration (A)
11.3
15.0
14.0
17.0

We used this calibrated system to determine the field
penetration of a thin film. Figure 9 shows our first
penetration measurement done using Nb thin film coated
on a-plane sapphire (Al2O3 (110-2)) produced by electron
cyclotron resonance post-ionization (ECR) at continuous
ion energy of 94 eV. The bake-out and coating
temperatures were 500 Co. The resulting film is about 1 µm
thick Nb (110) with a Tc of 9.34 ± 0.07 K and RRR value
of about 50. Our calibration indicates that the first field
penetration of this Nb thin film occurred at 94 mT.
The field penetration of a thin film heavily depends on
the surface quality, which is closely related to the coating
process. This experiment is going to be continued to study
field penetration on different coating parameters which
contribute to the film quality.
Furthermore, we were able to observe the magnetic
response of the superconducting samples under forward
and reverse current. In Figure 10, the curves obtained for
Tantalum sample with thickness 0.1 mm at 2.0 K describes
the hysteretic behaviour of superconducting sample.

Fundamental R&D - non Nb
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Once the external field exceeds the value Hc (Hc1 for type
II superconductor) and field penetrates the sample, the
magnetization is no longer reversible. The reverse path
falls above the initial magnetization curve and leads to a
positive value in zero external field. This is due to
formation of trapped vortices inside the superconductor.
Repeating curve follows the same shape as first time, but
begins with positive value mentioned above.
The experimental results are very sensitive to the
accuracy of the position and orientation of each and every
part in this assembly. Misalignment of the magnet can
affect the results. To minimize experimental errors, all
experiments were carried out with the same orientation of
the solenoid magnet and the same position of Hall probe.

Figure 10: The Hall probe responses observed for
Tantalum sample having 0.1 mm thickness while
increasing and decreasing current two times.

CONCLUSIONS
The new experimental setup for magnetic field
penetration measurements of superconducting samples
was designed and built successfully at Jefferson Lab. 99.99
% pure Lead, Tantalum and Niobium bulk samples were
used to calibrate the system accurately and calibration
follows linear relationship. This experimental system is
appropriate for bulk samples as well as thin films. The
linearity of calibration curve confirms that the system is
THP050
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ready for the future measurements to study possible
alternatives to Nb and multilayer system.
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UPGRADES TO CRYOGENIC CAPABILITIES FOR
CRYOMODULE TESTING AT JLAB
N. Huque, E. F. Daly, T. Wijeratne, Jefferson Lab, Newport News, USA
Abstract
The cryogenic facilities for cryomodule testing at Jefferson Lab (JLab) have been modified and to enable testing
of Linear Coherent Light Source-II (LCLS-II) cryomodules. Temporary changes in u-tube connections at the Cryogenic Test Facility (CTF) has enabled rates of cavity cooling that are a factor of 10 higher than previously achieved.
Cryogenic connections at JLab’s Low Energy Recirculator
Facility (LERF) have been repurposed to enable two
LCLS-II cryomodules to be tested in series. This testing
shares the helium space with the Central Helium Liquefier
(CHL) that is also used by the Continuous Electron Beam
Accelerator Facility (CEBAF). Cryomodule testing can occur while beam operation is ongoing at CEBAF. Improvements to these facilities have allowed the testing of the
JLab’s highest ever performing cryomodules.

INTRODUCTION
A total of 35 LCLS-II cryomodules are being assembled
at JLab and the Fermi National Accelerator Laboratory
(FNAL), to be installed at the Stanford Linear Accelerator
Center (SLAC). The final part of the fabrication sequence
is acceptance testing at the operating temperature of 2K. At
JLab, the CMs are primarily tested at the Cryomodule Test
Facility (CMTF). Due to schedule constraints, cryomodule
testing was also started at the LERF at JLab.
Initial testing at the CMTF found the Q values to be far
lower than that achieved during individual cavity testing in
the Vertical Test Area (VTA), and lower than that specified
at SLAC. The low Q values were attributed to trapped magnetic flux in the cavities, to which they are very sensitive.
Testing at FNAL determined a direct correlation between
the Q value and speed at which the cavities are cooled
through the transition temperature of niobium (9.25K) [1].
Efforts were started at JLab to improve the cooldown speed
of the cryomodules in the CMTF.

BACKGROUND
CMTF
The CMTF was commissioned in 1988 for testing the
original CEBAF C20 cryomodules [2]. Since then, the facility has tested the reworked C50 and upgrade C100 cryomodules, as well as SNS high-β and medium-β cryomodules. Most recently, it has been refitted for testing LCLS-II
cryomodules.
The cryogens are supplied by the CTF which is located
in the same building. CTF has a refrigeration capacity of
650 W for the 4.5K primary supply (using the newly installed Cold Box 3) and 1kW for the 40K shield supply [3].
In addition to the CMTF, CTF also supplies cryogens to the
SRF Technology - Cryomodule
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VTA, which has eight dewars for testing individual cavities, and the Upgrade Injector Test Facility (UITF). A lack
of cryogenic capacity usually means that no two of the facilities can function together unimpeded.

LERF
The LERF was formerly known as the JLab Free Electron Laser (FEL). It consisted of three cryomodules and an
injector cryomodule, with its cryogenic supply coming
from CEBAF’s CHL. The production bottleneck at the
CMTF and the increased cryogenic capacity of the CHL
lead to the LERF being used for cryomodule acceptance
testing.
One of the cryomodules was removed from the LERF
and the cryogenic connections were used to supply two
LCLS-II cryomodules in series. These cryomodules could
then be tested using the same helium space as the CEBAF
South Linac. In addition, the LCLS-II cryomodule testing
would be done in a layout akin to the first segment of the
SLAC tunnel [4].

CRYOMODULE TESTING
REQUIREMENTS
The testing requirements for LCLS-II cryomodules are
outlined in the SLAC acceptance criteria document [5].
The major components include:
 Cavities are tested individually to determine their maximum usable gradient. This may be limited by factors
such as quenching or field emission.
 Heat loads on the 2K, 5K and 50K lines are measured.
Eight cavities running at 16 MV/m each should have a
dynamic heat load of 80W.
 Qs are measured after a cavity temperature bump to
40K and fast cooldown (FCD)
 Multi-cavity runs; the acceptance criteria calls for all
eight cavities to be run, but the current CMTF cryogenic capacity only allows four to be run at the design
gradient at one time.

CMTF DESIGN
The CEBAF cryomodules for which the CMTF was designed have two independent helium circuits: the primary
2K circuit and the 40K shield circuit. LCLS-II cryomodules have an additional 5K shield circuit which cools the
Fundamental Power Couplers (FPC) and quad-magnet. To
make the most efficient use of the limited cryogenic helium
supply, a 4K-2K heat exchanger was used in series with the
primary supply circuit (Fig. 1).
The heat exchanger in question is derived from an experimental unit, which had been developed for the Facility for
Rare Isotope Beams (FRIB).
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The helium is supplied from the Junction Box which is
located in the CMTF cave. The 5K, 3 atm supply from the
Junction Box first passes through the 5K circuit and then
into the high-pressure side of the heat exchanger (where it
is cooled to ~4.5K) and into the 2K supply line. The return
from the 2K supply line goes through the low-pressure side
of the heat exchanger and pre-cools the incoming 5K gas.
The 2K liquid is made by the Joule-Thomson effect at the
cryomodule JT valve.
The heat exchanger originally had a line built in place to
bypass the low-pressure side to aid in cooldown and warmup. It was found that the line’s capacity was not high
enough for the flow to fully bypass the heat exchanger.
As the 5K and 2K lines are in series, there was not an
easy way to run one independent of the other. A bypass line
(the vaporizer) was installed to allow flow through the 5K
circuit while the valves to the 2K circuit were closed e.g.
during Q measurements. As an added benefit, the vaporizer
line could increase the flow through the main supply transfer line to stop the latter from warming up.

3.0 atm supply into the primary supply and the 5K shield
circuits (Fig. 2). The 2K supply is fed back into the primary
return, while the 5K circuit is mixed with the shield return
line. Valves in the cryo can allow each circuit to run independently. A Coriolis flow meter is installed on each of the
lines.
Being tied into the CHL also means that testing in the
LERF is dependent on the operations of CEBAF. The
LCLS-II cryomodules were only scheduled to cool down
and warm-up with the rest of the cryomodules in the CEBAF South Linac. To allow for extra flexibility, a separate
Cooldown Line and valve were installed in the cryo can
which allows the primary circuit flow to be directed
straight to the CHL recovery header. A 300K helium gas
line is also installed to allow for temperature bumps and
fast warm-up.
Each of the cryomodules in the LERF may be tested together or one at a time. The cryomodule furthest from the
cryo can may also be uninstalled and replaced, keeping the
main piping connections intact. Alternatively, the LERF
may have only a single cryomodule installed and tested at
one time.

HX BYPASS

4K-2K HX

COOLDOWN LINE
RT
VALVE

2K LINE

RT
VALVE

HX BYPASS

COOLDOWN
HEADER VALVE

2K LINE

2K LINE

5K LINE

5K LINE

CM-1

CM-2

5K LINE

50K SHIELD LINE

CRYOMODULE
50K SHIELD LINE

Figure 1: Cryogenic lines in the CMTF.

LERF DESIGN
The LERF had cryogenic connections for three cryomodules and one quarter-cryomodule. The central cryomodule was removed and replaced by a cryogenic transfer
line, with bayonet stubs that connected to the existing cyro
lines via u-tubes. The transfer line is attached to the Cryo
Can which contains the valves and piping to supply the
LCLS-II cryomodules.
The higher refrigerator capacity of the CHL means that
a heat exchanger is not required in the LERF. Like the
CMTF, the cryo connections in the LERF are designed for
cryomodules with two lines i.e. the primary 2K line and the
shield line. Here, the piping in the cryo can splits the 4K,
THP051
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Figure 2: Cryogenic lines in the LERF.

TESTING OPERATIONS
Cryomodules are tested at JLab at 2.07K which is the
operating temperature of CEBAF. The cryomodules are initially cooled and filled with liquid at 4K. The Kinney
pumps in the CTF, or the sub-atmospheric cold box in the
CHL, then lowers the pressure to 21 torr and produce superfluid helium at 2K. The results from cryomodule testing
are corrected to 2.0K for LCLS-II cryomodules.
Cryomodules can be tested in the LERF during beam operation at CEBAF. As they share the same helium space,
pressure and flow fluctuations in the LCLS-II cryomodules
SRF Technology - Cryomodule
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can cause cavity trips in CEBAF (especially in C100 cryomodules) or worse, trip the CHL itself. To date, the most
strenuous activity on the CHL was the process of pumping
the helium space down from 1.0 atm to 21 torr while the
remainder of the South Linac was at 2K.
Q measurements in the CMTF rely on completely isolating the cryomodule helium space; this is achieved by closing supply and return valves (RT Valve). Heat output of the
cavities are determined by comparing the pressure rise
from a known heat input to that of cavity operation. The
process has been the standard for all CEBAF and SNS cryomodules.
Standard Q measurements are not ideal in the LERF as
the pressure fluctuations involved may disrupt the physics
program. As the cryogenic supply from the CHL is far more
stable than the CTF, the same concept of testing could be
carried out in a steady-state method. Instead of closing
valves, the supply valve is set to a value so as to maintain
a constant liquid level. The heat generated by the cavities
can then be determined using the rate of change in liquid
level as an indicator.

UPGRADES FOR FASTER COOLDOWN
The first five cryomodules fabricated at JLab suffered
from Q values well below the specification of 2.7e10.
Trapped magnetic flux in the cavities were thought to be
the cause. A method for expelling the trapped flux was
rapid cooling through the niobium transition temperature
(9.25K). At FNAL experiments were conducted with increasing the helium flow rates (30 g/s – 80 g/s) to obtain
higher Qs [1]; a positive correlation was found between the
flow rate (and hence cooling rate) and the cavity Q.
The CMTF has no reliable way to measure the helium
flow rate through the cryomodule. The estimated liquefier
mode capacity of CTF at the time was only ~5 g/s. The rate
of cooling (K/min) would instead be used as a means of
comparing cooldowns.
The production LCLS-II cavities have Cernox temperature sensors on the Cavity 1 and Cavity 5 helium vessels
(top and bottom). These sensors were not reliable on early
cryomodules, and could not be used to define the cooling
rate. Other temperature sensors are located on the cavity
end groups, on the heat sinks attached to the HOM damper
cans; these were a more-reliable method of determining the
cooling rate. As they are not in contact with liquid helium,
the HOM diodes go through the transition temperatures
later than the cavity cells.
Magnetic fluxgates are installed on cavities 1, 2, 5, 7 and
8. As they are located outside the helium vessels, they do
not provide an exact measure of the cavity magnetic field.
However, they are effected by the trapped flux expulsion
when the cavities go through the transition temperature,
and can be used as a guide to determine the time at which
this occurs.
The majority of the fluxgate fluctuations can be seen
while the end group temperatures are cooling from 20K –
15K; it is assumed that the cavity cells are going through
the transition temperature at this stage. The cooling rates
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reported in this paper refer to that of the end groups between 20K and 15K. Though this is not the actual transition-cooling rate, it may be as a comparison between different cryomodules.
The CMTF in its original configuration was able to cool
through transition at 1.0 – 1.5 K/min. The main impediments to the faster cooldown were thought to be:
 Limited supply capacity in CTF;
 Pressure drop through CTF heat exchangers and main
dewar;
 Pressure drop and choked flow through the CMTF heat
exchanger.

CTF Cold Box 3
In Spring, 2017 a planned upgrade of the CTF saw the
installation of the new higher-capacity cold box 3 (CB3).
CB3 raised the liquefaction capacity of CTF from 5 g/s to
9.5 g/s [3]. Due to the other reasons stated above, the new
cold box was not enough by itself to increase the cooldown
rates for the LCLS-II cryomodules; it did however allow
more simultaneous testing at the CMTF and VTA.

CTF U-Tube Configuration Change
A temporary change in the u-tube configuration at CTF
was proposed to bypass the pressure drops associated with
certain systems. In this layout, the helium flow would come
to the CMTF directly from CB3, bypassing the 10,000 liter
dewar at the 2K sub-cooler in the Valve Box. This raised
the supply temperature to 6.5 – 7.0 K, and the inlet pressure
was increased from 3.2 atm to 6.0 atm. The return path
would bypass the recovery system and feed back to the cold
box cold injection and to the main compressors (Fig 3.). In
this way, it was estimated that 30 – 40 g/s of flow could be
achieved.
The routing was done via long, flexible u-tubes which
were installed between the relevant components. The
change would be carried out while the cryomodule temperature bump was in progress. The u-tubes were reverted after the cooldown to enable pumping down to 2K.

Heat Exchanger Modification
The 4K-2K heat exchanger in the CMTF originally contained a bypass line and valve that allowed the flow to bypass the low-pressure side of the heat exchanger. This valve
setup could only open the bypass, and not stop flow
through the coils of the heat exchanger, which limited the
effectiveness of the former.
Two new valves and another bypass line were added to
the high-pressure side of the heat exchanger. One of the
valves controlled the flow through the bypass line, while
the other stopped all flow through the coils on the highpressure side. With the two bypass valves open and the
other valve closed, the incoming flow could avoid the pressure drop and choking associated with the heat exchanger
coils, thus enabling higher flow.
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Table 1: CMTF Modifications for Each CM Tested
Cryomodule

COMPRESSOR

RECOVERY
FLEX U-TUBE

COLD BOX 3
FLEX U-TUBE
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Modifications

J1.3-04

None

J1.3-05

CB3, CTF U-Tubes

J1.3-07

CB3, CTF U-Tubes

J1.3-08

CB3, CTF U-Tubes, Heat-X

J1.3-10

CB3, CTF U-Tubes, Heat-X

J1.3-12

LERF

J1.2-13

CB3, CTF U-Tubes, Heat-X

J1.3-14

CB3, CTF U-Tubes, Heat-X

J1.3-15

CB3, CTF U-Tubes, Heat-X

DEWAR

JUNCTION
BOX

VALVE
BOX

CRYOMODULE
Figure 3: CTF reconfigured for FCD.

LERF
The fast cooldown in the LERF is not limited by a lack
of flow. The piping system was designed with LCLS-II cryomodules and their cooldown requirements in mind. However, the flow through the cryomodules is limited by the
effects of sudden increase in flow through the 2K subcooler at CHL. The flow into the cryomodules must be dialed back if the pressure at the main compressors exceeds
1.8 atm, as there is a danger of tripping the CHL.
The temperature bump at the LERF first uses the cavity
helium vessel heaters to bring the cryomodule to atmospheric pressure, and then gas at 300K to warm the cavities
to 40K. All return flow is directed to the recovery header.

FAST COOLDOWN RESULTS
The CMTF upgrades mentioned in the previous section
were carried out in phases over the course of several
months. A number of cryomodules were tested using the
different combinations of the upgraded system (Table 1).
Table 2 shows the average cavity cooling rates and the
average Qs from the tested cryomodules. The temperatures
for the cooling rates are taken from the HOM can diodes
on the tuner side of each cavity. Figure 4 shows the cavity
1 cooling profiles of some later cryomodules.
While both J1.3-05 and J1.3-12 were installed in the
LERF, the former only underwent an FCD while testing in
the CMTF. The setup allowed for the temperature bump
and FCD to be carried out on one cryomodule while the
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Figure 4: Cavity 1 cooling rates during FCD.
Table 2: Cavity Cooling Rates and Average Q Values
Cryomodule
J1.3-04

Cooling Rate
(K/min)
1.5

Q0
2.0e10

J1.3-05

2.5

2.1e10

J1.3-07

1.6

2.0e10

J1.3-08

7.3

2.8e10

J1.3-10

21.4

3.1e10

J1.3-12

15.1

2.9e10

J1.2-13

18.7

2.7e10

J1.3-14

10.5

2.6e10

J1.3-15

12.0

2.3e10

other idled at 4K. The cooldown rate for J1.3-12 was restricted by the rising compressor pressure in the CHL
caused by the increased flow.
The Q values quoted here are after an FCD procedure, in
which the cavity temperatures are warmed up to 40K and
then cooled rapidly. In the CMTF, the FCD also involves
raising the inlet pressure to 6.0 atm.
While a correlation between the cooldown rate and the
average Q0 value is apparent (Fig. 5), it is not the only factor in the Q determination. Other factors depressing the Q
values include:
SRF Technology - Cryomodule
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 cavity field emission;
 source and heat treatment of the cavity material; some
combinations expel flux better than others;
 the function of components used for measurements
e.g. leaking valves or malfunctioning heaters.
In general, it was accepted that the improvements to the
cryogenic systems allowed LCLS-II cryomodules to test to
their rated Q specification.

 Simultaneous operation of two cryomodules will be
used to investigate the interactions between adjacent
cryomodules in the SLAC tunnel.
Table 3: Gradients During the 16 Cavity Run on J1.3-05
and J1.3-12 in the LERF
J1.3-05 (MV/m)

J1.3-12 (MV/m)

1

13.59

16.13

2

16.02

16.04

3

16.01

15.94

4

16.01

16.01

5

15.43

16.01

6

-

15.99

2.50

7

12.51

16.14

2.30

8

12.52

16.00

3.30
3.10
2.90
Q0 (x1010)
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2.70

Cavity

2.10

SUMMARY

1.90
0

5

10

15

20

25

Cooling Rate (K/min)

Figure 5: Comparison of average Q and cooling rate.

MULTI-CAVITY RUNS
The cryomodule acceptance criteria calls for all eight
cavities to be run simultaneously at their design gradient of
16 MV/m for a minimum of eight hours. At this gradient,
each LCLS-II cavity (after flux expulsion) is estimated to
produce 10W of heat. The Kinney pumps in CTF were not
able to support such a high dynamic heat load, and so
multi-cavity testing at the CMTF is currently limited to
four cavities at a time.
An attempt was made to run all 16 cavities in J1.3-05
and J1.3-12 simultaneously in the LERF. The final cavity
gradients are shown in Table 3. A total voltage of 230 MV
was achieved. The cavities in J1.3-05 had not been put
through a fast cooldown, and so generated more heat than
normal; several cavities had to be run at a lower gradient
in order to keep the helium pressure at an acceptable level;
cavity 6 on J1.3-05 could not be run due to issues with the
RF system. The test was carried out during beam operation
in CEBAF and did not cause any disturbances to the physics program.

FUTURE WORK
Nine cryomodules are still to be tested as part of the
LCLS-II project, and possibly another ten as part of the
High Energy (HE) Upgrade. These will be tested by a combination of the CMTF and LERF. Future development
work includes:
 Achieving eight-cavity operation in the CMTF.
Changes to the operation of the Kinney pumps may allow for a temporary increase in capacity
 The LERF will continue to be used by SLAC as a testbed for Low-Level RF (LLRF) control systems which
will eventually be installed at SLAC
SRF Technology - Cryomodule
module testing and infrastructure

Cryomodule testing of LCLS-II at JLab is primarily carried out at the dedicated CMTF. The LERF has been refitted with new cryogenic connections to allow cryomodule
testing and is able to test two connected LCLS-II cryomodules simultaneously. Initial limitations in the CMTF did not
allow cryomodules to be cooled at a rapid enough rate to
expel magnetic flux and reach specified cavity Qs. Adjustments to the equipment at CMTF and temporary piping
changes in the CTF have allowed faster cooldowns which
lead to higher Qs. This has been replicated in the LERF,
which has also been proven to function as a test facility
while CEBAF is running beam.
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PANSOPHY ENHANCEMENTS FOR SRF THROUGH COLLECTING AND
ANALYZING INPUTS/OUTPUTS TO FURTHER PROJECT EFFICIENCY
IN REPORTING AND PERFORMANCE*
V.D. Bookwalter†, M.G. McDonald, M. Dickey, E.A. McEwen, Thomas Jefferson National Accelerator Facility, Newport News, VA USA
Abstract
SRF cavity and cryomodule testing and production requires a consistent means of collecting and analyzing data
against quality and production parameters. JLab’s engineering data management system, Pansophy, is utilized to
assist project leaders and subject matter experts (SMEs)
with such tasks, by providing a means to data mine key parameter indicators (KPI) and production planning and status data. Recent enhancements to reporting and trending
have been utilized for the LCLS-II and CEBAF 12GeV upgrade projects. Further enhancements are being planned for
future projects, like SNS-PPU, such as KPI trending, KPI
quality, vendor quality, production timelines and user defined queries. Being able to understand past trends will assist with enhancements to future projects.

PROJECT REPORTING
Pansophy development started in 2000 with the first
ma-jor project being SNS in 2003 (Fig. 2). Since then,
it has been vital in data collection for many projects,
including JLab's 12GeV upgrade (C100), C50
Refurbishment, C75 Refurbishment, and LCLS-II. This
has been useful not only in collecting data for quality but
also for project reporting.

INTRODUCTION
Pansophy, JLab's SRF Engineering Data Management
System, integrates several commercial software utilities,
DocuShare™, Adobe ColdFusion™ Oracle™ and common desktop programs such as MS Word© and MS Excel©. The system integrates important quality elements of
procedural controls, automated data accumulation into a
secured central database, prompt and reliable data query
and retrieval, and online analysis tools. Pansophy, is utilized to assist project leaders and Subject Matter Experts
(SMEs) with such tasks as collecting and analyzing data
against quality and production parameters, by providing a
means to data mine key parameter indicators (KPI) and
production planning and status data. Recent enhancements
to reporting and trending for the LCLS-II project
have guided Pansophy development (Fig. 1) and has set
the stage for further enhancements for upcoming projects
like SNS-PPU and LCLS-HE. This paper will describe
mining of KPIs, trending of production throughput as
well as project reporting.

Figure 1: Pansophy development timeline.

Figure 2: Pansophy use in cryomodule production.

Work Center Travelers
Focus on production throughput and meeting project
schedules has prompted the development of project related
queries and reports. With work center based travelers and
time-stamping, project managers and SMEs can monitor
progress of product inspections, non-conformance, and
product availability. Work centers can show the progress of
cavity qualifying and assembly progression from cavity
string to cryomodule. With accurate time-stamping adjustments to priorities and workload balancing can occur.
Travelers, the base unit of Pansophy, written by SMEs in
MS Word© with Visual Basic for Applications (VBA)
macros aiding in the simplification of construction, allow
for specifying key performance data to be collected and establish processing order and workflow time monitoring.
After travelers are written and approved they are converted
into web based forms. As data is collected it is secured in
an Oracle database and through Pansophy’s connection via
ColdFusion™ based forms, mining of pre-defined reports
and ad-lib user queries are possible. For example, a cryomodule status board shows the progress of cryomodule
production from cavity string assembly, through cryomodule assembly work centers and shipping to customer. This
status board assimilates data from multiple travelers to
build a concise representation of production
progress through multiple work areas (Fig. 3).

*This material is based upon work supported by the U.S.
Department of Energy, Office of Science, Office of Nuclear Physics under contract DE-AC05-06OR23177
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transferred automatically to Pansophy in the form of a traveler. Use of templates and VBA macros simplifies and expedites this area of data collection. It also enhances quality
by removing the need for user entered data, where errors
might be introduced, causing data to be skewed or incorrect. As vendor cavity hold point data is collected and processed, an overview report gives visual monitoring capabilities to project managers and SMEs.

Product Quality

Figure 3: Cryomodule assembly status.
Travelers which are open, hence still in data collection
mode, are shown in yellow, while secured data, closed travelers, are shown in green. This report gives a visual cue to
project managers as to the status of data collection and
monitors work center quality in securing data.
Date stamps from this report can be used to generate
timelines showing work center throughput (Fig. 4) Together with work allocation specifics, work load can be
modified to balance not only amount of work performed in
each area, but also the amount of time required in each
work center. Such studies can aid in improving overall cryomodule production schedule and quality.

Non-conformance of products is another area that is
monitored during the progression of a project. As parts are
received, entered into PRIMeS and serial numbers transferred to Pansophy, quality control personal can access serial numbers via a select box and begin product quality
checks. Quality checks may include dimensional measurements, RF tuning, leak checking and chemical processing.
Each work area has traveler(s) in which the procedures and
steps are defined as well as data to be collected. This data
is displayed in user pre-defined reports in which time,
quantity and quality parameters are monitored (Fig. 5).

Figure 5: Waveguide inspection report.

Cryomodule Based Reporting

Figure 4: Cryomodule assembly work center timelines.

Vendor Supplied Data
Product quality and vendor provided data is another area
to be monitored and tracked. Vendor data provided both
electronically and via paper are entered into the system by
the inventory management group with the use of an inhouse developed software called PRIMeS. During this
phase parts are identified by part number for common components and drawing number for fabricated components.
All items with traceability requirements are assigned an acronym to associate the part with its serial number. When
parts are received, the project code, part acronym, and serial number are uploaded into a serial number lookup table
for use in select boxes in travelers. PRIMeS is the only
place where serial numbers are entered by hand. Additionally any vendor supplied documents are uploaded to a receiving traveler giving full traceability for parts.
Other vendor provided data, such as hold point data collected during Cavity construction, is transferred via
OneDrive and, with use of macro enabled spreadsheet
workbooks, are collected and collated. The data is then
SRF Technology - Cryomodule
module testing and infrastructure

The LCLS-II project brought about the development of
cryomodule based reporting. This can be seen in the overview report of all travelers, serial numbers, Non-Conformance Reports (NCRs), and comments compiled into a single report, nicknamed "The Traffic Light Report". This report utilizes visual cues of red and green to denote closed
versus open travelers and also contains links to all travelers
and related NCRs. This gives project management and
quality a single point for monitoring data collected and
completed. All data status is presented real-time and links
provide ease of drilldown to travelers and NCRs for quick
resolution of problems and/or completing data. This report
also allows for the accumulation of all NCRs and commented discrepancies on a cryomodule by cryomodule bases thus assuring only qualified and document completed
cryomodules are delivered to the customer (Fig. 6).
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Figure 8: LCLS-II defined KPIs.
Figure 6: Cryomodule traffic report.

PERFORMANCE MONITORING
Area KPIs
With thousands of data elements being collected for individual projects, use of data mining to facilitate feedback
and enhancements of production and processing activities
are a high priority. Predefined reports and user defined reports assist in the data mining and analysis of key performance indicators (KPI). These include cavity processing/rinsing, serial numbers for traceability, cavity RF
performance in the vertical test area (VTA), and cryomodule performance during 2K RF qualification testing.
The pre-defined reports are created utilizing template
based web pages. To generate a new report only requires
defining the traveler and associated variables to be retrieved. These are added via array inputs and the grid results are displayed. This style of programming has been
utilized throughout Pansophy, thereby easily supporting
multiple projects and ever changing data mining KPIs
(Fig. 7).

User Defined Queries
User Defined Queries (UDQ) were added early during
Pansophy development. The need to be able to do ad-hoc
queries of an ever expanding dataset permits exploration of
many aspects of performance and production. The user can
select a project, traveler, and KPIs, which can be qualified
with operators and operands. A resulting data set is presented to the user, which can be exported to Excel for further analysis and graphing. This method is used to analyze
such parameters as FE onset of cavity RF testing. The
UDQ can be used for multiple projects to acquire the same
information thereby giving a cross-project analysis of
cav-ity performance (Fig. 9).

Figure 9: User defined query to retrieve KPIs.

FEEDBACK / IMPROVEMENT
Figure 7: Cavity performance KPIs.

Project KPIs
Additionally, project specific KPIs are contracted by the
customer for reporting and eventual uploading to customer
sites. The use of customer defined KPIs were first defined
during the LCLS-II project where a spreadsheet template
was defined by SLAC for transference of data. To facilitate
data assimilation and prevent user introduced errors, automation of the data collection and transference was built.
This includes web based reporting and VBA macros
(Fig. 8).
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Maintaining a constant flow of communication between
all individuals involved in the project helps to ensure the
highest level of productivity. Pansophy use gives project
managers and SMEs weekly and monthly emailed reports,
as well as on-demand current status of project. Feedback is
also provided through pansophy datamining reports in areas of NCRs, product usability and assembly timelines.

Traveler Writing
Starting with reporting on the writing of travelers and
procedures, Pansophy contains an area which produces a
list of required travelers and a time-frame in which they are
due to meet schedules. Managers can monitor that all authors are meeting expectations in a timely manner. If the
travelers and procedures are not available in the system, the
system will then not be able to function to the benefit of the
quality and chemical technicians, assembly technicians and
SRF Technology - Cryomodule
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cavity and cryomodule testers. This up-front planning ensures a smooth transition between project planning
and communication to work areas and between personnel
(Fig. 10).
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for improving further cryomodule product quality and also
the capabilities of Pansophy. Key performance indicators
are data mined from the more detailed travelers to create
high level reports for the end user (Customer), for final review and approval before shipping of each cryomodule and
enable team leaders and management to monitor progress
of assembly and processing. Custom reports resulting from
data mining are and continue to be tailored for the needs of
project managers. Lessons learned, developed at the end of
each project, are used to get feedback and continue the process of ongoing improvements for the next project.

ACKNOWLEDGEMENTS
* This material is based upon work supported by the U.S.
Department of Energy, Office of Science, and Office of
Nuclear Physics under contract DE-AC05-06OR23177
Figure 10: Traveler writing report.

Non-Conformance
Feedback, via Pansophy, is provided for vendor product
conformance, timelines, and processing/testing of parts.
SMEs can monitor not only the throughput but also glean
important information about a vendor's product through the
use of NCR reports. These reports break down the areas
where most products are not meeting specifications and in
which way. This information is used as feedback to project
managers to confer information to the suppliers and
pro-curement for use in future projects (Fig. 11).
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Figure 11: Pareto by Defect Type/Classification Reports

Project Lessons Learned
End of project lessons learned efforts utilize Pansophy's
wide range of NCR inspection reporting and data mining
to determine what, if any, adjustments need to be made in
specifications, procuring or processing of acceptable parts.
Lessons learned have been completed for both the SNS
and 12GeV projects here at JLab [1, 2] and are in process
for the LCLS-II project.

CONCLUSION
Since its inception Pansophy has continued to develop
and grow with changing projects and customer requirements. Having a sound user mechanism for defining travelers and a versatile means of data-mining has continued to
promote its use as we continue generating custom reporting
and capabilities. Over the last 10 years, and through continuous improvement we continue to look for opportunities
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ANALYSIS OF THE RESULTS OF THE TESTS OF IFMIF
ACCELERAT ING UNITS
N. Bazin, O. Piquet, G. Devanz, H. Jenhani, M. Desmons, S. Chel
CEA, Université Paris-Saclay, Gif-sur-Yvette F-91191, France
Abstract
The SaTHoRI test stand (Satellite de Tests HOrizontal
des Résonateurs IFMIF) aims at characterizing an IFMIFEVEDA jacketed and fully dressed cavity with its RF coupler and frequency tuner. Two accelerating units have been
qualified at CEA Saclay. This paper presents the results and
the lessons learnt for tuning and conditioning of the whole
SRF-Linac.

INTRODUCTION
The IFMIF/EVEDA project aims at validating the technical options for the construction of an accelerator prototype, called LIPAc (Linear IFMIF Prototype Accelerator).
The superconducting cryomodule components have been
qualified and have been shipped to Rokkasho Fusion Institute, Japan [1] where there are being assembled under the
responsibility of F4E (Fusion for Energy) with CEA assistance. For this operation, QST has built a cleanroom [2].
In addition to the vertical test for individual half-wave
resonator qualification, the validation test of two accelerating units (cavities equipped with a tuner and a power coupler) has been performed. These tests, which are part of a
mitigation plan (see [3]), took place in a dedicated test
stand called SaTHoRI [4].

(125 mA) at the nominal accelerating field of 4.5 MV/m. A
Saclay type tuning system is installed on the cavity and applies a compressive force on its beam ports to shift the frequency by -50 kHz maximum [5].
Two cavities have been qualified in high power tests in
SaTHoRI: the pre-series cavity (HWR01) and the first series cavity (HWR03). The same tuning system and the
same prototype power coupler have been used for both
tests. The prototype power coupler used has been conditioned at room temperature up to 100kW in summer 2014
by CIEMAT [6] and stored under nitrogen atmosphere until
it was installed on the pre-series cavity beginning of 2017.

LOW POWER TESTS
Prior to the high power tests, a low power test has been
performed. The first objective of the critical coupling test
was to qualify the SaTHoRI cryostat with a known cavity
(the preseries HWR01 equipped with its tuning system) to
confirm cryogenic behaviour and magnetic shield efficiency. The results are presented in Figure 2. In a cryomodule-like (horizontal test), the maximum accelerating field
is 7.5 MV/m. The measured Q0 at nominal field (4.5
MV/m) is 8.5x108, which is well above the specifications
(5x108).

ACCELERATING UNITS
One of the accelerating units tested in SaTHoRI is depicted in Figure 1.

Figure 2: Horizontal test compared to vertical test.

SEQUENCE FOR HIGH POWER TESTS

Figure 1: Cavity with its tuning system and power coupler
installed on the top lid cryostat.
A unit is based on a 175 MHz beta 0.09 Half-Wave Resonator (HWR), equipped with a power coupler which has
been designed to handle 200 kW continuous wave. They
are designed to accelerate a high intensity deuteron beam

THP053
992

The test sequence for each accelerating unit is similar to
what will be performed on the cryomodule during the conditioning phase:
 Conditioning of the power coupler at room temperature.
 Cool down of the cavity.
 RF measurements: calibration, frequency of the cavity,
qualification of the tuning system, Qext of the coupler.
 Conditioning of the power coupler at cold.
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 Power ramp-up in the cavity up to the 5.4 MV/m (20%
above the nominal accelerating gradient).
The results for each stage are presented in the next sections.

CONDITIONING OF THE POWER
COUPLER
During conditioning of the power coupler, following signals are monitored and can trigger alarms or interlocks:
 Signal coming from the vacuum controller of the coupler.
 Two inputs for the arc detectors, one implement on the
vacuum side of the power coupler, the other on the RF
transition between the coaxial line and the coupler. The
signal of the arc detector is compared to a threshold
which can be adjusted using a potentiometer implemented on the front panel or using the control system
software. If the signal is above the threshold, the output interlock signal is set to 1. This input signal is also
sent to a fast acquisition system based on VME boards.
 One input for the electron pick-up implemented on the
power coupler. The principle of this input is similar to
the arc detector input.
An electronic module has been designed and manufactured to sum up the four interlock signals and communicate
with the local control system (LCS).
The conditioning procedure is automatic and the RF
power level is varied in a way to ensure the coupler protection: starting from short pulse (20 µs) with low power
(some hundreds of watt peak power level) and low repetition rate (2 Hz), then increasing the power up to 25 kW, the
pulse length and the repetition rate until continuous wave
operation at high power.
Because the prototype power coupler have been stored
more than 2 years between its RF con: ditioning and its use
in the high power tests, severe outgassing occurred during
the room temperature conditioning of the coupler on
HWR01, even at low power, short pulse and low repetition
rate. Moreover, the recovery of vacuum level was very long
after each outgassing due to the poor conductance of the
pumping line connected to the cavity. For this reason, the
efficiency of the pumping system has been improved before testing HWR03 which allowed a significant gain of
time (refer to Figure 3 showing a conditioning sequence of
the coupler of HWR03).
During the warm conditioning, as no coolant is flowing
in the circuit of the outer conductor, an increase of temperature has been observed. In order to limit this one and to
improve the evacuation of heat, the insulation vacuum of
the cryostat was vented to atmospheric pressure with pure
nitrogen.
Some multipacting levels were encountered in power
ranges between 4-12 kW and 18-20 kW.

SRF Technology - Cryomodule
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Figure 3: Conditioning at room temperature of coupler on
HWR03 (RF power in blue, vacuum in green).
After the cavity is cooled down to liquid helium temperature (around 4.3K) and once the system temperature as
well as the flow of cold helium gas in the outer conductor
of the coupler are stabilized, the conditioning can start
again following the sequence described above. Thanks to
the efficient conditioning at room temperature, the conditioning sequence at cold takes less than three hours (Figure
4). Very limited electron activity is detected around 10-12
kW, so that outgassing remains in the 10-8 mbar range (under the interlock threshold).

Figure 4: Conditioning at cold of coupler on HWR03 (RF
power in blue, repetition rate in green, vacuum in orange).

HIGH POWER TESTS
For the high power tests, the cavity is tuned to the frequency of 175 MHz and the cavity is fed by RF power. The
nominal accelerating field of 4.5 MV/m is achieved in
HWR01 with an injected power of 13.8 kW (Figure 5). It
is worth noting that, at the administrative power limit of 20
kW defined as safe for this test without beam, the gradient
reaches 5.4 MV/m.
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the coupler and the cavity. Tests of all cooling circuits of
the power coupler (helium gas for the outer conductor and
water for the inner conductor, the coupler ceramic window
and the RF transition) have been also successfully performed.

QUALIFICATION OF THE TUNING SYSTEM
Measurement of the Hysteresis
Figure 5: Signal from the pick-up probe corresponding to
an average accelerating field of 4.51 MV/m measured on
the HWR01 cavity with power coupler at Pi=13.8 kW.
Nominal accelerating field of 4.5 MV/m was also
achieved with HWR03, and stable operation of the cavity
for 30 minutes at 5.4 MV/m (nominal accelerating filed
Eacc + 20% margin) has been demonstrated (Figure 6). No
field emission was observed during the test.

As the cavity is equipped with a critical coupling antenna
for the low power test, it is possible to characterize precisely the behaviour of the tuner.
The hysteresis, which is obviously difficult to predict,
has been assessed on small frequency adjustments representative of what could be the operational conditions on the
accelerator (Figure 8).

Figure 6: Power ramp-up in HWR03: accelerating field
(purple) and plateau at 5.4 MV/m for 30 minutes, vacuum
(orange), integrated field emission (green).

Figure 7: Measured accelerating field Eacc compared to the
computed Eacc based on the measured Qext.
External quality factor Qext has been calculated from the
resonator bandwidth measured using a vector network analyser. The value of 6.81x104 is very close to the theoretical
value of 6.8x10 4. Figure 7 shows the good agreement between the measured Eacc and the computed accelerating
field Eacc based on the measured Qext.
During the overall continuous operation, there was no
significant increase of the temperature (less than 0.5K) of
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Figure 8: Hysteresis measurements of the tuning system.
A 6 Hz peak-to-peak frequency pointing error results
from repeated back and forth +/- 15 Hz tuning motions.
When extending the tuning cycles to a +/-150 Hz range, the
pointing error is kept at the same amplitude, so that it remains negligible with regards to the cavity bandwidth
when equipped with its power coupler (~2.7 kHz).
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Tuning Range
Unlike the hysteresis, it is possible to measure the tuning
range with or without the power coupler. For both equipped
cavities, the tuning range was within the requirements of
50 kHz.
Figure 9 presents the typical tuning range which can be
achieved with the frequency tuner measured on HWR03,
which is the difference between the frequencies with respectively the tuner fully engaged (174.977 MHz, left
peak) and the tuner disengaged (175.029 MHz, right peak).

Figure 10: Assembly of accelerating unit in cleanroom at
CEA-Saclay.

Conditioning of the Power Couplers

Figure 9: Tuning range of HWR03.

Emergency Procedure
The tuning system applies a compressive force on the
cavity. It has been designed to be disengaged during the
cryomodule cooling down and warming up. As niobium
has very low yield stress at room temperature, any applied
load could damage the cavity when this one is not completely cold.
In case of a sudden warmup of the cryomodule or an
electrical breakdown in the accelerator building at Rokkasho, an emergency sequence is implemented and can be
called to bring the tuner in its parking position at twice the
normal speed.
The slew time for the full tuning range have been measured for the two units: 26 minutes for HWR01, 28 minutes
for HWR03. This time is adequate with the characteristics
of the uninterrupted power supply for the SRF Linac at
Rokkasho (45 minutes).

LESSONS LEARNED
Assembly Tooling
Due to the size and weight of the power coupler, a dedicated tooling has been developed at CEA [7] to assemble
the power coupler on the half-wave resonator (see Figure
10).
The success of the tests of the two accelerating units validated both the tooling and the assembly procedure. The
tooling is now at Rokkasho Fusion Institute where it has
been adapted by the contractor for the assembly of the components of the LIPAc cavity string.

SRF Technology - Cryomodule
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The conditioning procedure developed for the SaTHoRI
tests has proven to be efficient, and same procedure will be
used for the conditioning of the eight power couplers of the
SRF-Linac.
In particular, processing at room temperature has to be
performed with a vacuum vessel at atmospheric pressure
(vented with Nitrogen or without closing tapes) in order to
avoid uncontrolled temperature drifts due RF losses in the
outer conductor of the power coupler.
Moreover, it is expected a substantial outgassing at the
beginning of the conditioning at room temperature. This
one depends on the storage time between the RF conditioning on the coupling cavity and the RF conditioning on the
cryomodule and on the time exposure to air of the RF surface of the power coupler during assembly. If outgasing is
too high, conditioning can be limited. Then, it would be
worth adding to the internal pumping line of the cavity
string [8] a pumping system on the beam valve on one end
of the cavity string (Medium Energy Beam Transport line
upstream the cryomodule or High Energy Beam Transport
line downstream the cryomodule) in order to improve the
pumping capacity on the beam vacuum.
Because of these two points, it should be possible to do
only the warm RF conditioning of one coupler at a time on
the cryomodule.

Control System
Part of the hardware of the local control system which
has been tested on the SaTHoRI test bench was satisfactory
and will be implemented on the SRF-Linac. Thanks to the
tests and measurements performed at Saclay, the software,
mainly the HMI (human – machine interface), has been improved. Most of the procedures developed for the SaTHoRI
tests, as the drive of the motor of the tuning system, have
been fully qualified and will be implemented on the SRFLinac.
Specific electronic modules were developed to monitor
the RF signals (forward power, reflected power, cavity
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voltage). It was of course necessary for several sequences
(conditioning, ramping) and would be more than useful to
diagnose potential problems during the SRF-Linac operation.

Quench Detection System
No quench detection system was implemented in the
LLRF used for the SaTHoRI tests what will be corrected
for the operation of the SRF-Linac at Rokkasho.
For this reason, no system able to detect a quench was
available for the first test at high RF power. However, a
prototype electronic card has been developed and implemented during the second high power tests to detect a potential quench of the HWR03 cavity. As the tests were performed without beam, the principle of the quench detection
system has been based on instantaneous values of forward
and reflected powers. Basically, as soon as the ratio reflected power / forward power is outer a range, as it happens when a quench occurs, an interlock is triggered which
switchs off the RF power. The range depends on the RF
cavity and coupler parameters and need some experiments
to be adjusted. However, as no quench occurred during the
second SaTHoRI test, the quench detection system has
never been triggered.
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[3] H. Dzitko et al., “Technical and logistical challenges for
IFMIF-LIPAc cryomodule construction”, in Proc. 17th International Conference on RF Superconductivity (SRF2015),
Whistler, BC, Canada, Sept. 2015, paper FRBA01.
[4] O. Piquet et al., “First Results of the IFMIF-EVEDA-SaTHoRI Tests”, in Proc. 18th International Conference on RF
Superconductivity, (SRF2017), Lanzhou, China, July 2017,
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[7] J. Chambrillon et al., “CEA activities to prepare the assembly
of the IFMIF-EVEDA Cryomodule”, in Proc. 8th International Particle Accelerator Conference (IPAC2017), Copenhagen, Denmark, May 2017, paper MOPVA043.
[8] N. Bazin et al., “Vacuum study of the cavity string for the
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paper THPFI003.

CONCLUSION
High power tests of the two accelerating units performed in the so-called SATHORI test stand were successful, validating the IFMIF-EVEDA superconducting accelerating unit: half-wave resonator with its tuning system and
power coupler in the final cryomodule configuration. The
nominal accelerating field of 4.5 MV/m was achieved with
an injected power of 14 kW. Cavity has been operated at
5.4 MV/m (20% margin) and remained stable with no significant increase of the temperature in the system, Thanks
to these tests, the tooling, assembly procedure in clean
room of a cavity with its power coupler, specific sequences
of the local control system were also validated.
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Abstract
At Helmholtz Institute Mainz (HIM) a cryomodule test
bunker has been set up for testing dressed modules at 2 K.
In a first measurement campaign the high power rf tests of
two 1.3 GHz cryomodules for the future MESA accelerator
have been performed. We will report on the performance
of the test setup, the present and upcoming cryogenic installations at the Institute for Nuclear Physics at Mainz
(KPH), and in particular on the Helium refrigeration and
transport system comprising of a 220 m transport line for
liquefied gases.

INTRODUCTION
The future installation of the superconducting MESA accelerator at KPH [1] and the preparatory work at HIM to a
CW-operating SRF linac for superheavy element research

at GSI [2] have resulted in an increasing demand of liquid
Helium (LHe) at both institutes. Therefore, in 2010 a Linde
L280 liquefier, yet without liquid nitrogen (LN2) precooling, cryogenic adsorber, and Helium purity monitor, has
been installed at KPH. For better efficiency, the liquefier
was originally designed (by constructional preparations) to
accept 77 K helium from shield cooling or cavity cryostat
(additional sidestream input). A considerable amount, up to
66% of the refrigeration energy of 250 kW can be saved in
principle [3]. For funding reasons and because of lack of
time it was decided to postpone the implementation of such
a cold gas return heat exchanger. An LN2 preecooling is
already implemented as standard but will be more efficient
by replacing the turbines (220 vs 280 l/h) For that, and for
installing an additional tandem operating cold adsorber enabling continuous weeks of operation the liquifier needs to
be sent to Linde. In 2014 a sub atmospheric compressor

Figure 1: Simplified cryogenics layout of the installations at KPH and HIM. The cryoplant (Linde L280) is located at
KPH (5 K hall, green) including a compressor system, a 5000 l dewar for LHe storage, and a valve-box for connecting to
the HIM installations. The sub-atmospheric compressors for MESA haven’t been installed yet. The Helium recuperation
system (balloon, 200 bar compressors, and high pressure storage) is located at the basement of KPH (tagger hall, white).
Recently, a 220 m coaxial supply line for LHe and LN2 has been installed to provide cryogenics to the new high power
RF test-setup at HIM (orange). In future, a second liquefier and a connection to the MESA hall at KPH (purple) will be
added to complete the cryogenic installations and to serve the MESA accelerator and the P2 experiment.
___________________________________________
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system for HIM has been ordered and put into operation in
2017. This system is capable to reach a mass flow of >4 g/s
at 16 mbar and thus allowing to operate cavities down to
1.8 K at the rf test stand. Finally, in 2016 a 225 m LN2
shielded coaxial cryogenic line has been installed to connect the HIM to the cryoplant at KPH [4]. The flexible line
together with the standardized Johnston plugs and the distribution valvebox by now is the backbone of the cryogenic
concept of the Mainz cryogenic system. In the next sections
we will report on the performance of the different parts of
the system and give a lookout to upcoming improvements.
Figure 1 gives an overview of the installations.

CRYO PLANT PERFORMANCE
The cryoplant at KPH is operating since 2010 as liquefier serving a 5000 l dewar. From this storage, smaller mobile dewars can be filled and the LHe afterwards can be
used for experiments. The evaporating Helium gas is transported into a balloon and compressed into a 200 bar high
pressure storage. From this storage the gas can be sent back
into the cryoplant using an internal purifier. The Helium
recovery system (balloon, compressors) is capable to handle a load of 30 l/s GHe, corresponding to a mass flow of
5.4 g/s. After installation of the cryogenic transport line to
HIM in 2016, the cryoplant is still operating in liquefier
mode, meaning that all gas from HIM is heated up before
sent back to the plant and no energy is recovered using heat
exchangers on the cold gas streams from experiments. Furthermore, the return gas is not yet injected into the low
pressure cycle of the main compressor of the cryoplant but
still through the recovery system and the internal purifier.
This is done due to the fact that the coldbox is neither
equipped with an internal cold adsorber in front of the turbine cycle nor a gas purity monitoring system so far. Both
systems will be added in future, when the plant will be upgraded for full operation of the MESA accelerator. The
L280 plant is operated at a nominal pressure of 12.5 bar
and reaches a liquefaction rate of 157 l/h reliably (see
Fig. 2). During cold tests of the MESA modules, it was
found out that smaller liquefaction rates are more convenient in order to match the amount of return gas when operating cryomodules. These smaller rates can be achieved by
reducing the inlet pressure of the turbine cycle. Going
down to 9.5 bar the liquefaction rate is reduced to 98 l/h
(see Fig. 2). Both values have been achieved without precooling of the first heat exchanger with LN2. To run the
plant on the nominal liquefaction rate of 280 l/h this LN2
precooling including optimized turbines will be added during the upcoming plant upgrade.

CRYOGENIC TRANSPORT LINE
In 2016, a 225 m coaxial transport line (manufacturer:
NEXANS) have been installed to connect the HIM experimental hall to the cryoplant at KPH. This line came along
with a valve box connecting to the 5000 l storage. The
valve box can be used in future to connect the storage to
MESA and MESA experiments as well, switching LHe
flow either to MESA or to HIM. The transport line is
THP054
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Figure 2: Filling rates of the L280 cryoplant at different inlet pressure for the gas turbines. At 3 bar pressure reduction
the liquefaction rate can be reduced by approx. 35%.
shielded with vacuum and through forced flow cooling using LN2. Both sides are equipped with a Johnston type coupler and can easily be connected to any subsequent setup.
A great benefit of the transport line is its flexibility. As long
as the curvature is not executed at too low bending radius,
the bending is reversible and the position of the line can be
changed. In the present setup, the end of the cryogenic line
is connected to a 450 l dewar for phase separation via a
short insulated line from Johnston coupler into the dewar.
Since installation, a lot of experiments on the performance
of the coaxial line have been carried out. Furthermore, operational data has been collected by using the line for running cryomodules at HIM. More than 100,000 l of LHe
have been transported to HIM and successfully been recovered during the last two years. The two main operational
experiences regard the LN2 consumption and the efficiency of transporting LHe along the line.

Nitrogen Consumption
It was found out that rather than using a constant forced
flow of LN2 with subsequent evaporation of the resuming
liquid it is more convenient in terms of LN2 consumption
to purge the line once or twice a day for 1.5 hours. The LN2
consumption in this operation mode yields to 500 to
1000 l/day and is within an acceptable limit.

Helium Transport Efficiency
The efficiency of LHe transportation has been measured
to be up to 55%, depending on the flow rate, meaning that
this fraction of Helium from the storage at KPH ends up as
usable liquid in the 450 l phase separator at HIM. The
amount of Helium not ending as usable liquid in the dewar
is evaporated as flash gas and, after phase separation and
being heated up, sent back to the plant. Figure 3 gives an
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and L = 79.7 J/mol) [5]. These approximations cause an error in the calculated values of less than 10% which is in the
same magnitude of the achievable precision of the mass
flow measurements.
Table 1: Calculated quantity of additionally evaporated
Helium needed per 100 litres filled into the dewar at HIM
dependent of pressure and temperature difference between
start and end of the cryogenic transport line.
Figure 3: Simplified flow scheme and pressure cascade
from 5000 l dewar to the cryomodule.

p (mbar)

T (K)

Additionally evaporated
liquid per 100 l in dewar (l)

overview on the Helium transport from the storage to the
cryomodule. For discussing the efficiency of the coaxial
transport line, the fraction of liquid ending in the 450 l
dewar is the key value to look at.
The losses of transportation result from several contributions, first one is the static heat load (on the valve box, the
225 m line and the short connectors at beginning and end).
For estimating this part, we run the transport line at a constant flow measuring the temperature at the end just before
the short connection into the dewar. By applying a flow,
which is just capable to keep the outlet temperature close
to Helium boiling temperature (4.25-5 K) but not transporting any liquid anymore, we can measure the losses necessary to keep the line in cold condition. As this condition is
applied over night, whenever running one-week testphases on cryomodules, we collected a lot of data over the
1.5 years of operation resulting in baseline loss of approx.
65 l/h, which comprise of losses from the 225 m line of
30 l/h and losses from the valvebox, necessary for switching Helium flow to different users, of 35 l/h.
Another contribution comes from the needed overpressure and resulting pressure drop of the line into the phase
separating dewar. The pressure drop from storage to dewar
is necessary to transport the liquid over 225 m distance but
results in the presence of an overheated liquid at the end of
the line. To lower the temperature down to saturation at the
position of the phase separating dewar, energy needs to be
extracted from the liquid. This happens by evaporating Helium, therefore the energy amount of energy can be expressed by the latent heat of evaporation and the transported quantity. This contribution is additionally dependent
on the pressure difference between LHe storage and dewar
as well as the operating pressures of storage and dewar as
these quantities affect temperatures and temperature difference of the saturated liquids at both positions. The nominal
pressure of the 5000 l storage is 1.25 bar resulting in a saturated Helium temperature of 4.45 K [3]. If the 450 l dewar
at HIM is operated at ambient pressure this yields in a temperature difference of 0.2 K. When operating the dewar at
an overpressure with respect to ambient as well, like
needed to transport the liquid further into a cryomodule,
the difference reduces down to 150-100 mbar (see Fig. 3).
The quantity of liquid Helium needed to be additionally
transported in order to provide the proper latent heat of
evaporation has been summed up in Table 1. For calculation, the latent heat of evaporation and the specific heat capacity in the temperature range of 4.25 K to 4.45 K have
been approximated by their mean values (CS = 19 J/mol∙K

100
150
200

0.1
0.15
0.2

4.7
3.6
2.4
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A third and very relevant contribution to transportation
losses results from pressure oscillations and turbulent flow
in the long cryogenic line. The installation needs to overcome several steps in altitude as well as several horizontal
bends. Calculating this contribution can be very complicated as reported in [6-8]. But it can be clearly stated, that
pressure fluctuations and turbulences from connectors,
valves or bellows can increase the losses significantly.
From our observations so far, depending of the pressure
difference, different efficiencies of dewar filling can be
achieved, while low pressure drops along the 225 m line
should be preferred. Nevertheless, too low difference in
pressure can stop the flow of liquid completely and needs
to be avoided. An optimal difference of ~100 mbar allows
proper filling rates at reasonable losses. The evaporation
losses for a typical operation mode yield to 150 l/h at a filling rate of the dewar of 160 l/h and a pressure drop of
100 mbar. Therefore, to fill e.g. 160 l/h of LHe into the
dewar ~310 l/h need to be extracted from the 5000 l storage
resulting in the observed efficiency of the line. Even higher
flow rates can be achieved by increasing the pressure drop,
but raise the losses at the same time (see Fig. 4).

Figure 4: Filling rate of 450 l dewar at HIM compared to
the extraction rate from the 5000 l storage at KPH. Filling
with over 200 l/h reduces the efficiency of the cryogenic
line (44% in the presented case) due to a higher needed
pressure drop from storage to dewar. Best operation mode
was found out to be 160 l/h at 100 mbar pressure drop with
an observed efficiency of more than 50%.
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HIGH POWER RF TEST STAND
In 2017, the high power RF test stand at HIM has been installed and started operation in 2018 with first cool down
of the MESA modules. The heavily concrete shielded area
allows testing of cryomodules up to 25 MV/m CW. For
achieving 1.8 K operating temperature a five-stage subatmospheric compressor system has been added in 2017 allowing a mass flow of >4 g/s at 16 mbar. Figure 5 shows
the installations needed for the CW cavity tests. The Helium is provided using the cryogenic line described in the
section before. From the 450 l dewar it is sent into a
valvebox managing the liquid level and pressure inside the
Helium vessel of the cryomodule. The return gas is heated
by two devices, one operating at 1 bar and one at 16 mbar
before transported to the subatmospheric compressor system or to the recovery system. For performing calorimetric
quality factor measurements, a flowmeter has been installed in the 1 bar Helium pipe after the subatmospheric
compressors. This meter can measure the complete gasflow coming from the Helium vessel of the cryomodule at
a 0.01 l/s precision and therefore, after calibration, can be
used to determine static and dynamic losses of the module.
For shielding the valvebox and the cryomodule from thermal radiation an 80 K LN2 shield is used. This shield is
filled from a 380 l LN2 dewar, which needs to be refilled

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP054

once a day during operation. The up to 15 kW RF power
needed for testing is provided by a 1.3 GHz solid state amplifier [9]. In future, more cavities at different operating
frequencies will be tested like e.g. the CH-mode SRF cavities for the CW linac project at GSI. This will require the
installation of different power amplifiers.

MESA CRYOMODULE COOLDOWN
First experiments on cryomodules at the the high power
rf test stand at HIM have been conducted on two cryomodules built for the MESA accelerator by industry [10,11].
These modules have been cooled down several times and
tested up to 12.5 MV/m CW so far. In Fig. 6 the setup of
one MESA module inside the test pit can be seen. For testing the modules, a pressure cascade of the Helium system
like presented in Fig. 3 is necessary. The typical cooldown
of one module to 2 K and all surrounding installations
needs approx. 30 hours including an eight hours break during night [12]. When cooling down the module, the cryogenic line described above needs to be put into operation
first. The flash gas produced during this process is cold and
can be used to pre-cool the cryomodule down to 50 K. At
a later stage, liquid Helium from the dewar is mixed to the
gas flow ramping down the temperature to 30 K. Below
30 K only liquid Helium from the dewar is used to reach

Figure 5: Overview of the high power RF test stand at HIM. It is heavily shielded with concrete walls and has a removable concrete ceiling. Cryomodules can be tested at operating temperatures down to 1.8 K and up to 25 MV/m CW
(administrative limit from radiation protection agency). First modules tested here are the ELBE type cryomodules for
MESA.
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bare module needs 25-50 l/day only. Including refill losses,
an operation of the module without feedbox and transfer
lines like planned for future high power beam tests at HZB
(Berlin) can be managed with less than 100 l/day [13]. The
static heat loads at 2 K operation of the two MESA cryomodules have been measured to be 9.0 W and 5.6 W, being both much lower than designed value of <15 W [12].

SUMMARY AND OUTLOOK
A lot of cryogenic infrastructure have been installed and
tested successfully at Mainz since 2010. All infrastructure
and in particular the 225 m transport line between the participating institutes is working together properly. The next
steps will be the completion of the MESA cryomodule tests
and the start of SRF testing on CH cavities and long cryomodules for GSI. In addition, major upgrades of the cryogenic system for running the future MESA accelerator are
planned in the close future.
Figure 6: MESA module in test stand during installation
(concrete ceiling removed).
4 K at the position of the cavities. At the last step, the subatmospheric compressor is used to lower the operation
pressure down to 16 mbar and corresponding saturation
temperature of 1.8 K. At the same moment the Helium cycle is cooled down, the LN2 cycle of valvebox, feedbox,
transfer lines and module are starting to operate as well.
Valvebox and transfer lines are cooled by forced flow LN2,
the module is cooled by a LN2 reservoir, which can be refilled whenever needed using the forced flow line. In constant operation this refill is done automatic by a simple
two-point control loop looking on the level sensor. Figure 7
gives a typical refill pattern of the LN2 reservoir of the
module.
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MAGNETIC FIELD INDUCED BY THERMO ELECTRIC CURRENT IN
LCLS-II CRYOMODULES*
G. Wu† and S. K. Chandrasekaran, Fermilab, Batavia, USA
Abstract
The Seebeck effect in metals plays an important role in
cryomodule design and performance. As the cryomodule is
cooled from room temperature to nominal cavity operating
temperature of 2 K, components in the cryomodule experience varying temperatures. Some components such as
power couplers have gradients from 300 K to 2 K. Such
gradients and metallic paths form thermo-electric current
loops that circulate through and around the niobium cavities. These currents will generate an additional magnetic
field that could be trapped in the cavity wall during superconducting transition, as well as during cavity quench. This
trapped field can degrade the cavity’s quality factor and increase heat load. A simple circuit model is proposed and
compared to a calculated trapped field during LCLS-II cryomodule tests.

INTRODUCTION
Continuous wave (CW) cryomodules such as those in
LCLS-II [1] have a high dynamic heat load. A high quality
factor therefore becomes essential to reduce the demand
for cryoplant capacity. Magnetic fields trapped in the niobium wall of the cavity could increase the surface resistance and increase dynamic heat load.
Residual magnetic field in a cryomodule can be attenuated by careful magnetic shield design [1], magnetic hygiene [2], and demagnetization [3]. However, as a cryomodule is cooled down, cavities in the cryomodule experience magnetic fields induced by thermo-electric currents.
There are two components of thermo-electric currents.
The thermo-electric current generated during fast cool
down could be quite dramatic and has been studied extensively [4-6]. The thermo-electric current related to cryomodule's materials itself is not related to fast cool down
and is present regardless of cavity cool down rate. This current is generated by various cryomodule components that
at different temperatures create a net thermo-electric current through cavities. Such field, if not expelled by cavities’
fast cool down rate [7], could be trapped by niobium during
superconducting transition and increase the dynamic heat
load.
Such a field also presents a risk that the cavity could
have increased dynamic head load in the event of a quench
that the magnetic field can be easily trapped, until the cavity is warmed up and fast cooled. Although a large effort
has been taken to ensure the cavities can expel residual
magnetic field during a fast cool down, there are a few exceptions where cavities did not expel the magnetic flux as
expected [7].
___________________________________________
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A better understanding of this thermo-electric current is
needed to improve the design of the cryomodules.

CRYOMODULE THERMAL DESIGN
After a careful review of LCLS-II cryomodule design,
we identified several thermo-electric current loops that
could potentially include the cavities. Despite the cavities
having two-layer magnetic shields, thermo-electric currents that flow through a cavity will induce a magnetic field
within the magnetic shield, and shall therefore be witnessed by that cavity. Any thermo-electric current that does
not go through cavities will have its induced magnetic field
shielded by the magnetic shields.
Each cavity has a helium vessel exhaust connecting the
cavity helium vessel to the 2-phase helium pipe. This exhaust, often referred to as the “chimney,” has a bi-metallic
joint containing titanium and stainless steel. The 2-phase
helium pipe spans the entire length of the cryomodule and
connects to each cavity. The 2-phase helium pipe has an
additional inlet from JT valve, as well as inlets through the
eight cavities supplying helium and an outlet connects to a
gaseous helium return pipe. During initial cool down, there
may be non-uniform temperatures among the eight helium
vessel exhausts. The cryomodule cool down procedure requires the cryomodule to be warmed up to 45 K before cavities are precipitously cooled down through the superconducting transition. The procedure usually equalizes the
“chimney” temperatures down to approximately 3 K, as extrapolated from cavity temperatures during the LCLS-II
prototype cryomodule testing where temperature sensors
read the temperatures along the string assembly. It is unlikely that this temperature gradient would result in significant thermo-electric currents.
Each cavity also has two high order mode coupler feedthroughs connected to the 2-phase pipe through copper
thermal straps. The temperatures of these feedthroughs
were measured in the prototype cryomodule and did not
show temperature differences greater than 2 K.
The tuner motor is another device that has a thermal strap
connected to 5 K pipe, while being connected to the cavity
through the tuner. During cryomodule cool down, however,
the tuner motors are not operated, and their temperatures
remain consistent.
Thermal straps of quadruple magnet did indicate hotter
temperature than the cavities. However, the magnet is relatively far away from its nearest neighboring cavity, and it
is estimated that the thermo-electric loop bypasses the cavities.
Fundamental power couplers extend from the cavities at
2 K to the cryomodule’s vacuum vessel at 300 K, with intermediate thermal intercepts with copper straps at 5 K and
45 K. The couplers, therefore are electrically connected to
the cavities, 5 K thermal straps, 45 K thermal straps and
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room vacuum vessel. The couplers temperatures have been
measured and showed the greatest variations.

Figure 1: An illustration of circuit model of couplers and cavities connected to 5 K tube and 45 K thermal shield.
Among those mentioned above, the coupler thermo-electric loops are considered the most probable cause of the
residual magnetic field, due to the largest thermal gradient
across each coupler. There are other electric loops that
could potentially have thermo-electric current. If the current does not flow through cavities, however, the induced
magnetic field is negligible compared to earth magnetic
field and are attenuated by magnetic shield.

Figure 3, in comparison to the temperature of cavity 1. This
was a slow cool down, where the cavity temperature was
very uniform in various locations including HOM coupler
bodies, beam pipes and cavity cell 1 and cell 9. This slow
cool down demonstrates that the increases in the magnitude
of magnetic field was caused only by the cryomodule components and not the cavity temperature variation that is present during a fast cool down.

COUPLER THERMO-ELECTRIC LOOP
The Seebeck voltages in the thermo-electric loops illustrated in Figure 1 could be different for each coupler, therefore generating currents through the cavities.
The steady state temperature profile across a coupler
within the LCLS-II cryomodule is illustrated in Figure 2.
Parts in the figure include a coupler antenna connected to
room temperature waveguide (not shown), coupler outer is
connected to 2 K coupler port on a cavity, a 5 K thermal
strap connected couplers thermal intercept and 5 K helium
pipe, coupler’s 45 K thermal intercept connected to cryomodule’s thermal shield which ranges from 35 K to 55 K
depending on the location of the cavity position.

Figure 3: Magnetometer readings during slow cool down.
The variation of the coupler temperatures in comparison
to the temperature of cavity 1 is illustrated in Figure 4.
For the prototype cryomodule, the coupler thermal strap
installation procedure and locations were not yet optimized. Coupler 45 K thermal anchors showed a maximum
of 13 K difference between coupler of cavity 5 and coupler
of cavity 8.

Figure 2: A static temperature profile of LCLS-II power
coupler in a sectional view.

MAGNETIC FIELDS OF THERMOELECTRIC CURRENTS
The magnetic fields measured within the cavities’ helium vessels of the prototype cryomodule are illustrated in
THP055
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Figure 4: Coupler temperatures during slow cool down.
An extrapolated Seebeck coefficient for iron was used
for stainless steel [8]. The resistance is mostly dominated
SRF Technology - Cryomodule
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by contact resistance between thermal straps. A temperature difference of 13 K between couplers was approximately in the order of 5 mG. This was close to what was
measured in prototype cryomodule.
For production cryomodules, there were no magnetic
field measurements from within the cavity helium vessels.
Nevertheless, cavity slow cool downs were conducted for
the production cryomodules. Cavity quality factors were
measured, and the trapped field was estimated using previously measured surface resistance to the magnetic field ratio of 1.4 nΩ/mG. Such estimated magnetic fields for several production cryomodules are illustrated in Figure 5.
Note that each cryomodule has 8 cavities, and therefore
cavities 1—8 are in the prototype cryomodule 1, 9—16 are
in production cryomodule 2, and so forth.

Figure 5: Cavity trapped magnetic field for cryomodules.
Each module has 8 cavities.
Table 1 lists the trapped magnetic field estimated using
Q0 measurement. Each coupler had two temperature sensors measuring 45 K flanges. Temperature T in the table
was the average of all eight couplers. ΔT was the temperature difference between the hottest and coldest, providing
the greatest differential.
Table 1: Coupler temperatures and estimated trapped magnetic fields. T is the average temperature of the couplers in
the cryomodule, and ΔT is the difference between the coldest and hottest couplers for that cryomodule.
Cryomodules
F1.3-01 (pCM)
F1.3-04
F1.3-07

T [K]
95
68
81

ΔT [K]
7
3
8

B [mG]
3.2
1.5
3.4

DISCUSSION
The electric circuit of a cryomodule is very complex.
The data analysis presented here was a first order estimate
of a primary cause of increased magnetic fields when the
cryomodule was cold. The coupler temperatures at the 45
K thermal intercepts varied from cavity to cavity in a cryomodule. The data showed some likely correlation between the coupler temperature variation and thermoelectric
current induced magnetic fields.
During LCLS-II cryomodule production thermal straps
were improved continuously. After the Fermilab prototype
cryomodule was tested, cold ends of 45 K thermal straps
were relocated from lower part of the cryomodule thermal
shield to upper portion where is it much closer to the 45 K
SRF Technology - Cryomodule
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helium flow. Starting from CM04, 45 K thermal strap connections started to use indium foil as well to reduce contact
resistance and improve reliability.
The cryomodule test procedure was also improved to increase the 45 K flow rate to reduce the coupler temperatures at the 45 K intercepts. Once the cavities in a cryomodule completes the superconducting transition, 45 K flow
can be restored to operating settings.
Unfortunately, a shortened production cryomodule test
plan eliminated the slow cool down cycle. There was not
enough data to show how the thermoelectric current induced field was improved for the remaining production
cryomodules.

CONCLUSION
A large effort has been taken to design the best magnetic
shield, implement the best magnetic hygiene practices, and
conduct cryomodule demagnetization. Yet, thermo-electric
currents increase the residual magnetic field. Fast cool
down does expel those residual fields but does not help during cavity quench. In addition, the presence of this thermoelectric current induced magnetic fields burdens the cavity
material selection and post processing to improve and rely
on flux expulsion.
CW cryomodules could benefit greatly if thermoelectric
current can be minimized during cool down. This is especially important for future film-based CW cryomodules,
such as those with niobium coated on copper and Nb3Sn
cavities, which cannot be fast cooled due to thermo-electric
currents generated between the film and the parent material.
More tests and developments are planned for future cryomodules at Fermilab, such as the cryomodules for the
PIP-II project.
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CURRENT RESULTS FROM ACCEPTANCE TESTING OF LCLS-II
CRYOMODULES AT JEFFERSON LAB*
M. Drury†, E. Daly, N. Huque, L. King, A. Solopova, Jefferson Lab, Newport News, VA, 23606
J. Nelson, B. Ripman, L. Zacarias SLAC, Stanford, CA, 94309, USA
Abstract
The Thomas Jefferson National Accelerator Facility is
currently engaged, along with several other Department of
Energy (DOE) national laboratories, in the Linac Coherent
Light Source II project (LCLS-II). The SRF Institute at
Jefferson Lab is currently building 21 cryomodules for this
project. The cryomodules are based on the XFEL design
and have been modified for continuous wave (CW) operation and to comply with other LCLS-II specifications.
Each cryomodule contains eight 9-cell cavities with coaxial power couplers operating at 1.3 GHz. The cryomodule
also contain a magnet package that consists of a quadrupole
and two correctors. Most of these cryomodules will be
tested in the Cryomodule Test Facility (CMTF) at Jefferson
Lab before shipment to SLAC. Up to three of these cryomodules will be tested in a test stand set up in the Low
Energy Recovery Facility (LERF) at Jefferson Lab. Acceptance testing of the LCLS-II cryomodules began in December 2016. Twelve cryomodules have currently completed Acceptance Testing. This paper will summarize the
results of those tests.

INTRODUCTION
The LCLS-II main linac 1.3 GHz cryomodule is based
on the XFEL design, including TESLA-style superconducting accelerating cavities, with modifications to accommodate CW (continuous wave) operation and LCLS-II
beam parameters. [1]

Figure 1: LCLS-II Cryomodule
Each cryomodule contains a string of eight 9-cell
1.3 GHz TESLA type cavities that have been nitrogen
doped in order to reach a high quality factor (Q0) of at least
2.7x1010 at the operating gradient of 16 MV/m. Power is
delivered to the cavities through a TTF-3 coaxial power
coupler that has been modified for CW operation and for
________________________________________
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the higher Qext’s (4x107) required for LCLS II operations.
Figure 1 shows a rendering of the LCLS II cryomodule.
Tuning of the cavities is accomplished using a leverstyle tuner, consisting of the frame, two piezo actuators and
a Phytron stepper motor. [2]
During Acceptance testing, the cavity string is cooled in
superfluid helium to temperature near 2 K and each cavity
is characterized in terms of gradient reach, field emission,
and Q0. Mechanical and piezo tuners are also characterized. The Qext’s of the two HOM couplers are measured.
In some cases, the notch frequencies of the HOM couplers
are measured. The power couplers must be tunable to a
Qext of 4x107 and have a range from 1x107 to 6x107. The
magnet package is operated to ensure that currents up to
18 A can be sustained without quenches.

CRYOMODULE TEST FACILITY
The CMTF at Jefferson Lab has been in operation for
about 28 years. A variety of cryomodule designs that includes all of the designs in use at Jefferson Lab, the SNS
cryomodules and now the LCLS-II design have been tested
in this facility.
The CMTF consists of a shielded “cave” that houses the
cryomodule and an adjacent Control Room. RF power
sources such as klystrons and solid state amplifiers (SSA’s)
are located on a mezzanine above the cave. Concrete walls
that are 4.5 ft. thick and a 3 ft. thick concrete roof provide
radiation shielding. Magnetic shielding inside the cave
maintains a controlled environment for testing with magnetic fields of 50 mG or less. Eight 3.8 kW SSA’s deliver
individual power to the cavities in each LCLS II cryomodule through a combination of coaxial hard-line and waveguide. A closed loop 2 K helium refrigerator, known as the
Cryogenic Test Facility (CTF), provides cooling. The CTF
can deliver 7-8 g/s of 4 K helium to the primary circuit for
cool downs and 2-3 g/s for steady state operations. The
CTF can also delivers several g/s to the 50K shield circuit.
End Caps were fabricated specifically to connect these cryomodules to the CTF system.
New digital field control chassis, interlock chassis and
resonance control chassis have been installed to test the
LCLS II cavities. A variety of instrumentation including
six channels of peak power measurement, ten channels of
Geiger-Mueller (GM) tubes, a Faraday cup, various signal
analysers and scopes are controlled and monitored through
a combination of EPICS and Labview software packages.
Figure 2 shows an LCLS II cryomodule installed in the Test
Facility
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To date, one full test cycle has been completed with a
cryomodule pair consisting of J1.3-05 and J1.3-12. A second pair, J1.3-05 and J1.3-16 have just begun their test cycle.

TEST RESULTS
Gradient Reach

Figure 2: LCLS II cryomodule in test cave.

LERF TEST STAND
The LCLS-II Test Stand is located in the LERF Vault.
The Vault is a below-ground concrete enclosure located in
the LERF building that provides radiological isolation for
the control room and laser laboratories above. The Vault
was originally designed to house the Jefferson Lab Free
Electron Laser. The accelerator that was originally installed in the Vault consisted of an injector and an energy
recovering linac (ERL) that contained 3¼ CEBAF design
cryomodules.
The original linac has been dismantled leaving only 1¼
cryomodules in the first two RF zones of the original linac.
The LERF vault presented an opportunity to relieve
schedule pressure on the CMTF by acting as a parallel testing facility. Further, the vault is a large enough space that
two LCLS-II cryomodules could be installed and joined together using an interconnect unit in a configuration similar
to that of the L1 segment of the LSCS-II accelerator. With
one of the two Central Helium Liquefiers providing cooling, the LERF Test Stand presents opportunities for testing
that are closer to the operational environment in the
LCLS-II accelerator.
A two cryomodule vertical slice was installed in the
LERF that consists of the two cryomodules with an endcan that contains cryogenic connection. High Power RF is
supplied from sixteen 3.8 kW Solid State Amplifiers
(SSA’s). The SSA’s along with four LLRF control racks
two magnet control racks and cryogenic controls were supplied by the LCLS-II project and are identical to the hardware installed at the LCLS-II accelerator. The EPICS controls provided by LCLS-II are using the identical process
variables and naming conventions that are planned for the
L1 section of the LCLS-II linac. [3] Figure 3 shows the position of the LCLS-II cryomodules in relation to the original ERL beamline.

Figure 3: LCLS-II cryomodules installed in the LERF.
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Maximum gradients for the LCLS-II cavities are determined in the following manner. An initial set of measurements are made to determine the Qext of the Fundamental
Power Coupler (QextFPC), the Qext of the field probe
(QextFP), the frequency and gradient calibration. Qext’s of
the Higher Order Mode (HOM) couplers are also measured. Gradients are then raised, using an automated script,
in pulsed RF mode until a limit is reached.
The automated gradient ramping may be interrupted by
attempts at either quench processing or field emission processing.
Once a limit is reached in pulsed mode, the limit is tested
with CW RF in self excited loop (SEL) mode. In a few
cases, heating issues in the FPC or in an HOM coupler become evident while running CW RF. Heating issues may
result in lower gradients than are possible with pulsed RF.
Maximum gradients continue to be limited mainly by
cavity quenches and an administrative limit at 21 MV/m.
Once the maximum gradient is defined, an attempt is
made to operate the cavity for at least an hour in CW SEL
mode. If the cavity is limited by quenching or a machine
protection fault, the gradient is lowered by 0.5 MV/m before starting the run. In a few cases, further gradient reductions may be necessary in order to complete a one-hour
run. The gradient at which a successful one hour run is
completed is known as the maximum usable gradient or the
maximum gradient for steady state operations.
When the one-hour run is complete, field emission is
characterized. Note that the LCLS-II project’s minimum
acceptance criteria places a 50 mR/hr limit on radiation
from a single cavity. This may lead to further reductions
in the maximum usable gradient for cavities with field
emitters.

Figure 4: Maximum gradient distribution.
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Figure 4 shows the distribution of maximum gradients
for the 12 cryomodules tested so far. The average usable
gradient is 17.4 MV/m. The minimum acceptable operating gradient for LCLS II cavities is 12 MV/m. Only twelve
cavities have failed to meet this requirement.
Table 1 lists five cavities limited by end group quenches.
These events may be the result of improperly tuned HOM
couplers. Higher than normal heating in couplers with
HOM Qext’s that did not meet the minimum requirement of
2x1011 appear to have resulted in quenches. This type of
quench tends to manifest as a delayed quench. It is thought
that at some constant gradient, some component such as the
HOM coupler, begins to heat up eventually reaching a temperature that causes the cavity to quench. The tuning problem appears to have been solved by the time that J1.3-03
was tested. The last end group quenches were observed
during the testing of J1.3-04. Four HOM Qext’s have failed
to meet the requirement since J1.3-03 was tested. Each of
these couplers were re-tuned after testing and before shipping.
Cavities listed as having FE related limits are cavities
that had radiation levels high enough to set off the Personnel Safety System radiation monitors.
One cavity is listed as having an HOM Heating limit. In
this case, an HOM coupler was incorrectly heat stationed
leading to abnormal heating.
Table 1: Gradient Limits

Limit
Number of Cavities
Quench
48
Admin
29
FE related
11
End Group Quench
5
Coupler Vacuum / Heating
2
HOM Heating
1
Each cryomodule must deliver a minimum usable CW
voltage of 128 MV. Figure 5 shows the predicted CW voltage for each of the cryomodules tested so far. Only one of
the cryomodules tested, J1.3-08, have failed to meet this
requirement.

Figure 5: Integrated voltage by cryomodule.
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Field Emission
The CMTF uses a ten-channel GM tube system known
as a decarad to monitor field-emitted radiation generated
by the cavities under test. The tubes are positioned so that
there is a tube located at each coupler and at the beam pipe
at either end of the cryomodule. Ion chambers that are a
part of the Personnel Safety System are also monitored. A
Faraday cup was recently installed at the downstream end
of the cryomodule. Table 2 lists the Acceptance Requirements associated with field emission.
Table 2: Field Emission Requirements
Parameter
Value
Field Emission Onset
≥ 14 MV/m
Maximum radiation
50 mR/hr
Maximum dark current
< 1 nA
The maximum dark current is to be measured with all
eight cavities in operation and phased to accelerate in gradient driven resonator (GDR) mode. Table 3 lists some statistics on the field emitting cavities tested so far.
Table 3: Statistics of Field Emitting Cavities
No. Field Emitting Cavities
29
No. Failing Onset Requirement
21
No. Failing Minimum Gradient Requirement
12
Field emission onset gradients for the 29 cavities varied
from 3.7 MV/m to 20.0 MV/m with an average onset at
11.7 MV/m.
The Faraday Cup was first tested successfully on the single field-emitting cavity in J1.3-05 while running in SEL
mode. Due to the limiting capacity of the CTF, it has not
been possible to operate an LCLS-II cryomodule in the
configuration necessary to determine if a cryomodule
meets the dark current specification. The correct configuration is now possible in the LERF and J1.3-16, which has
just begun its test cycle, will be the first cryomodule to undergo a measurement of dark current with all cavities running in GDR at 16 MV/m.

Q0 Measurements
The LCLS-II project has set the minimum acceptable requirement for Q0 at no less than 2.7x1010 at a gradient of
16 MV/m and a temperature of 2.0 K. In the CMTF, Q0’s
are calculated using a calorimetric measurement of the
power dissipated by the cavity into the helium bath. This
is accomplished by isolating the cryomodule from the helium transfer lines and measuring the rate of rise of helium
pressure with RF off, a known heater power, and finally
with RF on. [4]
This method is not feasible for cryomodules installed in
the LERF due in part to the joining of two cryomodules
that does not allow for the necessary isolation from the helium supply. Instead a method of measuring rates of
change in the liquid helium level in the cryomodule under
different conditions has been developed. The supply valve
is locked open at a predetermined position while heaters
and RF are turned on and off. The varying rates of changes
in the liquid level allow for a calculation of the RF heat
load.
THP056
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In order to achieve Q0’s as high as required by the
LCLS-II project, fast cool down rates (dT/dt) through the
superconducting transition temperature, TC are necessary
to ensure magnetic flux expulsion from the cavities. The
necessary cool down rate appears to require 4 K helium delivery rates of about 30 g/s. As noted above, the CTF is
able to deliver 7-8 g/s for cool downs. Several modifications have been made to the 4K supply hardware in an attempt to deliver higher mass flow. These included a temporary change in the u-tube configuration that bypassed the
pressure drops associated with certain systems. [5] Further
improvements that would include modification of the 4K2K heat exchanger led to the first successful fast cool down
during acceptance testing of J1.3-08.
Figure 6 illustrates the difference in cavity Q0’s once
successful fast cool downs were achieved.
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the CMTF the magnets are run for at least 45 minutes. All
of the magnets, with one exception, have passed this test.
A corrector magnet in J1.3-07 failed. This was due to an
open circuit in the wiring that has since been corrected.
Piezo and mechanical tuners are also tested. Mechanical
tuners must demonstrate a range of ± 20 kHz around the
operating frequency. Piezo tuners must have a range of 500
Hz. All of the cavity tuners tested so far have met or exceeded these requirements.

SUMMARY
Twelve LCLS II cryomodules have been tested in the
CMTF at Jefferson Lab. All but twelve cavities have met
or exceeded the minimum gradient requirement. The average maximum usable gradient for all of the cavities tested
is 17.4 MV/m. Less than a third of the cavities in the
twelve cryomodules exhibited field emission during testing. Twelve of those cavities had radiation levels high
enough to limit usable gradient to below the minimum acceptable requirement. Cavity Q0’s for the first six cryomodules did not meet the requirement of 2.7x1010. The
development of a successful fast cool down method, however, has led to improved Q0 results. The average Q0 for
the last six cryomodules has increased by 40% to a value
of 2.8x1010. All but one of the cryomodules have exceeded
the minimum voltage requirement of 128 MV.
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Other Testing
The magnet package is also checked out during Acceptance testing. The current for each of the three magnets
is ramped up in steps to 18 A. The magnets must be operable at 18 A for at least 30 minutes without quenching. In
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Conditioning Experience of the ESS Spoke Cryomodule Prototype
A. Miyazaki, H. Li, K. Fransson, K. Gajewski, L. Hermansson,
R. Santiago Kern, R. Wedberg, and R. Ruber
Uppsala University, Uppsala, Sweden
Abstract
The prototype cryomodule (CM) for the ESS double
spoke cavities is tested in the FREIA laboratory at Uppsala University. One of the goals of this test is to establish
an efficient way to assess one series cryomodule within
six weeks. One of the possible challenges is a conditioning process of the coupler and cavity multipacting. This
study will be the first practical experience of double
spoke cavity conditioning in a CM, and will lead to a
standard conditioning recipe for future projects containing
superconducting spoke cavities. In this paper, a preliminary result of CM testing is shown with a special focus on
the conditioning processes.

INTRODUCTION
The Double Spoke Cavity (DSC) for the European Spallation Source (ESS) will be operated at 9MV/m and 352.21
MHz with a long RF pulse (3.2 ms) and 14 Hz repetition
rate. Table 1 summarizes the important parameters of this
cavity. Each cryomodule (CM) consists of two DSCs, and
13 CMs will be installed in the ESS Linac [1].
Table 1: Main Parameters of DSC

Parameter
Frequency (MHz)
Temperature (K)
Repetition rate (Hz)
RF Pulse length (ms)
Beam pulse length (ms)
 (optimal)
Eacc (MV/m)
Pc (W)
Qext
Operation band-width (kHz)

ESS DSC
352.21
2
14
3.2
2.86
0.5
9
2
1.8 × 10
2

The FREIA laboratory [2] will take responsibility of the
series CM testing, using two high-power tetrode stations.
Before the series production, we have engaged in
prototype CM testing [3-5] with a prototype valve box
since February 2019.
The goal of the prototype test is to assess our infrastructure, learn practical aspects of CM handling, and estimate
the required time for series CM testing. Considering installation, cooling down, and warming up, the time available
for the CM conditioning and RF testing should be determined.
The infrastructure is under development until the beginning of the series module testing, and not all of the devices
SRF Technology - Cryomodule
module testing and infrastructure

are ready for driving two cavities simultaneously. Especially, one of the power stations is out of operation at the
time of writing this report. Therefore, during the prototype
test, we decided to exchange the RF circuit when we switch
over to different cavities. This required extra time for the
experiment (half a day for swapping the circuit, calibration,
and interlock setup), but would not influence the series
testing once the other power station is ready.

COUPLER CONDITIONING
The fundamental power couplers were conditioned up to
400 kW at an off-resonance frequency (353 MHz). The
conditioning process was divided into two steps. One was
at room temperature (300 K), and turned out to be the bottle-neck of all the conditioning procedure. The latter was at
cold (4.2 K) and could be smoothly achieved once the
warm conditioning was thoroughly carried out. The conditioning parameters are summarized in Table 2. In both conditioning processes, the RF pulses were increased from
short length to the nominal pulse value. At each pulse
length, the forward power was increased from 1 kW to 400
kW. When an outgassing exceeded the vacuum upper limit,
the RF power was decreased by 3 dB, and the system
waited for the recovery of the vacuum level to the lower
limit.
Table 2: Main Parameters of DSC Conditioning
Parameter
Value
Pulse repeat rate (Hz)
14
Vacuum upper limit (mbar)
5 × 10
Vacuum lower limit (mbar)
5 × 10
pulse length step (µs)
20, 50, 100, 250, 500,
1000, 2000, 3200
MP bands in forward
20-30 and 40-50
power (kW)
Figure 1 shows the conditioning history of one cavity
(Romea, CAV1) as a function of live time, in which the infrastructure was operational. The warm conditioning took
about 50 hours for one cavity, and a cross-contamination
was observed when the other cavity (Giulietta; CAV2) was
conditioned after CAV1. The reconditioning of CAV1 took
about 20 hours. In total, therefore, about 6 days were required to condition two cavities. This can be potentially
improved by simultaneous conditioning of the two cavities
with one extra turbo-molecular pump at the other end of
the beam pipe, at which only one pump is currently in use
and limits the speed of vacuum recovery.
THP058
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Figure 3: History of cavity MP conditioning (CAV1)
Figure 1: History of coupler warm conditioning (CAV1)
The cold conditioning took only two hours for each cavity, and no significant outgassing was observed. As shown
in Figure 2, the processing was accomplished in 2 hours.
Also, no substantial cross-contamination was observed at
cold between CAV1 and CAV2.

Figure 2: History of coupler cold conditioning (CAV1)

CAVITY CONDITIONING
The cavity shows three multipacting-bands (MP-bands):
2-3 MV/m, 5-6 MV/m, and 7-8 MV/m. The conditioning
was carried out first by a short pulse length (1 ms) to reach
the nominal Eacc (9 MV/m), and was reprocessed by the
nominal pulse length (3.2 ms) as shown in Figure 3.
The cavities were conditioned one by one with a SelfExcited Loop (SEL) for CAV2, and with an open loop for
CAV1. In both cases, it took one working day to reach the
nominal gradient levels.
A strong field emission appeared in CAV2 after its cold
tuning system was tested. We decided to conduct a small
thermal cycle up to 40 K, and observed substantial outgassing up to 10 mbar from 25 K. After this thermal cycle,
the field emission disappeared. Probably, hydrogen contamination on the cavity surface was redistributed during
the thermal cycle, and the work function at the peak electric
field might be decreased.

THP058
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CAVITY PERFORMANCE
The dynamics heat loads of the cavities were evaluated
by a calorimetric method using the helium flow from the
cryomodule Ref. [Rocio]. Currently, the accuracy of the
heat load measurement is limited to 0.3-0.5 W and the estimated dynamic heat load at the nominal field level is
within the uncertainty.
The fields levels were estimated by two different methods. One is from the transmitted RF signal from the pickup antenna with a coupling Q factor (Qt) given by the vertical testing at IPN Orsay. The other is from the forward RF
signal to the cavity sampled by the directional coupler
(coupling 50 dB) with a loaded Q (QL) given by the field
decay. They resulted in a consistent field measurement, and
both cavities met the spec (9MV/m). Table 3 summarizes
the cavity performance. The CAV1 field reached at 15
MV/m. The CAV2 field was limited at 10.5 MV/m by
quench.
Table 3: Cavity Performance
Parameter
Value
CAV1 maximum Eacc (MV/m)
15
CAV1 Pc @ 9MV/m (W)
<2
CAV2 maximum Eacc (MV/m)
10.5
CAV2 Pc @ 9MV/m (W)
<2

LESSON LEARNED
We have learned some important practical aspects of the
cryomodule, and have been improving the system correspondingly.
1. Down time of the coupler conditioning
The coupler conditioning at warm required six days in
live time, but the process was often interrupted and the real
time was longer by factor four. Figure 4 shows the causes
of the down times. At the beginning, the system was not
designed for safe 24 hours operation. We developed software interlocks with a watch-dog system for automatic
processing over nights and weekends. The system trouble
was due to blocked flow meters, trouble shooting of the
high-power station, and communication and hardware issues in LLRF. They were all localized and all the solutions
SRF Technology - Cryomodule
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were prepared during the prototype testing. The technical
intervention was required to deal with other activities in the
bunker, and will not happen during the series CM testing.

27%
52%
21%

night, weekend
system trouble
technical intervention

Figure 4: cause of down times
2. Quench and over powering
The external quality factor Qext of the ESS DSC is
around 1.8 × 10 to cope with the high beam current, and
corresponding operation band-width is about 2 kHz. For a
cavity of Residual Resistivity Ratio (RRR) 300 without
120C baking, the quenched cavity around 10 K critically
couples to the fundamental power coupler, associated with
a frequency shift by the normal conducting transition
within the band-width. This implies that the cavity can be
over-powered if the RF is not cut immediately after a
quench event. As the first cavity conditioning was tried at
4.2 K without appropriate interlocks, a quench and over
powering caused the over-pressure (1.9 bar) of the cryomodule which led an opening of a rupture disc. After this
incident, we deployed a safety interlock system which
monitors gas helium pressure and other cryogenic parameters both in hardware and software. Moreover, we decided
to condition the cavities at 2 K with the interlock pressure
at 67 mbar. Fast interlock on the cavity field was also deployed such that anomalous deficit inside one pulse will
cut the RF within one pulse. A more sophisticated quench
detection system using QL [6] was implemented in our
FPGA to be deployed before the series CM testing.

ESTIMATED TIME FOR CONDITIONING
Table 4 shows the estimated live time for CM conditioning from the experience of the prototype CMs. This does
not include the down time due to the system trouble. Considering the time for circuit calibration and other setups,
the cavity testing in 2 weeks would be feasible.
The bottle-neck of all the process is the warm conditioning of the coupler. This can be accelerated by simultaneous
conditioning of two cavities. With the extra vacuum pump,
the conditioning time can be potentially improved from
140 hours to 70 hours, in which cross-contamination is
taken into account. This will further accelerate the process
and will shorten the required time from two weeks.
SRF Technology - Cryomodule
module testing and infrastructure

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP058

Table 4: Estimated Processing Time
Parameter
Value
Coupler warm conditioning (h)
140
Coupler cold conditioning (h)
4
Cavity MP conditioning (h)
12
Cavity performance test (h)
12
Total live time (d)
7

CONCLUSION
The prototype cryomodule for the ESS DSC was conditioned and was tested at the FREIA laboratory. The experiment revealed that the warm coupler conditioning would
be the bottle-neck of all the process, due to the cross-contamination between two cavities. Once the infrastructure is
fully ready for the series testing, the series CM testing by
RF would be feasible in due time.
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RF INCOMING INSPECTION OF 1.3GHz CRYOMODULES FOR LCLS-II
AT SLAC NATIONAL ACCELERATOR LABORATORY ∗
S. Aderhold† , C. Adolphsen, A. Burrill, D. Gonnella, J. Nelson
SLAC National Accelerator Laboratory, Menlo Park, California, USA
Abstract
The main part of the SRF linac for the Linac Coherent
Light Source II (LCLS-II) at SLAC National Accelerator
Laboratory will consist of 35 cryomodules with superconducting RF cavities operating at 1.3 GHz. The cryomodules
are assembled and tested at Fermi National Accelerator Laboratory and Thomas Jefferson National Accelerator Facility.
Following the transport to SLAC, the cryomodules undergo
several incoming inspection steps before ultimately being
moved to the tunnel for installation in the linac. The RF part
of the incoming inspection covers measurements of a number of parameters like cavity frequency spectrum, notch filter
frequency of the higher order mode couplers and external
quality factor Q𝑒𝑥𝑡 of the input coupler. The inspection results are compared to measurements at the partner labs prior
to shipping and the nominal values in order to verify that the
cryomodules have not been damaged during the transport
and are ready for installation. We present an overview and
analysis of the inspections for the cryomodules received to
date.

INTRODUCTION
The cryomodules for the Linac Coherent Light Source II
(LCLS-II), currently under construction at SLAC National
Accelerator Laboratory, are assembled tested at Fermi National Accelerator Laboratory and Thomas Jefferson National Accelerator Facility. Following the successful acceptance test at the partner labs the cryomodules are shipped
to SLAC. Figure 1 shows the unloading of a cryomodule
from the truck. Prior to installation in the accelerator tunnel
the cryomodule is staged in the sector 10 adit for several
incoming inspection steps including metrology and alignment checks, checkout of the instrumentation and the RF
incoming inspection.
Since all RF properties and components have been tested
several times at the partner labs the main purpose is to check
for deviations from the measurements before shipping to see
if anything was damaged during transportation and have the
opportunity to fix it before the cryomodule is installed in the
tunnel.
At the time of this conference RF incoming inspection
has been completed for 14 cryomodules.

∗
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Figure 1: Cryomodule during unloading from truck at SLAC.

MEASUREMENTS
Power Coupler Q𝑒𝑥𝑡
The external quality factor Q𝑒𝑥𝑡 of the input power coupler can be adjusted for the LCLS-II 1.3 GHz cryomodules.
Figure 2 shows a photograph of the adjustment knob that is
used to either extend the power coupler antenna further into
the cavity or retract it.

Figure 2: Photograph of waveguide to coaxial transition of
the power coupler with adjustment knob for Q𝑒𝑥𝑡 .
During the cryomodule acceptance test at the partner labs
all couplers are set to their design value of 4.1×107 at 2 K.
Q𝑒𝑥𝑡 is measured again before shipping of the cryomodule
but not necessarily re-adjusted.
As the first measurement of the RF incoming inspection
Q𝑒𝑥𝑡 is determined by measuring S11 on the fundamental
power coupler around the center frequency of the 𝜋-mode.
The resulting resonance curve is then fitted for extraction
of the coupler quality factor Q𝑒𝑥𝑡 . The coupler position is
then varied via the adjustment knob until the measured value
for Q𝑒𝑥𝑡 lies within ±0.1 × 107 around the design value of
4.1×107 .
Figures 3 and 4 show examples for measurements from
cryomodules F1.3-08 and J1.3-13 comparing the values meaSRF Technology - Cryomodule
module testing and infrastructure
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the cavity, between the HOM coupler on the FPC side of the
cavity and the pickup antenna, and between the FPC and the
pickup antenna for reference. The HOM notch frequency
is extracted from the location of the 69 𝜋-mode through 𝜋mode.

Figure 3: Q𝑒𝑥𝑡 of the power coupler for CM F1.3-08. Shown
are the measurements at Fermilab before shipment, at SLAC
as received and after adjustment.

Figure 6: Comparison of the HOM notch frequencies measured at the partner lab and at SLAC for CM F1.3-13. The
acceptable range is shown in green.

Figure 4: Q𝑒𝑥𝑡 of the power coupler for CM J1.3-13. Shown
are the measurements at JLab before shipment, at SLAC as
received and after adjustment.
sured at the partner labs before shipping, at SLAC as received
and after adjustment to the design value.
A few cavities have been re-checked after being moved
from the sector 10 adit to their final positions in the tunnel
on no significant change in Q𝑒𝑥𝑡 was observed.

HOM Notch Frequency
The higher order mode (HOM) coupler housings are
among the parts of a cavity most sensitive to mechanical deformation. Since the deformation could result in a change of
the notch filter frequency set to reject the fundamental mode
of the cavity leaking out through the HOM couplers during
operation, the location of this notch frequency is checked.

Figure 7: Comparison of the HOM notch frequencies measured at the partner lab and at SLAC for CM J1.3-13. The
acceptable range is shown in green.
Figure 6 and Fig. 7 show examples for measurements
from cryomodules F.1.3-13 and J1.3-13. As can be seen
there is a slight variation in HOM notch frequencies but they
all stay well within the allowed range of 1295.7-1297.7 MHz.
To date no significant detuning out of the acceptable range
has been observed.

Cavity Frequency Spectrum
A significant change in the frequency spectrum of a cavity
can indicate that it has been deformed in some way during the
transport of the cryomodule from the partner lab to SLAC. In
order to quantify the overall change in the spectrum between
two measurements, the so-called R-parameter is used.

Figure 5: Schematic of RF setup for HOM notch frequency
S21 measurements.
A schematic of the RF setup for the HOM notch frequency
measurement is shown in Fig. 5. The network analyzer is
connected to two ports of the cavity for an S21 measurement.
The forward signal is boosted by a 10 W amplifier and the
return signal from the cavity is amplified with a low noise
+40 dB amplifier. S21 is measured over the nine modes of
the fundamental passband in three configurations: between
the FPC and HOM coupler on the pickup antenna side of
SRF Technology - Cryomodule
module testing and infrastructure

(1)

𝑅𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑅𝑀𝑆(𝑅𝑖 )𝑖=1...9

𝑅𝑖 =

𝑓 ( 9𝑖 𝜋 𝑚𝑜𝑑𝑒)

𝑆𝐿𝐴𝐶

𝑓 ( 9𝑖 𝜋 𝑚𝑜𝑑𝑒)

𝑃𝐿

−

𝑓 (𝜋 𝑚𝑜𝑑𝑒)𝑆𝐿𝐴𝐶
𝑓 (𝜋 𝑚𝑜𝑑𝑒)𝑃𝐿

(2)

As defined in Eq. (1) and (2) the R-parameter R𝑐𝑎𝑣𝑖𝑡𝑦 for
a given cavity is calculated from the RMS over the R𝑖 of the
9 modes of the fundamental passband. For each mode 𝑖 the
ratio of the frequency 𝑓 between the measurement at SLAC
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and the measurement at the partner lab is subtracted from
the ratio for the 9𝑖 𝜋 mode. Generally a value of R𝑐𝑎𝑣𝑖𝑡𝑦 <
10 kHz is deemed acceptable.
Figure 8 shows box-and-whisker plots for the R-parameter
of all 14 cryomodules. Almost all cavities satisfied the
R𝑐𝑎𝑣𝑖𝑡𝑦 < 10 kHz criterion. Cryomodules F1.3-07 and J1.313 had one cavity each that was just above 10 kHz (10.6 kHz
in both cases). J1.3-14 had two cavities with bigger change
in the frequency spectrum, 13.2 and 22.2 kHZ. All cavities
were accepted as-is after expert review.
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Figure 9: Setup for piezo checkout, including breakout box,
oscilloscope and waveform generator.

Figure 10: Oscilloscope traces for piezo checkout. Piezos 1
through 4 from top to bottom.
Figure 8: Box plots of R-parameter for all 14 cryomodules.

Tuner and Piezos
The objective for the checkout of the tuner system [1]
consisting of the stepper motor and piezo tuners during incoming inspection is to verify that the stepper motor works
and shifts the resonance frequency of the cavity by a certain
amount and that the piezo tuners are engaged and acting on
the cavity.
Initially a unit of the LCLS-II resonance control chassis
that will be used in the linac during operation to control
stepper motor and piezos was used for this inspection step.
The drawback of using this system that is designed to be
operated longterm in a fixed location in the tunnel is the
rather complex infrastructure needed. Communication is
established through the EPICS control system and therefore
a dedicated CPU and physical access to the cabled network
is needed.
Instead, the setup being used at Fermilab for tuner and
piezo testing [2] was adopted with motor controller hardware, breakout boxes and cables being provided by Fermilab.
Figure 9 shows the setup for the piezo checks. A waveform
generator is used to drive piezo 1 with a 5 Vpp sine wave
with a +2.5 V offset. Piezos 2-4 are used as sensors. The signals of piezos 1 through 4 are monitored on an oscilloscope,
as shown in Fig. 10.
Since piezo 1 and 2 are encapsulated together at the top
part of the tuner their signals are in phase. Piezos 3 and 4
are encapsulated together on the bottom of the tuner and
pick up the cavities reaction to the drive signal from piezo
1, hence a 180 degree phase shift.
THP059
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If the tuner is in the right position and the piezo capsules
are both engaged, the signal on 3 and 4 there will be a clear
sine wave as seen in Fig. 10.

Beam Position Monitor
Each LCLS-II 1.3 GHz cryomodule is equipped with a
beam position monitor consisting of four button-type electrodes. S11, S12, S21 and S22 are measured with the two
ports of the network analyzer connected to all possible pairwise combinations of the 4 electrodes over the range of
200 MHz to 2.8 GHz.

SUMMARY
The RF incoming inspection has been completed for 14 of
the 35 LCLS-II 1.3 GHz cryomodules. Power coupler Q𝑒𝑥𝑡 ,
HOM notch frequencies and cavity frequency spectrum are
checked and compared to the measurements before shipment.
The function of tuner system is verified. No damages due to
transportation have been found so far.
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Abstract
The Cryomodule Test Stand (CMTS1) at Fermilab has
been engaged with testing 8-cavity 1.3 GHz cryomodules
designed and assembled for the LCLS-II project at SLAC
National Accelerator Laboratory since 2016. Over these
three years twenty cryomodules have been cooled to 2 K
and power tested in continuous wave mode on a roughly
once per month cycle. Test stand layout and testing procedures are presented together with results from the cryomodules tested to date. Lessons learned and future plans
will also be shared.

exception cryomodules meet, and routinely exceed, these
standards.

INTRODUCTION
LCLS-II is a next generation hard x-ray light source
based on a superconducting RF electron linac operating in
continuous wave regime. Its current status is described
elsewhere at this conference [1]. As one of the partner labs
Fermilab is responsible for the design of the 1.3 GHz Cryomodules (CM’s) as well as assembly and testing for approximately one-half of the specified 1.3 GHz cryomomodules. Additionally, Fermilab is designing and will assemble and cold test two 8-cavity 3.9 GHz (third harmonic)
cryomodules plus a spare. Both the Cryomodule Test Facility and specifically the CMTS1 test stand and early test
results have been described previously [2, 3]. As of this
writing (June 2019) nineteen cryomodules have passed
through CMTS1 – 18 Fermilab-built ones and the first Jefferson lab assembled one. The scope of this paper will focus on test results only for Fermilab-built cryomodules
The LCLS-II design is cutting edge in terms of continuous wave (CW) operating gradient and Q0. The design
work and techniques to achieve such performance is described elsewhere [4].

TESTING STRATEGY
As a guide for qualifying LCLS-II cryomodules, a set of
Acceptance Criteria were jointly developed and adopted by
the partner laboratories (SLAC, Fermilab, Jefferson Lab)
[2]. These form the basis of the testing plan and qualification specifications employed at CMTS1. Figure 1 lists the
acceptance criteria and Figure 2 summarizes the performance of each Fermilab built and tested cryomodule
against them. As can be seen in the latter figure, with rare
____________________________________________
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Figure 1: LCLS-II 1.3 GHz Cryomodule Acceptance Criteria.

CMTS1 SCHEDULE
Cryomodules are tested on a roughly 28-day cycle with
11 days planned for installation and leak checking, 3 days
for cooldown from room temperature to 2K, 7 days for
cold, powered testing, and 7 days for warm-up and removal. With the exception of the first cryomodule which
SRF Technology - Cryomodule
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necessarily took longer time due to CMTS1 commissioning and remediation of thermoacoustic oscillations, cryomodules on average pass through CMTS1 in less than 45
days.

Installation & Removal
Cryomodule installation and removal at CMTS1 consumes the bulk of the 28-day testing schedule with 12 days
allotted for installation and cooldown and 7 days for
warmup and removal. This schedule was not consistently
hit until about the tenth cryomodule to pass through the test
stand. This is mostly due to improvements in task scheduling and sequencing, fewer assembly issues with incoming cryomodules as production hit stride, and tasks becoming more routine. As tasks became routine, workers learned
who to contact for the next job in their area, relieving the
burden on a central coordinator and also removing that coordinator as a possible bottleneck in the process.
Two improvements to increase throughput were made
that may seem simple but had a large effect. First, all the
appropriate tools for each job were bought and hung on the
cave wall to avoid wasted time searching around for the
correct tool for each job. Re-usable materials such as MLI
and shielding are stored around the cave near their respective jobs. Second, people are cross-trained so that delays
due to personnel unavailability are minimized.

COLD TESTING
The 7 days of cold testing generally follow a prescribed
sequence once 2 K is achieved:
• Cavities are set to 1.3 GHz resonant frequency, tuner
operation verified,
• 30-minute initial microphonics data capture
• QL set to nominal 4.1E+07
• Initial cw power rise to 16 MV/m in parallel with Low
Level RF (LLRF)/gradient calibration
• Power rise to peak achievable gradient, limited administratively to 21 MV/m
• Field emission onset and dark current evaluation
• Usable Gradient (one-hour continuous operation) determination
• Warm-up to 50 K followed by ‘fast’ (minimum 32 g/s)
cooldown for magnetic flux expulsion
• Single cavity Q0 measurements at nominal (16 MV/m)
gradient
• Unit test – all cavities operating at nominal for at least
8 hours, magnet coils energized at 20 A each, evaluation of fundamental power coupler heating, microphonics data capture, attempts to operate cavities in
Generator Driven Resonance (GDR) mode.
In parallel to the above steps, ancillary subsystems are
also checked against their acceptance criteria. These include:
• Magnet checkout
• BPM cross-talk
• HOM spectrum measurements
• HOM power and heating
SRF Technology - Cryomodule
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•
•
•
•
•

Fine (piezo) tuner checkout
Microphonics evaluation (described below)
Cryogenic system thermometry and heater checks
Vacuum levels
Fundamental Power Coupler (FPC) heating.

In the infrequent instances where performance specifications have not been met, cryomodules have been partially
disassembled and mitigation steps taken. These steps have
included re-tuning HOM’s, replacing FPC sections or retightening loose joints, and in one case of loss of beam line
vacuum, re-building the cavity string.

Figure 2: Summary of achievement of Acceptance criteria.
Green/’ok’ indicates satisfactory performance while
red/’x’ is outside of acceptable bounds.

Gradient Determination
The gradient of each cavity is determined by means of
the forward power technique:
34
�
2
�"## = 2&' * �+ �- (1 − � 567 )/�
�

The forward power, Pf, is measured very close to the output of the 4 kW Solid State Amplifier (SSA) driving the
cavity to minimize the directional coupler signal deviation
due to reflected power. During the early stages of testing,
this technique was compared against the technique based
on the cavity field and the former was determined to provide a more accurate and reproducible means of determining the gradient at CMTS1 by approximately a factor of
two. Calibration checks, including by means of a calorimetric load, and regular re-calibrations of the power meters
prior to each test have ensured continued good accuracy.

Pulsed Processing/multi-pacting/peak Gradient
For 1.3 GHz cavities, the multi-pacting band is in the
range of 17-23 MV/m, coincidentally where determination
of the peak gradient occurs. During the peak power rise,
multi-pacting is exhibited by cavity quenches beginning at
17 to 18 MV/m. Switching from cw to pulsed mode with
pulse lengths varying from 40 to 90 milliseconds at a 1 Hz
repetition rate and gradually increasing the drive voltage as
the incidence of quench disappears allows cavities to be
processed through the band and typically achieve maximum gradients at or close to the administrative limit of 21
THP060
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MV/m. Ensuring that any detected radiation remains well
below acceptable personnel exposure limits outside of the
shielded test cave drives the administrative gradient limit.
Processing takes anywhere from a few minutes to nearly an
hour in extreme cases and is often accompanied by field
emission which subsides when cw operation is restored.
A few cavities have been able to reach the 21 MV/m
limit without processing, but recently as a matter of practice, all cavities are processed for at least 10 minutes after
their quench limit is reached.

Usable Gradient
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• Fermilab-built ‘FOX’ x-ray detectors
• Dosimetry (TLD badges).
This suite of detectors provides extensive coverage using
complementary detectors. All of these systems are interfaced to the CMTS1 controls system allowing for both real
time monitoring and archiving capability.
Overall only 14 of the 144 cavities tested to date have
exhibited detectable field emission and or dark current production. The majority of occurrences are with the first four
cryomodules assembled and appear to be due to cleanliness
issues during string assembly. Mitigation steps are described elsewhere at this conference [5,6].

As a final test of gradient performance, each cavity’s
‘Usable Gradient’ is determined. This is the value at which
a cavity operates for one hour continuously with detected
radiation ≤50 mrem/hour. In case of a quench limit, the
value is set at 0.5 MV/m below the measured quench field.
On average the Usable Gradient is within 95% of the peak
gradient.

Gradient Summary
Figure 3 provides a summary of the average Peak, Usable, and VTS measured Gradient for the seventeen cryomodules which have undergone a complete test cycle at
CMTS1. VTS values are well above due to there being no
limit on achievable gradient. Performance is on average
comfortably above the nominal gradient (16 MV/m) and
well in excess of the acceptance limit of 12 MV/m, not to
mention the field emission onset limit of 14 MV/m.

Figure 4: CMTS1 Radiation Detector Layout.
Dosimetry has been installed at 26 locations around the
cryomodule to assess integrated doses during the entire test
sequence since the onset of F1.3-09 testing. An array of
three dosimeters are placed longitudinally in the eight locations corresponding to the location of the FPC’s. Placement of the three are circumferentially at the 3, 6 (bottom)
and 9 o’clock locations.
A representative distribution from cryomodule F1.3-16
is shown in Fig. 5. No cavity exhibited field emission
during cw operation; what is shown here was likely produced during pulsed processing. Note that when a dose is
detected, the maximum is typically from the bottom, 6
o’clock.

Figure 3: Average Cryomodule Gradient Performance. The
dotted yellow line indicates the LCLS-II nominal specification of 16 MV/m. The green line denotes the 21 MV/m
administrative limit at CMTS1.

Field Emission & Dark Current
An extensive array of radiation detecting sensors are employed in CMTS1 to measure both field emission (x-rays
measured transversely to the longitudinal axis of the cryomodule) and dark current. Faraday cups are installed at
each end of the test stand to detect dark current produced.
Supplemental systems in addition to the required personnel
protection detectors have been added over time and their
layout is portrayed in Fig. 4. These include:
• Fermilab-built Total Loss Monitor (TLM)
• Prototype SLAC optical fiber-based loss detector
• G-M tube ‘DecaRad’ system courtesy of Jefferson Lab
THP060
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Figure 5: F1.3-16 dosimetry results. Peak doses are almost
exclusively detected at the bottom of the cryomodule.

Single Cavity Q0 Determination
LCLS-II operation will depend greatly on maximizing
the Q0; the attendant acceptance criterion specifies an average value for a cryomodule of 2.7E+10, a world-class
level. At CMTS1 Q0 is determined on a cavity-by-cavity
SRF Technology - Cryomodule
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basis using the mass flow technique to determine the dynamic heat load:
5
�"##
�5
�0 =
�⁄� �#
Pc is determined by comparing helium mass flows with
a fixed helium feed for three states:
• No heat load (static)
• Heater at fixed value (calibration)
• Each cavity at nominal gradient.
Care is taken to ensure that conditions exist to assure as
high a measured Q0 as possible within schedule constraints. Minimizing the ambient magnetic field and expelling any residual magnetic flux are important steps. This is
accomplished first by demagnetizing each cryomodule immediately prior to cooldown from room temperature. Flux
sensors installed within each cryomodule are monitored to
ensure a field <= 25 mGauss. Less than 1 mG is routinely
achieved and maintained during a test cycle.
Since Q0 data gathering follows power rise tests which
invariably results in cavity quenches, a ‘thermal bump’ is
performed in order expel the magnetic flux. This is accomplished by first warming the entire cavity string to 45-50
Kelvin, maintaining that temperature for of order an hour,
then re-cooling the string to 4 K at rates of at least 32 g/s,
a so-called ‘fast’ cooldown. Pump down to 2 K follows. A
thermalization or ‘soak’ period, typically 24 hours, follows
before static and dynamic heat load measurements to determine Pc begin. Gathering data for each of the eight cavities is accomplished over a 16-hour period. A standard sequence of steps completes this set of measurements:
• Lock the Joule-Thomson helium supply valve to a
fixed position ensuring that the liquid level remains
relatively stable with no heat load,
• Measure the static mass flow with no heat load applied
for up to 45 minutes,
• Perform a static heat load by measuring the mass flow
with a liquid level probe heater on at approximately 8
Watts,
• Measure the helium mass flow/static heat load with
each cavity at 16 MV/m for of order 45 minutes each,
• As needed re-fill the cavity string if the liquid level
drops close to its lower limit,
• Intersperse cavity runs with static and as needed additional heater calibration runs.
45 minutes of data collection time assures good statistics
and includes settling time which is typically not factored
into the data analysed. Once all data is gathered, off-line
analysis is carried out with at least two independent checks
of the results performed. Real-time results, albeit with less
precision, are generated, displayed, and archived to provide a real-time ‘sanity check’ and as a third check of the
data. Periodic fluctuation in the measured mass flow and
occasional random movement of the J-T valve, even when
locked, can result in a greater than desired uncertainty of
the measured Q0.
SRF Technology - Cryomodule
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Figure 6 shows the results for the seventeen cryomodules
already tested. As can be seen, all but three cryomodules
have met or exceeded the acceptance limit. These less than
optimum results correlate with cavities demonstrating low
Q0’s at the Vertical Test Stand (VTS); cavities fabricated
with material known to have poor flux-expelling properties.
Limited time was available to study the impact of variations in cooldown rate, ‘soak’ time on flux expulsion and
resulting Q0 and are documented [7].

Figure 6: Average Q0 for cryomodules tested to date
(through F1.3-17).

Microphonics
Cavity detuning is monitored at several points during cryomodule testing. Early tests showed significant
amounts of cryomodule-internally driven acoustic noise,
resulting is detuning a factor of ten over the 10 Hz specification. Significant testing effort was spent diagnosing and
mitigating the sources of this detuning including weeks of
cold testing time, additional expert personnel effort, and infrastructure to support the detuning data capture and analysis. The major mitigations include modifications to the
cryogenic valves on the module to suppress Thermoacoustic Oscillations, modification of the upstream beamline
vacuum valve support, and a host of smaller 'best practices'
modifications/improvements to assembly [8].

Figure 7: Results of microphonics data capture for F1.3-14
ten days after initial cooldown to 2 K. The vertical bars indicate the +/- 10 Hz acceptance limit.
The LLRF system at CMTF allows capture of all eight
cavities simultaneously and synchronously for an extended
period of time. This powerful diagnostic tool is used to
THP060
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capture detuning at the beginning and end of each cryomodule test as well as during high-power unit testing.
Final modifications to the cryomodule design for microphonics improvement were made on F1.3-05, and since
then the tests have shown consistently good detuning environments with most cavities below specification as seen in
Fig. 7. Transient thermalization effects on detuning are
significant, however. Testing shows that detuning above
specification is expected to be due to the short testing cycle
and attendant lack of complete thermalization.

LESSONS LEARNED
With nearly three years of testing experience gained,
some observations can be made:
• Developing a mindset that prioritizes production/schedule over R&D requires time and discipline,
• An unambiguous set of acceptance criteria is a
necessity as are coherent test plans and procedures,
• Automation of testing sequences, though
highly desirable, can be challenging to implement given the dynamic nature of the test environment. Significant pre-planning together
with an appropriate labor pool are vital to
achieve success in this regard.
• Adhering to a fairly regular cycle of testing enhances efficiency, reduces the incidence of errors, of virtually all aspects of the test sequence.

FUTURE CONSIDERATIONS
Once initial production series cryomodule tests are completed, anticipated to be later this summer, CMTS1 will go
into a multi-week hiatus as the cryogenic distribution systems for the Fermilab PIP-II Injector Test (PIP2IT) is tied
into the CMTF cryogenics system. Following this, cryomodules that required rebuild due to performance deficiencies or manufacturing or transport problems will be retested. Once this is completed, CMTS1 will be reconfigured to support testing of the three 3.9 GHz cryomodules
being built at Fermilab for LCLS-II. Longer terms plans
call for CMTS1 to be configured back for testing 1.3 GHz
cryomodules for the proposed LCLS-II High Energy Upgrade.

SUMMARY
The majority of the 1.3 GHz cryomodules built at Fermilab for the LCLS-II project have now been successfully
cold tested – seventeen to date with F1.3-18 testing nearing
completion. By and large, performance specifications have
been met, and in the majority of cases, exceeded. This
bodes well for future LCLS-II operation.
Generally excellent reliability of all subsystems and
rapid response to identified issues, has allowed the testing
program to proceed close to schedule and in general not
impede the production and delivery rate of cryomodules to
SLAC.
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In light of endeavouring to complete testing within stringent schedule demands these results have been gratifying.
Of particular note is the achievement of unprecedented Q0
levels which have required careful planning of the test sequence and attention to detail during a cryomodule’s time
at CMTS1.
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PERFORMANCE OF FRIB PRODUCTION QUARTER-WAVE AND
HALF-WAVE RESONATORS IN DEWAR CERTIFICATION TESTS*
W. Hartung, W. Chang, S.-H. Kim, D. Norton, J. Popielarski, J. Schwartz,
K. Saito, C. Zhang, and T. Xu
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI 48823, USA
Abstract
The superconducting driver linac for the Facility for
Rare Isotope Beams will accelerate ions to 200 MeV per
nucleon. The linac requires 104 quarter-wave resonators
(QWRs) and 220 half-wave resonators (HWRs). The resonators are optimized for 4 different beam velocities. Dewar certification testing of the resonators is nearly complete. The certification tests have provided valuable statistics on the performance of production QWRs and HWRs at
4.3 K and 2 K.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) is under
construction at Michigan State University (MSU) [1, 2].
FRIB requires a superconducting driver linac to accelerate heavy ion beams to 200 MeV per nucleon; light ions
will be accelerated to higher energies. The linac requires
quarter-wave resonators (QWRs) and half-wave resonators
(HWRs). Jacketed resonators are tested at MSU before installation into cryomodules.
The required cryomodules for βm = 0.043, 0.086, and
0.29 have been completed and certified (βm = optimum
normalized beam speed v/c); as of June 2019, 92% of the
βm = 0.54 HWRs have been certified [3]. Beam commissioning of the QWR cryomodules is completed [4], and the
cool-down of the first HWR cryomodules is in progress.
QWR beam commissioning was done at 4.3 K, but 2 K operation is planned for both QWR and HWR cryomodules.
Results of Dewar certification testing of production
FRIB QWRs and HWRs have been presented previously
[5]. This paper provides updated and more detailed information about FRIB resonator performance.

BACKGROUND
Cavity Design
The design of the FRIB production resonators incorporates experience with early prototypes, experience with
small-scale production for the MSU re-accelerator [6], optimization efforts, and advanced prototypes. The final resonator design includes stiffening features and Legnarostyle frictional dampers for the QWRs to mitigate microphonic excitation. The helium jacket, made from Ti sheet,
is an integral part of the structural design. The HWRs include 4 rinse ports for better access during the final rinse.
The QWR design includes a Nb tuning plate with indium
joints for RF and vacuum sealing. The βm = 0.086 QWR
* Work

supported by the US Department of Energy Office of Science under
Cooperative Agreement DE-SC0000661.

Cavities - Fabrication
cavity performance

design was modified significantly to address issues that
were encountered during production for the re-accelerator.
Modifications included moving the tuning plate farther
away from the center conductor nose and relocating the RF
ports to the outer conductor [7].
Drawings of the final cavity designs are shown in Fig. 1.
Table 1 summarizes the RF parameters and linac operation
goals for the final designs.

Cavity Fabrication and Preparation
Resonators are made from high-purity sheet Nb (RRR
> 250) via deep drawing and electron beam welding. Jacketed resonators are delivered to FRIB by industrial vendors. Final preparation steps are done at MSU, including borescope inspection; bulk etching (Buffered Chemical
Polishing, BCP, to remove 120 to 140 µm); hydrogen degassing (600 ◦ C for 10 hours); light etching (BCP, 20 µm
typically); and high-pressure water rinsing (HPWR) with
ultra-pure water using a robotic system. HPWR and assembly onto the insert for Dewar testing are done in a clean
room (ISO 5). Additional information on cavity preparation and guided repair can be found elsewhere [8, 9].

Cavity Deployment
After Dewar testing, certified cavities are returned to the
clean room, where the cavities, high-power couplers, and
focussing solenoids are assembled into a cold mass [10].
The cold mass is removed from the clean room and assembled into a cryomodule [11]. The cryomodules are bunker

(b)
(a)

(c)

(d)

Figure 1: Isometric sectional views of the FRIB production
resonators: (a) βm = 0.043 QWR, (b) βm = 0.086 QWR,
(c) βm = 0.29 HWR, (d) βm = 0.54 HWR. Green: helium
jacket.
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Table 1: FRIB production resonators: RF parameters, operating goals, and cavity counts; f0 = resonant frequency; Ra
= shunt impedance (linac definition); Q0 = intrinsic quality
factor; G = geometry factor; Va = accelerating voltage; Ea
= accelerating gradient; E p = peak surface electric field; B p
= peak surface magnetic field.
Cavity Parameters
βm
0.043
0.086
0.29
0.54
Type
QWR
QWR
HWR
HWR
f0 (MHz)
80.5
80.5
322
322
Ra /Q0 (Ω)
401.6
455.4
224.4
229.5
G (Ω)
15.3
22.3
77.9
107.4
Goals for 2 K Operation
Va (MV)
0.81
1.78
2.09
3.70
Ea (MV/m)
5.1
5.6
7.7
7.4
E p (MV/m)
30.8
33.4
33.3
26.5
B p (mT)
54.6
68.9
59.6
63.2
Q0
1.2 · 109 1.8 · 109 5.5 · 109 7.6 · 109
Number of Cavities
Needed
12
92
72
148
Tested
16
106
75
141
Certified
16
105
72
136
tested to verify the performance of the cryogenic system,
cavities, couplers, tuners, and solenoids [3]. Certified cryomodules are then installed into the linac. The final steps are
cryomodule testing in the tunnel [4] and beam commissioning [1]. Though the cavities are tested after cryomodule assembly, the quality factor cannot be easily measured in the
cryomodule, since the high-power input coupler is overcoupled and has a large mismatch. Hence the Dewar test
provides the best cavity-by-cavity information about Q0 .

DEWAR CERTIFICATION TESTING
Resonators are tested in the FRIB SRF facility at MSU
[12]. Using 2 Dewars and 5 inserts, up to 5 cavities per
week can be tested. The number of cavities tested so far
is included in Table 1. To approximate the cryomodule environment, resonators are tested with liquid helium in the
jacket surrounded by insulating vacuum (Fig. 2). The cooldown from room temperature to 4.3 K takes about 1 hour.
Continuous wave (CW) measurements are done at 4.3 K
and about 2 K with a solid state RF amplifier (50 to 100
W) and a phase-lock loop. The cavities are tested with
a fixed input coupler or a variable input coupler designed
and fabricated by TRIUMF. Conditioning of multipacting
barriers is usually done in CW at 4.3 K. To be certified
for installation into a cryomodule, a cavity must meet the
requirements for accelerating gradient, quality factor, resonant frequency, pick-up coupling strength, and vacuum
integrity [5]. The requirements for Ea and Q0 are more
stringent than the linac operating goals, in order to provide
some performance margin.
Dewar test results are shown in Fig. 3 through Fig. 6.
The calculated intrinsic quality factor (Q0 ) is based on RF
measurements. The X-ray signal is measured with a radiation monitor located outside the Dewar, inside the radiation
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c

b

a

Figure 2: Drawing of a βm = 0.086 QWR on an insert (left)
and photograph of a βm = 0.54 HWR being prepared for
testing (right): (a) jacketed cavity; (b) liquid helium reservoir; (c) baffles for thermal and magnetic shielding.
enclosure. The linac (2 K) operating goals are indicated by
a purple star.

Measurements at 4.3 K
In the CW measurements at 4.3 K (Fig. 3–6, top), the
field is usually limited by the available RF power. A significant decrease in the quality factor (“Q-slope”) with field is
observed for all cavity types. The measured Q0 is relatively
consistent for different cavities of the same type.

Measurements at 2 K
In the CW measurements at 2 K (Fig. 3–6, middle),
there is less decrease in Q0 at lower field, but the “high
field Q-slope” is generally observed, as expected for cavities prepared with BCP. The high-field Q-slope starts at
B p ∼ 50 mT.
In the 2 K CW measurements, a significant fraction of
the cavities show field emission X-rays (Fig. 3–6, bottom;
note that the background level is 0.01 mR/hour for most
tests, but some early QWR tests were done with a different
sensor with background of about 0.5 mR/hour). In a significant fraction of the field emission cases, X-rays were not
seen initially, but the emission “turned on” partway through
the measurements. For some cases, we were able to reduce the field emission in CW. Pulsed conditioning was
attempted in some cases, and occasionally helped.

Pump-Down Measurements
We do CW measurements during the pump-down from
4.3 K to 2 K, adjusting the drive power to keep the cavity field approximately constant (Ea ≈ 2 MV/m typically).
This allows us to obtain the shift in frequency with bath
pressure and low-field Q0 as a function of temperature. We
can calculate the RF surface resistance (Rs ) from Q0 and
the geometry factor (G). This Rs value is an average over
the inner surface of the cavity, weighted according to the
surface magnetic field.
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Figure 3: Dewar test results for βm = 0.043 QWRs: (a) Q0
at 4.3 K; (b) Q0 at 2 K; (c) X-rays at 2 K.
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Figure 7: Measured dependence of surface resistance on
temperature for QWRs: (a) βm = 0.043, (b) βm = 0.086.

Figure 8: Measured dependence of surface resistance on
temperature for HWRs: (a) βm = 0.29, (b) βm = 0.54.

Measured results are shown in Fig. 7 and Fig. 8. According to theory and measurements, Rs should have an approximately exponential dependence on the reciprocal of
the temperature (1/T ) plus a residual term [13, 14]. For
reference, Figs. 7 and 8 include some theoretical curves for
different residual resistances (R0 ) and coefficients (CRRR ,
dependent on the surface purity) which bracket the measured values approximately. The values of R0 range from
1 nΩ to 10 nΩ and the values of CRRR range from 1.2 to 2,
which is in reasonable agreement with past experience (we
expect CRRR ∼ 1.5 for high-purity Nb).

the bottom flange during cold mass assembly, so we believe
that the performance problems seen in the Dewar tests are
not adversely affecting the cryomodule performance. Additional information on the investigation of this issue can
be found in another paper [5].

Performance of βm = 0.086 QWRs
For βm = 0.086 QWRs, as seen in Fig. 4, there is more
spread in the Q0 values at both 4.3 K and 2 K; correspondingly, there is more spread in the Rs values during pumpdown (Fig. 7b). This performance spread was prominent
during early FRIB production, with a significant fraction
of the tests having Q0 below the goal. Eventually we found
that the performance was improved and the performance
spread was reduced when we added a re-torquing step for
the indium-sealed tuning plate flange, which suggested that
the problems were mainly due to creep flow of the indium
joints. Fortunately, even in early production, we re-torqued
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CONCLUSION
Nearly all of the required superconducting resonators for
FRIB have been Dewar tested, and > 96% of the cavities
are certified. FRIB cryomodule assembly is nearly complete, with 42 out of 46 cryomodules finished. QWR cryomodule beam commissioning is finished, and HWR beam
commissioning is planned to begin in March 2020.
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H. Maniar, A. Ganshyn, S. Caton, B. Laumer
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, USA
Abstract
The Facility for Rare Isotope Beams (FRIB) is under
construction at Michigan State University (MSU). The
FRIB superconducting driver linac will accelerate ion
beams to 200 MeV per nucleon. The driver linac requires
104 quarter-wave resonators (QWRs, β = 0.041 and 0.085)
and 220 half-wave resonators (HWRs, β = 0.29 and 0.54).
The jacketed resonators are Dewar tested at MSU before
installation into cryomodules. All cryomodules for β =
0.041, 0.085, 0.29 and 5 cryomodules for β = 0.53 have
been certified; 33 out of 49 cryomodules are certified via
bunker test. All cavities tested at or above specified
operating gradient. The bunker certification also
completed 58 out of 74 solenoid packages. All the magnets
energized at FRIB goal. In this paper, we report the bunker
test result.

test certified, then installed onto a coldmass in the
cleanroom with RF couplers, tuners and solenoid packages
together [2-7]. The coldmass is assembled into a
cryomodule [8], then it will be put into a bunker for
cryomodule performance certification.
Two test bunkers are to support FRIB cryomodule
cold tests as shown in Figure 1. The ReA6 bunker is located
in the NSCL (National Superconducting Cyclotron
Laboratory) east high bay sharing the ReA3 re-accelerator
cryogenic system. The ReA6 bunker can support all type
cryomodules test, but has no closed circuit for 2 K
operation. An SRF bunker is located in the SRF high bay
building sharing the FRIB Vertical test cryogenic system
[9]. The SRF bunker have a 2 K operation closed circuit,
so 2 K long term cavity phase locking can be tested in this
bunker. However, the SRF bunker only supports tests for
SCM29, SCM53 and SCM53-matching cryomodules.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) driver linac
is designed to accelerate ion beams to 200 MeV/u with 46
cryomodules. As seen in Table1 [1], there are six different
types of FRIB superconducting cryomodules (SCM):
SCM041 containing four β = 0.041 quarter-wave
resonators (QWRs) and two solenoids, SCM085
containing eight β = 0.085 QWRs and three solenoids,
SCM29 containing six β = 0.29 half-wave resonators
(HWRs) and one solenoid, SCM53 containing eight β =
0.53 HWRs and one solenoid, SCM085-matching
containing four β = 0.085 QWRs and SCM53-matching
containing four β = 0.53 HWRs. The FRIB linac needs 49
cryomodules in total, including 3 spare cryomodules.
Table 1: FRIB Cryomodules Needed

Figure 1: ReA6 Bunker (left) and SRF Bunker (right).
Until April 2019, all cryomodules for SCM041,
SCM085 and SCM085-matching are tested and certified in
ReA6 bunker; all SCM29 and five SCM53 cryomodules
are tested and certified in two bunkers parallels. After
bunker test certified, cryomodules are transported and
installed into the FRIB linac tunnel.

CRYOMODULE BUNKER TEST
FRIB Cryomodule Test Goal

All cryomodules are installed with certified cavities.
These jacketed FRIB cavities are etched, rinsed and Dewar
____________________________________________
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The FRIB cryomodules use 4 different types of
superconducting cavities and 2 different length of solenoid
packages. Specification parameters for cavities in
cryomodule are shown in Table 2. Specification
parameters for solenoid packages are shown in Table 3 [7].
The fundamental goal for bunker certification testing
of cavities and solenoid packages is to meet specification
parameters. In addition, tuning range of tuner and coupler
temperature are measured and tested. During cavity test,
the multipacting barriers and field emission conditioning
are also important, and cavity operation stability which
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include tuner performance, amplitude and phase locking by
LLRF control are also tested.
Table 2: FRIB Cavity Parameters in Cryomodule

Table 3: FRIB Solenoid Packages Parameters
Packages
25 cm solenoid
25 cm dipoles
50 cm solenoid
50 cm dipoles

Maximum
field on axis
≥8 T
≥0.06 Tm
≥8 T
≥0.03 Tm

Ramping
rate
≥ 0.3 A/s
≥ 0.5 A/s
≥ 0.3 A/s
≥ 0.5 A/s

JACoW Publishing
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Current
≤ 91 A
≤ 20 A
≤ 91 A
≤ 20 A

For all the above purposes to be met, the bunker test is
divided into six parts: bandwidth and tuning range test,
self-excited loop (SEL) high power test, locking test, 2K
dynamic heat load measurement, solenoid packages test
and static heat load measurement.

can cover the operation frequency of the cavity or not and
also how much the tuning margin it have.

SEL High Power Test
Cavity operation gradient Ea meet the specification is
the core of the cryomodule performance. To verify the
cavity performance in the cryomodule, we excited cavity
up to 10% ~ 20% higher than specification gradient by
(SEL) mode. The SEL mode is good for frequency
tracking, so we can focus on cavity conditioning and Ea
measurement. To increase cavity Ea, the forward power
will be increased with small step to avoid producing too
much X-rays during high barrier multipacting. Some
cavities have field emission (FE), we use CW power or
Pulse power to condition it. If the FE still strong at high
field and cavity Ea already meet the specification, we will
stop to increase RF power to avoid cavity de-conditioning.
Figure2 is shown a typical SEL high power test Ea vs. Xray plot. For this cryomodule SCM211 (S29 CM211 as
shown in Figure 2), high barrier multipacting range from
2.2 ~ 4.5 MV/m, we keep X-ray level < 200 mR/hr during
high barrier multipacting conditioning; cavity5 have FE at
high field, since the gradient already reached 8.0 MV/m
(3.8% higher than specification) and X-ray was 2.0 mR/hr,
we stopped at here, other cavities were excited up to 9.0
mR/hr (16.8% higher than specification) without FE.

Bandwidth and Tuning Range Test
After cryomodule cool-down to 4K, the bandwidth
(BW) and frequency tuning range of cavities will be tested
first.
There are two way to measure the BW. Before
transmission line connected to coupler, the vector network
analyser (VNA) can be used for the BW measurement.
Meanwhile, the S11, S21 parameters can be measured too,
so QL, Qext2 and cables calibration for the cavity should be
calculated. After transmission line connected, the decay
time way could be selected. The cavity will be excited to
low field (we usually excited the cavity to 2 MV/m) at the
central frequency, then turn off the RF to measure -6 dB
power (that is -3 dB voltage) correspond time, so the BW
can be calculated. The decay time way can be choice to
verify the VNA way.
The tuning range test is to certify the performance of
the tuner. The FRIB cavities use two type of tuners, the
stepper motor tuner for QWRs and the pneumatic tuner for
HWRs.
For stepper motor tuner, the frequency range can be
measured by the motor moving through up and down
mechanical limiter. For pneumatic tuner, the tuner bellow
will be pressurised helium gas up to 45 PSI (bunker test
maximum pressure) and released the pressure to 16 PSI
(bunker test minimum pressure), so the frequency range
should be get between minimum and maximum. Once the
frequency range be measured at 4 K, correspond 2 K
frequency range could be estimated by cavity pump-down
sensitivity (cool-down from 4 K to 2 K) which based on
vertical test result [3]. We will know if the frequency range
THP062
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Figure 2: SEL High Power Test Ea vs. X-ray (SCM211).
At maximum power which is we got the final cavity
gradient, the coupler temperature status also be verified.
The temperature high limit interlock had been set before
test, so the PLC will trip the RF system when the coupler
temperature reach the limit.

Locking Test
The cryomodule operation stability is the second core
of the cryomodule performance. We check cryomodule
instability which could came from microphonics or tuner
operation before the cryomodule install into the tunnel.
For type SCM041, SCM085, SCM085-matching and
SCM029 cryomodule, we did amplitude and phase locking
SRF Technology - Cryomodule
module testing and infrastructure
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test at 4 K and cavity was operated at specification
gradient. For type SCM530 cryomodule, the S53 HWR
cavity heat load is much larger than other types cavity at
specification gradient at 4 K, estimated heat load is more
than 120 W (correspond Q0 < 1.02E9 @ 7.4 MV/m) , this
heat load will make bath liquid very boiling and also make
cryogenic system very unstable, cavity cannot lock at this
status. So we lock S53 HWR cavity at 5.6 MV/m
(estimated heat load is 70 W) at 4 K or pump-down to 2 K
to do locking test. We only have the SRF bunker to support
2 K locking test as mentioned above.
All cavities in the cryomodule are proceed locking test
at specification gradient more than 1 hour. If no trip
happens, the cavity will be certified by locking test with
cavity voltage amplitude < ±1% and phase ±1º condition.
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test as shown in Figure 4. Magnets can be energized
individually first (Individual Energizing), the polarity of
each magnet can be check too. Then the solenoid and
dipoles are energized and operation together (Mutual Test).
After that, the closest pair of SRF cavities will be excited
up to specification gradient with energized magnets
operate simultaneously (Integration Operation). The
solenoid usually be energized ≤ ± 91A, dipoles are
energized ≤ ± 19A. The solenoid packages should be
verified if no trip by magnet quench, cavity RF trip,
temperature limit or vacuum limit during this certification
test.

2K Dynamic Heat Load Measurement
The cavity 2 K dynamic heat load is based on helium
bath pressure measurements. When helium supply and
return line’s valve of the cryomodule be closed, the 2 K
header helium bath as shown in Figure 3 is an adiabatic
system (green part). The cavity heat or heat from heater
dumping to the helium bath will convert to the internal
energy change which can make the bath pressure change.
The bath pressure change will be measured with 3
conditions: 1) cavity RF of and heater off, 2) cavity RF on
at operation gradient but heater off, 3) cavity RF off but
heater turn on at a fixed value. We can get different
pressure increase slope from these different conditions.
And the condition 2) the cavity RF on heat off is the 2 K
dynamic heat load, which can be calibrated by condition 1)
“no heat load zero watts” and condition 3) “explicit heat
load from heater fixed watts”.

Figure 4: Typical solenoid package test procedure.

Static Heat Load Measurement
The static heat load measurement contain 2K header
(which shown in Figure 3 green part, cavities’ header) heat
load and 4K header (which shown in Figure 3 left part,
solenoid packages’ header) heat load. The method of
boiling off liquid helium is used for the static heat load
measurement. Which means the heat load can be calculated
from liquid helium consumption. The 2K header and 4K
header static heat load is tested separately. For 2K header
heat load measurement, sometimes the 2K heater could be
turn on for calibration purpose.

BUNKER TEST RESULT
Until April 2019, the FRIB cryomodule bunker
certification progress is shown in Table 4. For FRIB linac
operation purpose, all SCM041, SCM085, SCM085matching and SCM29 cryomodules were certified, 27.8%
SCM53 cryomodules were certified. About 69.6% in totals
were done, if including spare cryomodules 67.3% were
done.
Table 4: FRIB Cryomodule Bunker Certification Progress
(until April 2019)
Figure 3: Simplified diagram of the cryogenic system for
the cryomodule [10].

Solenoid Packages Test
Solenoid packages certification test is proceed after
RF cavity test done. The procedure of solenoid packages
SRF Technology - Cryomodule
module testing and infrastructure
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Figure 5 shows cavity BW measurement result and
compare with specifications for FRIB cryomodules.
Average BWs for FRIB 4 type cavities are 39.0 Hz for
SCM041, 36.7 Hz for SCM085, 67.9 Hz for SCM29 and
28.7 Hz for SCM53. Although results have offset with
specification numbers, they are still acceptable for
operation. In Figure 5, we can find some cavities’ BW are
far from specification and average. That because some
cavities have microphonics issue, those cavity couplers
were adjusted coupling to get broader BW to fix the issue.
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cryogenic helium return pipe pressure, it is a litter bite
higher than one atmosphere (about 16 PSI). All these
cryomodules pneumatic requirement pressure are higher
than helium supply down limit (until April 2019).

Figure 7: FRIB HWRs Pneumatic Tuner Requirement
Pressure for Specification Frequency at 2K (until April
2019).
Figure 5: Cavity BW Measurement Result (until April
2019).
Stepper motors tuning range measurement result is
shown in Figure 6. Some cavities in type SCM041
cryomodule tuning range cannot cover the operation
frequency (80.5 MHz), we did some rework procedure for
these out of range tuner to fix tuning range after bunker
test. And some SCM085s cavity maximum frequency are
too close to the operation frequency. These cavities have
tuner operation issue during commissioning in tunnel [11].
We replaced original step motor to bigger one to increase
tuning range to solve this issue.

Figure 8 shows operation gradient Ea of each cavity in
bunk test. All cavities Ea (blue bar) meet the specification
gradient (green line), some cavities have FE, and FE onset
level (red spot) is shown in this Figure. FE X-rays at
specification operation gradient and maximum gradient is
seen in Figure 9. The pink bar is X-ray level at cavity
specification Ea, the blue bar is at maximum Ea measured
X-rays. A few cavity have high FE at high gradient, rest FE
cavities have moderate X-ray level.

Figure 8: FRIB Cryomodule Bunker Test (until April
2019), Maximum Ea and FE onset level.

Figure 6: FRIB QWRs Stepper Motor Tuner Tuning Range
in bunker test, Operation Frequency 80.5 MHz, Frequency
Range Unit: kHz (until April 2019).
For pneumatic tuner, we measure tuning range at 4K,
then calculated helium pressure requirement at 2K.
Required pressure for each cavity is seen in Figure 7.
A few pneumatic tuners require more than 45 PSI over the
bunker supply pressure up limit. In the FRIB tunnel, the
helium supply line can support up to 60 PSI pressure, so all
these cavities still can be operated at specification
frequency 322.0 MHz in the tunnel. In bunkers or the FRIB
tunnel, the helium line pressure down limit is based on the
THP062
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Figure 9: FRIB Cryomodule Bunker Test (until April
2019), Field Emission cavity X-rays at Specification Ea
and Max Ea.
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About cavity locking test, every cavity was amplitude
and phase locked by LLRF controller [12] at least one hour
at specification Ea or 1~10% higher than specification Ea
in bunkers. All tested cavities voltage amplitude and phase
stability can satisfy FRIB linac operation requirement
(amplitude < ±1% and phase ±1º).
For 2K dynamic heat load measurement, we usually
operated two cavities at specification gradient to measure
heat load. The dynamic heat load statistic result of all
certified cryomodules is shown in Figure 10. SCM402,
SCM403, SCM803, SCM807 and SCM901 2K dynamic
heat load were estimated numbers (hollow bar in figure),
they all meet the specifications; SCM810 dynamic heat
load measurement was skipped; others are all good to
satisfy the FRIB cryomodule dynamic heat load
requirement.

Figure 11: FRIB Cryomodule 2K Header Static Heat Load
measurement result (until April 2019).

Figure 12: FRIB Cryomodule 4K Header Static Heat Load
measurement result (until April 2019).
Figure 10: FRIB Cryomodule 2K Dynamic Heat Load
Measurement Results, Unit: Watts per Cavity (until April
2019).
Solenoid packages test certification statistics is seen in
Table 5, all magnets were certified by testing procedures
with no issue.
Table 5: FRIB Cryomodule
Certification (until April 2019)

Solenoid

Packages

Static heat load measurement result is shown in
Figure 11 (2K header heat load) and Figure 12 (4K header
heat load).

SUMMARY
Until April 2019, 69.6% (67.3% include spare) FRIB
cryomodules were certified by bunker test. All certified
cryomodules are satisfied with FRIB specifications. All
type QWRs cryomodules were already installed into the
FRIB tunnel for beam commissioning [13], and other
certified cryomodules are ready for tunnel installation.
SRF Technology - Cryomodule
module testing and infrastructure
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INIVESTIGATION OF THE POSSIBILITY OF
HIGH EFFICIENCY L-BAND SRF CAVITY FOR
MEDIUM-BETA HEAVY ION MULTI-CHARGE-STATE BEAMS
S. Shanab†, K. Saito, and Y. Yamazaki, Michigan State University, East Lansing, USA
Abstract
The possibility of L-band SRF elliptical cavity in order
to accelerate heavy ion multi-charge-state beams is being
investigated for accelerating energy higher than 200
MeV/u. A first simple analytic study was performed and
the result showed that the longitudinal acceptance of 1288
MHz is sufficient for heavy-ion multi-charge-state (5
charge states) medium-beta linac. The cryogenic heat load
is calculated for this linac with taken into consideration
cavity doping technology. In this paper, a summary of the
beam dynamics and cryogenic heat load calculations for
1288 MHz linac for heavy-ion multi-charge-state (5 charge
states) medium-beta beams.

INTRODUCTION
High Superconducting Radio Frequency (SRF) structures are attractive for a variety of reasons. They make the
accelerator very compact since the cross-section of the cavity is proportional to the inverse of the frequency squared,
i.e. the higher frequency RF the smaller cavity becomes.
Although, the SRF cavity surface resistance is proportional
to frequency squared, it can be minimized via doping technology. That reduces cavity cryogenics’ heat load significantly. In addition, cavity-doping technology has shown
the trend that its reduction in cavity surface resistance is
more pronounced in higher frequency cavities [1, 2]. That
reduces cavity cryogenics’ RF heat load significantly at LBand frequency.

HEAVY ION LINAC CRITERIA
Longitudinal acceptance must be sufficient. ContinuesWave (CW) operation, high Q0 is desired. Low current
linac (Uranium < 1mA), i.e. HOMs are not a serious concern. Multi-species and multi-charge state acceleration i.e.
accelerates protons to uranium. Velocity acceptance must
be sufficient; number of cavity-cells must be optimized.
Optimized energy upgrade to boost U-238 from 200
MeV/u to 400 MeV/u.

1288 MHz LINAC PARAMETERS
The proposed 1288 MHz (L-band) linac layout consists
of eleven cryomodules; each includes nine 6-cell 1288
MHz SRF cavities and 22 room temperature magnetic
quadrupoles for beam focusing. Table 1 summarizes the
1288 MHz linac parameters. The conceptual cryomodule
layout is shown in Fig. 1.

Figure 1: 1288 MHz conceptual cryomodule layout.
Table 1: Summarizes the 1288 MHz Linac Parameters
Parameter
Number of Cryomodules
Number of Cavities
Number of Cells per
Cavity
Number of Cavities per
Cryomodule
Number of Quadrupoles
Operating Frequency
Beta Geometry βg
Cryomodule Length
Bellow Length
Linac Total Length
Number of Cryomodules
Number of Cavities

Unit

Value
11
99
6
9

[MHz]
[cm]
[cm]
[cm]

22
1288
0.61
633.0
7.1
7933.0
11
99

SUMMARY OF 1288 MHz
CAVITY PARAMETERS
The number of cells of the cavity was chosen to be six,
such that it accelerates a multi-charge-state uranium-238
beam from an initial energy of 200 MeV/u to ≥ 400 MeV/u
and maintain a sufficient velocity acceptance for lighter
ions and protons. The larger cell number than six also investigated but it does not meet the upgrade requirement.
The length of the accelerating cell is 𝛽 𝜆/2 and the total
length (flange-to-flange) of the cavity is 58.59 cm including beam pipes at both ends with 𝛽 = 0.61 and a bore
radius of 3.0 cm. The choice of the cavity bore radius to be
3.0 cm is advantageous due to the smaller cavity radius the
uniform accelerating fields the ions will experience, i.e.
smaller transverse kicks when ions pass through cavities,
which minimizes the beam centroid oscillations in the
space-phase plane. Specially, there were not beam correctors utilized in the 1288 MHz linac structure. In addition, a
smaller radius cavity lowers the Epk /Eacc that is due to the
fact that smaller radius adds more electric volume in the
high electric field region of the cavity, i.e. cavity ends. The
same thing is for Hpk/Eacc ratio.

____________________________________________
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Parameter
Cavity length
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imum value of RMS longitudinal emittance is approximately 44.3 π-ns-KeV/u at the linac end without any beam
losses, i.e. the 100% beam was transported to the linac end.

Table 2: Summary of 1288 MHz Cavity Parameters
Unit
[cm]

Value
58.59

Number of Cells per Cavity

50

6

45

Eacc
Cavity Voltage

[MV/m]
[MV]

25
10.6

Hpk
Beta Geometry, βg

[G]

948.1
0.61

Epk
Epk /Eacc
Hpk /Eacc
Cell-to-Cell Coupling

[MV/m]
[mT/MV/m]
[%]

76.0
3.0
3.8
1.34

Geometry Factor, G

[Ohm]

217

R/Q

[Ohm]

262.6

Longitudinal emittance RMS [ π-ns-KeV/u]
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Figure 3: The RMS longitudinal emittance was tracked
along the linac for 200 seeds error trial.

1288 MHz LINAC CRYOGENICS
20649 ions were tracked along the linac. The Root Mean
Squared (RMS) longitudinal beam emittance of the beam
was tracked along the linac with and without errors calculated via TRACK code [3]. It showed that the longitudinal
acceptance is sufficient for multi-charge state (five charge
states) heavy-ion medium-beta beams. Figure 2 shows the
longitudinal emittance evolution along the linac without errors, while Fig. 3 shows the longitudinal emittance evolution along the linac with errors for 200 error trials. Since
the beam is multi-charge state then each charge state will
have its own centroid and bunch. As those bunches are accelerated they will oscillate around the synchronous ion in
the phase-space thus the RMS longitudinal emittance is adequate to describe the motion of a multi-charge-state beam.
The 200 seed error trials can be seen as an envelope that
shows the maximum charge states centroid oscillations
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Figure 2: The longitudinal emittance evolution along the
linac. Blue is 100% longitudinal emittance, the red is
99.5% longitudinal emittance and the green is RMS longitudinal emittance for uranium-238 with multi-chargestates.
when the linac errors were implemented. The maximum
growth in longitudinal emittance was observed in the error
trial 82 shown in red in Fig. 3. In this error trial, the maxTHP063
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The RF dynamic load (Ploss) is calculated from the following equation:
P

[𝑊] =

(1)

( ⁄ )

Here, for our design, with (R/Q)=262.6 , Leff ≡

,

g=0.61, = 0.233 m, N=6, the result is Leff = 0.426 m
when input these numbers into Eq. (1), the RF dynamic
loss/cavity at Eacc= 25 MV/m is:
P

=

.

×

(2)

If Qo= 4x1010, Ploss = 10.8 W/cavity. The total with the
nitrogen doping technology, the cavity cryogenic heat load
can be lowered significantly. The linac dynamic heat load
for the 1288 MHz linac is calculated for varies cavity intrinsic quality factors, Q0. As expected and shown in Fig. 4,
higher cavity quality factor reduces the dynamics heat of
the linac.

Total dynamic heat load of the
linac [W]

1288 MHz LINAC BEAM DYAMNICS

Longitudinal emittance [π-ns-KeV/u]
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Figure 4: 1288 MHz linac’s heat load calculations for different cavity quality factors.

CONCLUSION
Our simple study showed that the longitudinal acceptance of the proposed high (L-band) frequency linac for
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medium-beta heavy ions multi-charge-state beams is sufficient for keeping the beam loss within the order limit allowing the hands-on maintenance and it preserves the
beam quality (no beam loss of 20000 implies lower beam
loss power than an order of several 10 W). Nitrogen doping
technology has shown that it is more beneficial for higher
frequencies cavities. That is because BCS surface resistance, RBCS is higher than the residual surface resistance,
Rres in higher frequencies.
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Abstract
The field emission effect is the mainly limitation for the
operating of SRF cavities in higher gradient with stability.
The hydrocarbon contaminant was proved one of the field
emitter sources that presented on the cavity inner surface
and induced the degradation of work function. In addition,
the plasma cleaning was an effective method to solve this
issue [1-2]. However, the mechanism of hydrocarbon contamination on the niobium surface was still unclear. In this
paper, the experiments were conducted to evaluate the impact of the carbon contaminants and plasma cleaning on
the performance of SRF cavity.

INTRODUCTION
Mechanism of contamination was classified by the bonding strength that between the carbon components and niobium surface. Thus, the weaker and stronger bonding
strength were taken into consideration.
For the weaker bonding strength condition, the cryogenic adsorption was the mainly contribution because the
SRF cavities were acted as the cryogenic pumps at liquid
helium temperature region that will lead to the adsorption
of residual gas and contaminants. These cryogenic contaminants maybe desorb from the inner surface by warming up
cavity to higher temperature.
However, the field emission cannot be relieved in the
most instances by thermal cycle the SRF system to room
temperature and pump the residual gas out. This situation
indicated that there was a stronger bonding strength between hydrocarbon contamination and niobium surface,
and the NbC was detected by XPS on outmost surface of
niobium samples in our previous study [3]. Therefore, the
carbon contamination by chemical deposition with
stronger bonding strength was assumed as the one of reason for field emission. In addition, oxygen activation
plasma cleaning might be the efficient solution for this kind
of contamination.

The methane was employed as the hydrocarbon contaminants to pollute SRF cavity. Firstly, the methane was inlet
into the cavity at vertical test stand to make a cryogenic
adsorption layer on the inner surface of the cavity. For the
strong strength condition, the chemical deposited dirty
layer of carbon contamination was produced by using of
Ar/CH4 plasma with PECVD method. Finally, carbon deposited cavity was treated by the Ar/O2 plasma to remove
the contamination.

Cryogenic Adsorption
The schematic diagram of experiment for cryogenic adsorption was shown in the Figure 1 and the experimental
procedure as follows:
 Vertical test at 4K after the standard surface treatment
to obtain the base line.
 Warm up the system to room temperature, then inlet
methane into cavity and the vacuum was 9.2 Pa.
 Close the valve II to isolate cavity from pump system,
and cooling down Dewar to 4 K.
 Two tests were conducted at 3 and 24 hours after cooling to 4 K.
 Warm up the Dewar to room temperature and open the
valves to pump the methane out from the cavity.
 Re-cooling down to 4 K after the methane pump out
and test the performance for fourth time.

EXPERIMENT SETUP
A HWR015 cavity, which developed at IMP for CiADS
project, was used for experiment study. The standard surface treatment was completed for this cavity including the
BCP with 150 um, annealing treatment under temperature
of 650 oC for 10 hours, light BCP for 30 um and HPR by
deionized water at class 100 clean room. Then, the performance was tested as the experiment base line in the vertical
Dewar.
___________________________________________
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Figure 1: schematic diagram of experiment for cryogenic
adsorption.
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Chemical Deposition
The plasma ignition technique of argon and oxygen
mixed gas in the HWR cavity was developed in the previous investigation [4]. The 3 precepts of methane was mixed
with argon to instead of oxygen and ignition parameters for
Ar/CH4 plasma, such as RF power and gas pressure were
similar with plasma cleaning processing. The active species of CH3, CH, C2H2 and so on were normally generated
with the presence of methane in the inert gas plasma. In the
meantime, these active hydrocarbon species were affinitive
for the metal surface to induce the carbon chemical deposition [5]. In this study, about 8 mins of total effective
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Ar/CH4 plasma was ignited to make the carbon deposited
layers on the inner surface cavity.

RF Condition and In-situ Plasma Cleaning
The traditional RF condition was carried out for the carbon deposited HWR015 to eliminate field emission, but it
was not effective, the detail results see the next section.
Therefore, the in-situ Ar/O2 plasma was utilized to remove
the carbon layers, and the technique parameters were duplicated from the previously study in the reference [4]. The
RF power was about 60-80 W, the plasma pulse on and off
time was 10-30 seconds and 2-5 mins respectively, and the
total efficient cleaning time was 90mins.

Figure 2: Experiment results under different surface treatment, the left and right was the dependence of Q0 value and Xray radiation dose on the surface peak electric field, respectively.

EXPRIMENTAL RESULTS

CONCLUSION

The experimental results of Q0 value and X-ray radiation dose were shown in the Figure 2. The performance of
SRF cavity was degraded by methane cryogenic adsorption,
the field emission effect inside the cavity was enhanced
with the dose onset point decreased from 32 to 28 MV/m,
and the maximum gradience was aslo deteriorated from 55
to 45 MV/m, as shown in the curve 2. Fortunately, the performance degradation can be recovered by thermal cycle
the cavity to 300K and pump methane out, as shown in the
curve 3.
For the strong strength condition, the carbon chemical
deposition was one of the causes of feild emission. The
maximum Epeak and FE onset was decreaed to 46 and 27
MV/m, respectively, shown as the curve 4. And then, additional 50 mins of RF condition was conducted to relieve
the field emission. However, the performance was degrated
further as shown in the curve 5.
The in-situ oxygen plasma cleaning was very effictive to
cover the shortage of traditional RF condition that can remove the deposited carbon layers and the field emission
was decreaced greatly with the increasing of onset point to
59 MV/m, as shown in the curve 6.

The hydrocarbon contaminants including the cryogenic
adsorption and chemical depostion were source of field
emission. The cryogenic adsorption can be solved by
warming up the SRF system to room temperature and
pumping residual gas out. However, the warming up
method was not effective for most situation of on-line operation. Thus, there was a reasonable assumption can be
deduced that carbon chemical deposition was existed in really SRF cavity operation online and it was difficult to terminate the field emission in this condition. In addition, the
plasma cleaning was essential to eliminate the deposited
hydrocarbon contamination that hardly removed from the
SRF inner surface.

SRF Technology - Cryomodule
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Abstract
TESLA superconducting (SC) cavities are used for the
acceleration of electron bunches at FLASH. The Higher
Order Modes (HOMs) excited by the beam in these cavities may cause emittance growth. The misalignment of the
cavities in a cryo-module is one of the essential factors
which enhance the coupling of the HOMs to the beam.
The cavity offset and tilt are the two most relevant misalignments. These can be measured by help of dipole
modes, based on their linear dependence on the beam
offset. The cavity offset has been measured before in
several modules at FLASH. However, the cavity tilt has
so far proved to be difficult to be measured, because the
angular dependence of the dipole mode is much weaker.
By carefully targeting the beam through the middle of a
cavity, the strong offset contribution to the dipole fields
could be reduced. Careful data analysis based on a fitting
method enabled us then to extract the information on the
cavity tilt. This measurement has been implemented in the
cavities in one cryo-module at FLASH. First results of the
ongoing measurements from several cavities are presented in this paper. It is for the first time that the cavity tilt in
several cavities has been measured.

INTRODUCTION
The Free-Electron Laser in Hamburg (FLASH) [1, 2] is
a single pass free-electron laser, which generates high
brilliance radiation by self-amplified spontaneous emission. The electron bunches are accelerated by the TeVenergy superconducting linear accelerator (TESLA) cavities working at 1.3 GHz. There are seven accelerating
cryo-modules in the linac and each houses eight TESLA
cavities.
When a bunch traverses a cavity, wakefields are excited. These fields can be decomposed into different modes,
such as monopole, dipole, quadrupole, etc. modes, according to the field distribution [3]. The modes with higher frequencies than the fundamental mode used for acceleration are defined as Higher Order Modes (HOMs).
These HOMs may cause emittance growth and thus reduce the beam quality. Two special couplers mounted at
both ends of the TESLA cavities are used for damping the
beam excited HOMs [4]. Centring the beam in the modules can also help to minimize the effect of the HOMs.
Therefore, the misalignment of the cavities inside
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† junhao.wei@desy.de

the module may enhance the coupling of the HOMs to the
beam. The cavity offset and tilt are the most relevant
misalignments. The dipole mode amplitude has a linear
relationship with the beam offset or the beam trajectory
tilt, and thus can be used for cavity misalignment measurement. The electronics [5] installed at the first five
accelerating modules filter one specific dipole mode at
1.7 GHz to be used for the misalignment measurement.
The cavity offset has been measured before in these modules at FLASH [6]. However, the cavity tilt has been
proved to be difficult to measure because it is difficult to
separate the contributions of the offset and tilt to the amplitude. Moreover, compared to the offset dependence, the
angular dependence on the dipole mode is much weaker.
Therefore, only results for one cavity could be obtained
so far. According to this previous results, an amplitude
excited by a trajectory tilt of ′0 =1 mrad corresponds to
an amplitude excited by a trajectory offset of 0 =0.2 mm
[7].
In order to reduce the strong offset contribution to the
dipole modes, we target the beam through the center of a
cavity with a small beam offset, while changing the tilt of
the beam trajectory. The dipole mode signals are extracted through the HOM couplers and processed by the electronics. We have developed a signal fitting method to
obtain the dipole mode amplitudes [8]. These amplitudes
can be fitted as a function of the offset and tilt. Its application to several cavities in one cryo-module at FLASH is
presented in this paper.
Next section introduces the measurement principle.
Then we show the signal fitting method to get dipole
mode amplitude. The following section presents the results of the cavity tilt measurement in several cavities.
The paper ends with conclusions.

MEASUREMENT PRINCIPLES
A beam traversing a cavity in the acceleration module
can excite the dipole mode in three different scenarios [6].
A beam trajectory may be parallel to the longitudinal axis
with an offset of x, or pass through the cavity center with
a tilt angle of x’. In addition, the bunch itself with a tilt of
θ may also excite dipole modes. The corresponding amplitude of the dipole mode is proportional to [9]

Vx (t )  x  e( t /2 ) sin(t ),
Vx ' (t )  x ' e

 ( t /2 )

cos(t ),

V (t )    e( t /2 ) cos(t ),

(1)
(2)
(3)
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where � is the angular frequency and � is the decay time
of the considered dipole mode. At FLASH, the bunch tilt
does not count due to the very short length [7].
Due to the linear relationship, the amplitudes of the dipole mode excited by a beam trajectory offset and tilt can
be written as
− 0 and
′ − 0′ , where a and b
are two scaling factors between the amplitude and offset
and tilt respectively, 0 and 0′ are the mode center and
the cavity tilt. It should also be noted that these two amplitudes have a phase difference of �/2. Therefore, a sum
of contributions from the beam offset and trajectory tilt is

Adipole  (a( x  x0 ))2  (b( x  x0 ))2 .
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(4)

In order to extract the cavity tilt information, we need
to achieve a trajectory with a small offset, but a relatively
large tilt with respect to the cavity.

Waveform Fitting
The amplitudes obtained by the fitting method may different from the measured spectrum due to a sampling as
asynchrony of the waveform in time domain. In order to
reconstruct the correct amplitudes of the two polarizations
from the measured spectra, we apply a method by fitting
the dipole mode signal [8].
The fitting waveform is basically coincident with the
original one. The difference curve between them is plotted in Fig. 2. The data is measured from cavity three in
ACC2. The STD of this difference curve is about 9 bins,
which is on the order of noise. The goodness of the fit can
be determined by the coefficient of determination (r2),
which is over 0.99. These validate a good effect of the
fitting method. The amplitudes of the two polarizations
for this waveform are 2.116 kbins and 0.781 kbins.

DIPOLE MODE AMPLITUDE
Signal Measurement
Electronics installed at the first five accelerating modules are used for dipole mode signal acquisition. It filters
the HOM signal at 1.7 GHz with a 20 MHz narrow bandpass and down mixes to 20 MHz IF (intermediate frequency). The signal is then sampled by ADC at a frequency of about 108 MHz [5]. Data is collected with the
DOOCS control system.
A typical signal waveform measured from cavity three
in the second 1.3 GHz cryo-module (ACC2) and its FFT
spectrum are shown in Fig. 1. There are two peaks in the
spectrum, which correspond to the two polarizations of
the dipole mode. We define the polarization with lower
frequency as Polarization1, and the other one as Polarization2. The frequency split of these two polarizations usually is caused by the asymmetry introduced by the couplers.

Figure 2: The difference curve between the fitting waveform and the original one.
We apply this signal fitting method to all measured data
to obtain the amplitudes. Then we calibrate the relationship between the amplitude and the offset and tilt of the
beam trajectory.

CAVITY TILT MEASUREMENT
Experiment Setup

Figure 1: Waveform (left) and spectrum (right) of the
dipole mode signal obtained from cavity three in ACC2.
A time window is used to cut off the transient part and
the parts with small Signal Noise Ratio (SNR) in the
waveform. These parts hardly carry any information on
the beam. The saturation which sometimes occurs in the
ADC also needs to be removed. The rest part of the waveform in the time window is shifted to zero offset and used
for further analysis.

We applied the cavity tilt measurement procedure in
module ACC2. Figure 3 shows a schematic drawing of
the experimental setup used for the cavity tilt measurement. We use two pairs of steerers to create the beam
trajectories with different offset and tilt. Two BPMs located upstream and downstream of the accelerating module
measure the beam positions. We switch the RF off and
cycle the quadrupole magnets between the two BPMs to
zero. In this case, a drift space between these two BPMs
is guaranteed. Therefore, the beam position and trajectory
tilt at each cavity can be interpolated from the two BPM
readings. The reference cavity axis is defined by the zero
readings of these two BPMs.
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Polarization Axes

Figure 3: Schematic drawing of the experiment setup of
the cavity tilt measurement.

Beam Offset Calibration
As described before, the amplitude of the dipole mode
can be described as a sum of contributions from the beam
offset and trajectory tilt. Normally, the beam offset contribution dominates the amplitude. At FLASH, it is much
easier to make large offsets than tilt. By calibrating the
beam offset, we determine the scaling factor a and the
dipole mode center 0 in Eq. (4) more accurately.
In order to do this, we use one pair of steerers to move
the beam as a grid. The experimental setup is the same as
we described in the HOM-based BPM calibration [8]. The
beam position at the downstream BPM is in the range of
10 mm × 10 mm, while the maximum tilt is less than
0.5 mrad. Therefore, the tilt contribution is much smaller
than the offset contribution and can be neglected. For a
given cavity, the amplitudes of the two polarizations of
the dipole mode for all trajectories and the beam positions
interpolated from two BPMs are used to form two matrices respectively. The scaling factor and mode center are
solved by linear regression. Figure 4 shows the beam
positions interpolated from the two BPMs and the ones
obtained from the dipole mode amplitudes in cavity three
in ACC2. The RMS of the difference between these two
kinds of beam positions is about 0.05 mm in x and
0.06 mm in y.

Due to the structure imperfections of the cavity and the
asymmetries of the couplers, the geometrical axis of the
cavity can deviate from the axis of the considered dipole
mode. Furthermore, the angle between the two transverse
polarization axes may deviate slightly from 90°.
According to the linear relationship between the amplitude of the polarization and the beam offset with respect
to the polarization axes, it is easy to find the positions
with the lowest amplitude. The polarization axes are
therefore determined. These are illustrated in Fig. 5 for
cavity three. The normalized amplitudes of the two polarizations are plotted as a function of beam positions in x
and y respectively.

Figure 5: Normalized amplitude of Polarization2 (left)
and Polarization1 (right) at cavity three in ACC2 as a
function of the beam position. The red lines indicate the
fitted polarization axes.
The two polarization axes form a new coordinate system ( ̃, ̃). For cavity three, the rotation angle of the polarization axes with respect to the horizontal plane are
1.7° and 94.1° respectively. In the following analysis, the
beam position and trajectory tilt are transferred into the
new coordinate system.

Cavity Tilt Result

Figure 4: Calibrated beam positions (red) and the BPM
interpolated positions (blue) in cavity three in ACC2.
The offset of the dipole mode center in this cavity is 0.83 mm in x and -0.80 mm in y. The scaling factors between the mode amplitude and the beam offset are
0.65 kbins/mm in x and 0.27 kbins/mm in y.

As mentioned above, the dipole mode is excited by
both a beam trajectory offset and a tilt. It is hard to restore
each part of the signal individually. In order to make the
contribution of the tilt more prominent, we need to keep
the beam trajectory close to the cavity center while varying the trajectory tilt angle.
As illustrated in Fig. 3, for each transverse plane two
steerers are used. By setting a suitable constant ratio of
the current of the two steerers, we can make the beam
pass through the cavity center with different tilt angles.
Due to the beam jitter and the error of the current ratio, it
seems to be impossible to make the beam trajectory pass
exactly through the cavity center. The offset is however
very small. Moreover, the trajectory tilt is limited by the
beamline. The angle is within ±1 mrad.
We made a linear scan in both the horizontal and vertical plane for each cavity. The data was recorded for each
beam trajectory and the mode amplitudes were obtained
by signal fitting. The beam positions and trajectory tilt
were interpolated from the two BPMs. Then we fitted the
mode amplitude with the trajectory offset and tilt based
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on Eq. (4). Figure 6 shows the normalized amplitudes of
the two polarizations for the horizontal and vertical scan
as a function of ( ̃, ̃′) and ( ̃, ̃′), respectively. And Fig. 7
shows the 3D mesh surface of the fitted amplitudes of the
two polarizations. For the horizontal and vertical scans,
the beam offsets are within 0.3 mm and the largest tilt is
less than 1 mrad. The cavity tilt ̃0′ and scaling factor b
are determined by the fitting procedure. The coefficient of
determination (r2) for the fitted amplitude is over 0.95.
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cavities. This is different from the previous result as we
mentioned in the first section.
Table 1: Cavity Tilt in Two Polarization Axes With Respect to the Cavity Axis
Cavity
#3
#6
#7

Polarization ̃
-0.056 mrad
0.082 mrad
0.118 mrad

Polarization ̃
0.190 mrad
0.654 mrad
0.194 mrad

CONCLUSION

Figure 6: Normalized amplitudes of Polarization1 for the
horizontal scan (left) and Polarization2 for the vertical
scan (right).

Beam-excited dipole modes are used to measure the
cavity tilt misalignment of the TESLA accelerating cavities inside a cryo-module at FLASH.
The mode amplitude is obtained by the waveform fitting method. We first calibrate the linear dependence
between the amplitude and beam offset, and determine the
two polarization axes. The two axes form a new coordinate system for data analysis.
By using two steerers to focus the beam passing
through the center of a cavity, the strong offset contribution to the dipole mode amplitude could be reduced. Careful data analysis based on the fitting method enabled us
then to extract the information on the cavity tilt. We
measured for the first time the cavity tilt in several cavities in one module. Also, the fitting result shows a similar
ratio between the tilt and offset dependence of the dipole
mode amplitude of about 1 mrad:0.3 mm, which is different than measured in one cavity before.
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the dipole mode around 1 mrad:0.3 mm for all these three
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EVALUATION OF LOW HEAT CONDUCTIVITY RF CABLES*
G. Cheng†, G. Ciovati, M. Morrone, Jefferson Lab, Newport News, VA, USA
Abstract
New potential applications of superconducting radiofrequency can be envisioned with conduction cooling of
the cavities using cryocoolers. In this case, the total heat
load to the cryocoolers have to be carefully managed to assure sufficient margin to operate the cavity at an acceptable
accelerating gradient. The static and dynamic heat load
from rf cables connected to the cavity can be a significant
contribution to the total heat load. In this contribution we
report the results from measurements of the temperature
profile at 1.3 GHz for two low heat conductivity rf cables,
as a function of the rf power and with one end of the cable
in thermal contact with a liquid helium bath at 4.3 K. A
parametric model of the two cables was developed with
ANSYS to match the temperature profiles and calculate the
heat load at the cold end of the cable.

INTRODUCTION
Recent developments in Nb3Sn films for application to
superconducting radio-frequency (SRF) cavities have resulted in quality factor values at 4.3 K and maximum accelerating gradients sufficiently high to be considered for a
real accelerator application [1]. In particular, cooling of the
SRF cavity using one or multiple cryocooler, instead of a
liquid helium bath becomes a feasible option. Such possibility would result in much simplified, cost effective and
reliable cryomodules that could be attractive for use in industrial accelerators [2, 3].
As the cooling power of a cryocooler is currently limited
to ~2 W at 4 K, careful management of all the heat loads is
necessary in order to allow the largest fraction of the total
cooling capacity to be available for the cavity rf losses. One
source of both static and dynamic heat loads is represented
by the rf cables used to transmit power into and out of the
cavity. Such cables have one end at room temperature and
the other end connected to an rf feedthrough attached to the
cold cavity. Ideally, the cables would have low heat conductivity to minimize the static heat load and high electrical conductivity to minimize the dynamic heat load. Such
type of cables can be used for the cavity field probe signal
and high-order mode coupler signal in traditional cryomodules as well.
In this contribution, we present the results of measurements of the temperature profile and rf losses of two rf cables with one end at room temperature and the other end
connected to a flange immersed in liquid helium at 4.3 K.
The data have been used to find a suitable parametrization
of the thermal model of the cables. The static and dynamic
___________________________________________
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heat load at different input power levels were then computed from a thermal analysis using ANSYS.
The two semi-rigid, coaxial rf cables with 50 Ω impedance selected for this study are: ULT-05 from KEYCOM,
Japan [4], and TFlex-405 from TIMES MICROWAVE
SYSTEMS, USA [5].

RF CABLES SPECIFICATIONS
The ULT-05 cable has an outer conductor made of stainless steel 304 with a 5 µm thick copper plating on the inner
surface. The outer diameter (OD) of the outer conductor is
2.2 mm. The dielectric is made of foamed PTFE and has
an OD of 1.62 mm. The inner conductor of 0.51 mm diameter is made of silver-plated brass with plating thickness of
3.5 µm. The nominal insertion loss at 1 GHz is 0.9 dB/m
at 25 °C. The manufacturer did not provide a maximum
power rating but recommended not to exceed 1 W at
1 GHz.
The TFlex-405 cable has a 0.51 mm diameter center conductor made of silver covered copper clad steel. The dielectric, 1.62 mm OD, is made of solid PTFE. It has an inner
shield made of silver-plated copper flat ribbon tape and an
outer shield, 2.2 mm diameter, made of silver-plated copper braid. The cable also has a blue Teflon FEP jacket. The
nominal insertion loss at 1 GHz is 0.69 dB/m at 25 °C. The
maximum cw power rating at 1 GHz and 40 °C is 119 W
(1:1 VSWR).

CRYOGENIC TESTS
SMA connectors were soldered to both ends of each cable. The total length, end-to-end, including the connectors
is 1930 mm. Seven temperature diodes (DT-470,
LakeShore Cryotronics) in an SD-package (3.175 ×
1.90 mm2 footprint) have been attached to the cables’ outer
conductors at the same fixed locations using GE Varnish
and Kapton tape. A picture of one of the sensors attached
to the TFlex-405 cable is shown in Fig. 1. For the TFlex405 cable, the jacket was removed in the areas where the
diodes were attached, to allow direct mounting to the outer
conductor.
The cable is inserted in a vacuum pipe and connected to
SMA feedthroughs on 2.75" Conflat flanges at either end.
Four Gore-Tex spacers were used to keep the cable centered in the pipe. The vacuum pipe is part of a test stand to
be inserted in a vertical cryostat at Jefferson Lab’s Vertical
Test Area. A bellow is used at the end section of the pipe to
accommodate for the length of the cable and provide some
margin for the shrinkage after cooldown. An auxiliary cable (TFlex-402, TIMES MICROWAVE SYSTEMS, USA)
is connected to a separate SMA feedthrough on the top
plate of the test stand and is used for transmitting the power
from the cold end of the cable under test up to room temperature. A picture of the test stand is shown in Fig. 2.
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Temperature diode

0.5”

Figure 1: Picture of one end of the TFlex-405 cable with a
temperature diode.

SMA feedthrough on the top plate to which the auxiliary
cable is connected to. The VNA was calibrated up to the
end of the launching cable. The reflection coefficient S11
was measured over the frequency range 0.5 – 2 GHz and
the insertion loss is given by |S11|/2. The measurements
were done both at 300 K and 4.3 K for both the TFlex-405
and the ULT-05 cables and the results are show in Fig. 3.
The insertion loss per unit length measured at 1 GHz for
the TFlex-405 cable, including the SMA connectors and
feedthroughs, at 300 K was 0.76 dB/m, whereas it was
1.6 dB/m for the ULT-05 cable. The insertion loss per unit
length was significantly higher than the specification for
the ULT-05 cable and the presence of a standing-wave pattern with significant amplitude may indicate a possible issue with the cable itself or the connectors soldered to its
ends.

Auxiliary cable

Vacuum pipe with
cable under test
inside

Figure 3: Insertion loss per unit length measured at 300 K
and with one end at 4.3 K as a function of frequency for
the ULT-05 and the TFlex-405 cables.

Temperature Profiles

Figure 2: Picture of the test stand with a vacuum pipe and
bellow and the auxiliary cable. The rf cable under test is
inside the vacuum pipe.

Insertion Loss
A short-circuit standard was connected at the end of the
auxiliary cable and to the SMA feedthrough at the end of
the vacuum pipe. A calibrated Cernox resistance-temperature device was attached to the flange at the bottom of the
vacuum pipe. The test stand was inserted in a vertical cryostat in Jefferson Lab’s Vertical Test Area and the vacuum
pipe was evacuated to ~1×10-6 mbar. The cryostat was
filled with liquid He at 4.3 K, up to the height of the bellow.
A vector network analyser (VNA) (E5071C, Agilent
Technologies) was connected using a launching cable
firstly to the SMA feedthrough on the top plate to which
the cable under test is connected to, and secondly to the
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After the measurements of the insertion loss, the test
stand was removed from the dewar after warm up, and the
auxiliary cable was connected to the SMA feedthrough at
the bottom of the vacuum pipe. The cable under test is connected to the vacuum side of the same feedthrough. The
stand is inserted back into the dewar, cooled to 4.3 K.
An rf signal generator set at 1.3 GHz drives a high-power
amplifier and the output power is measured by a power meter connected to the coupling port of a -30 dB coupler. The
rf power is sent into the cable under test through the SMA
feedthrough on the test stand top plate. The power flows
back up to an SMA feedthrough on the top plate through
the auxiliary cable and is dissipated into a 50 Ω load connected on the air-side of the feedthrough. The power from
the auxiliary cable is measured with a power meter connected to the coupling port of another -30 dB coupler between the feedthrough and the load.
The temperature of the seven diodes is measured with a
temperature monitor (Model 218, LakeShore Cryotronics)
as a function of time, for different levels of rf power injected into the cable under test. The data are acquired for
sufficiently long time to approach steady-state conditions.
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Fig. 4 shows an example of the temperature, T, versus time,
t, measured for the TFlex-405 cable.

15 W
10 W
4W

RF off

Figure 6: Steady state temperature along the TFlex-405 cable for different input power levels at 1.3 GHz.

Figure 4: Temperature versus time measured at several locations from the cold end of the TFlex-405 cable for different levels of input power at 1.3 GHz.
For each power level, the curves of T(t) were fitted with:
�(�) = �0 �1 − � −�⁄� �,

(1)

where T0 is the steady-state temperature and τ is a time constant. Figs. 5 and 6 show the steady-state temperature profiles along the ULT-05 and TFlex-405 cables, respectively,
for different values of input power, at 1.3 GHz.
The total insertion loss of the ULT-05 and auxiliary cable
increased by ~0.5 dB between 0.5 W and 4.4 W, whereas it
increased by ~0.3 dB between 0.5 W and 15 W for the
TFlex-405 and auxiliary cable.

ANSYS SIMULATIONS
Parametric finite element analysis (FEA) models for
both the ULT-05 and TFlex-405 cables are created in ANSYS® to simulate their thermal performance with or without RF power. In lieu of constructing a heat load measurement system, FEA models are used to predict the conductive heat to the 4 K boundary and evaluate the benefit of
having a 50 K heat station on the RF cable.
The RF cable model consists of the inner conductor,
coating for the inner conductor, spacer material between
the conductors, the outer conductor and its coating, as well
as the external insulation in the case of TFlex-405. Figures
7 and 8 illustrate the cross sections of the ULT-05 and
TFlex-405 cables, respectively

Outer conductor
Insulator

Center conductor

Figure 7: ULT-05 cable model cross section view.

Figure 5: Steady state temperature along the ULT-05 cable
for different input power levels at 1.3 GHz.
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One end of the cable is set to have a temperature boundary of 300 K and the other end is connected to a dummy
conductor simulating the SMA connector. The cable model
is segmented to have temperature sampling locations
matching with those of the temperature sensors used in
measurements, i.e. at 0.5", 3", 9", 18", 27", 36" and 48"
away from the cold end. Figure 9 illustrates the segmented
cable. The dummy conductor’s cold end is set to have
4.3 K temperature boundary condition.
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Jacket
Outer conductor
Insulator

Center conductor

Figure 8: TFLex-405 cable model cross section view.

Figure 9: Segmented TFLex-405 cable model, the cold end
dummy conductor locates at the left bottom corner.
The main parameters used to adjust the temperature profile of the cables include the dummy conductor’s thermal
conductivity, and the conductors’ RRR of copper plating,
thicknesses of copper/silver coating and thermal emissivities [6]. It is found that the outer conductor’s coating thickness has the most significant influence on the temperatures
at the sampling points. Temperature dependent thermal
conductivities [7] of brass, copper, silver, stainless steel
and Teflon are applied to corresponding inner/outer conductors, spacer/insulation and coatings.
Figure 10 shows the comparisons of analysed vs. measured temperatures for both types of RF cables with or without RF power. It is seen that after adjusting the parameters
in the model, for the case of zero RF power, both cable
models result in temperatures matching the measured data
very well. When there is RF power in the cable, the simulated temperatures generally match with the measured data
as well. The good agreement between the FEA results and
measured data suggests that the models can be adapted to
estimate the 4 K heat loads and optimize the 50 K heat station location.
According to the measured loss as shown in Fig. 3, for
1.3 GHz, the cold end losses for the ULT-05 and TFlex-405
are 1.726 dB/m and 0.57 dB/m, respectively. This means
that to transmit the same power, PT, at the cold end, ULT05 and TFLex-405 need 4.4 W and 2.59 W input power,
Pin, respectively. The power loss, PL, is different in the two
cables.
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Figure 10: Simulated (FEA) vs. measured temperatures on
the ULT-05 and TFlex-405 cables.
50 K heat station optimization is carried out for ULT-05
with Pin = 4.4 W and TFlex-405 with 2.59 W, respectively.
Figure 11 shows the result of the 50 K heat station location
optimization based on the FEA models. In the optimization
process, a 50 K boundary condition is applied to the outer
conductor of the RF cable. For TFlex-405, in practice that
means to peel off the insulation then attach the heat intercept block. As it can be seen from Fig. 11, the TFLex-405
cable results in lower heat load to 4 K than that for the ULT05 cable, for the same power transmitted at the end of the
cable.

Figure 11: Optimization of 50 K heat station location on
ULT-05 and TFlex-405 with 4.4 W and 2.59 W, 1.3 GHz
input power, respectively.
Table 1 gives a summary of the input power, cable losses
and heat load to 4 K with or without 50 K heat station for
both cables. The heat stations are placed at the optimal locations as shown in Fig. 11. A conservative assumption is
made that the cable loss in dB/m is not affected by the addition of 50 K heat station. In reality, the 50 K heat station
is expected to lower the cable loss.
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Table 1: Summary of Input Power, Power Loss, Transmitted Power and Static, QS-4K, and Total Heat Loads, Q4K to
4K
f = 1.3
GHz
Pin (W)
dB/m
PL (W)
PT (W)
QS-4K
(W)
Q4K (W)

ULT-05
No Heat 50 K at
station
63"
4.4
1.73
2.41
1.99

TFlex-405
No Heat 50 K at
station
50"
2.59
0.57
0.598
1.99

0.013

0.304

0.319

0.226

0.982

0.333

0.447

0.261

CONCLUSION
The experimental and analytical studies of two candidate
low loss RF cables, i.e. ULT-05 and TFlex-405, were conducted. The analysis model is parameterized so that good
match between the simulated results and measured data can
be achieved by fine-tuning the parameters. The tuned cable
model is then used to estimate the heat load to 4 K and optimize the location of the 50 K heat station. The TFlex-405
cable is found to have the potential to minimize the 4 K
heat load to be around 261 mW at 1.3 GHz and for 2 W RF
power transmitted at the cold end.
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CEPC HOM COUPLER R & D ∗
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Key Laboratory of Particle Acceleration Physics and Technology, Institute of High Energy Physics,
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Abstract
The Circular Electron Positron Collider (CEPC) will use a
650 MHz RF system with 240 2-cell cavities for the collider.
To keep the beam stable and avoid additional cryogenic loss,
a double notch coupler is chosen due to its wide bandwidth
for the fundamental mode. In this paper, the CDR design
and prototyping of the higher order mode (HOM) coupler
for the collider ring will be introduced. Low power test of
the HOM coupler has been accomplished by a coaxial line
test bench. The high power test has been also carried out in
room temperature.

The RF design, tolerance analysis, thermal analysis as
well as mechanical structures of the HOM coupler have been
finished [4]. This study focuses on the HOM coupler fabrication and tests; the remainder of the paper is organized as
follows: Sec. II introduces the fabrication status of the HOM
couplers for room temperature test and low temperature test.
A coaxial test bench has been designed and fabricated for
HOM coupler test, which is presented in Sec. III along
with the test results for the test bench. In Sec. IV, the low
power test results of the HOM coupler are given. The high
power test results and plans are listed in Sec. V. Finally, the
conclusions are summarized in the last section.

INTRODUCTION
CEPC is a proposed 100 km circular electron-positron
collider operating at 90-240 GeV center-of-mass energy of
Z, W and Higgs bosons. The luminosity goal for Higgs is
2 × 10−34 cm−2 s−1 and higher than 1 × 10−34 cm−2 s−1
for Z-pole. The conceptual design report (CDR) of CEPC
has been published in August, 2018 [1]. CEPC parameters
and lattice design for the collider are described in the CDR.
CEPC will use a 650 MHz RF system with 240 cavities for
the Collider and a 1300 MHz RF system with 96 cavities
for the Booster. The collider is a double-ring with shared
cavities for Higgs operation and separate cavities for W and
Z operations as shown in Fig. 1. This common cavity scheme
will reduce the total cavity and cryomodule number as well
as the cryogenics by half compared to the usual double ring
with separate cavities for the two rings. The electron or
positron beams will go through the two RF stations in each
RF section for Higgs operation. When operating for W and
Z, part of the Higgs cavities will be used in each RF section,
and the electron or positron beams will go through only one
of the two RF stations of a RF section.
Higher-order-modes excited by the intense beam bunches
must be damped to avoid additional cryogenic loss and beam
instabilities. This is accomplished by extracting the stored
energy via coaxial HOM couplers mounted on both sides of
the cavity beam pipe. The HOM absorbers are outside the
cryomodule. From LEP2 and LHC experience of handling
large higher-order-mode power in a multi-cavity cryomodule
with coaxial HOM couplers [2] [3], the upper-limit of average HOM power produced in each 2-cell 650 MHz cavity
is set to be 2 kW. Each cavity has two detachable coaxial
HOM couplers mounted on the cavity beam pipe with HOM
power handling capacity of 1 kW.
∗
†

Work supported by National Key Programme for S&T Research and
Development (Grant NO.: 2016YFA0400400) and Xie Jialin Funding.
zhenghj@ihep.ac.cn
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Figure 1: Layout of CEPC collider.

HOM COUPLER FABRICATION
A test cryomodule with two 650 MHz 2-cell cavities is in
fabrication and will be assembled in the test cryomodule in
2019 [5]. The cavity will be equipped with HOM couplers
and other accessories which will form a completed crymodule. Beam test with a DC photo cathode gun (CW 10 mA)
is scheduled to start in 2020 at a new SRF laboratory in
the Platform of Advanced Photon Source Technology R&D
(PAPS) [6]. To check the HOM coupler performances at
room temperature, two dismountable HOM couplers with
different inner conductor length were fabricated. Four formal prototypes have been processed and are awaiting for the
low temperature test.
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Prototype Fabrication for Room Temperature Test
Two stainless steel prototypes of HOM coupler were fabricated for the measurement of the transmission characteristics.
The inner conductor of each HOM coupler was designed
with different length as shown in Fig. 2 to find the impact
on the transmission properties. To ensure the installation
accuracy of the different parts of the HOM coupler, a fixture
was designed. The different parts of the HOM coupler, the
prototypes and the fixture used for installation are shown in
Fig. 3.

window, a copper probe and a stainless steel flange. Four
HOM couplers are already made by two different companies.
Fig. 4 shows the ceramic window and the whole upper part
of the HOM coupler. Fig. 5 shows the loop part and the
whole bottom part of the HOM coupler with helium jacket.
Post-processing has been done for the bottom part, with BCP
100 𝜇m, and baking at 750 ∘ C.

(a)

(b)

Figure 4: (a) The ceramic window, (b) the upper part of the
HOM coupler .

Figure 2: Dismountable HOM coupler model.

(a)

(b)

Figure 5: (a) The loop part, (b) the bottom part of the HOM
coupler with helium jacket.
(a)

(b)

TEST BENCH FABRICATION
To characterize the transmission and reflection of the
HOM coupler and check the influence of the fabrication
errors, a coaxial transmission line was used to measure the
transmission properties of the coupler.

Test Bench Design

(c)

(d)

Figure 3: (a) Detachable parts, (b) T type inner conductor, (c)
the fixture used for installation, (d) HOM coupler prototype.

Prototype Fabrication for Low Temperature Test
The fabrication of the formal HOM coupler prototypes
used for the CEPC collider test cryomodule with two 650
MHz 2-cell cavities have been completed. The detachable
HOM coupler is composed of two parts, one part includes
a niobium loop, a niobium shell, two flanges and a helium
jacket made of Nb55Ti, the other part includes a ceramic
SRF Technology - Ancillaries
HOM coupler / dampers

The stainless steel coaxial transmission line includes two
standard N type connectors, a transition part with conical
shape and a HOM coupler connector. Two Teflon sheets
with flower structure has been designed in order to support
the inner conductor and reduce the reflection of the coaxial
line as shown in Fig. 6. The geometry of the coaxial line has
been optimized to reduce the voltage standing wave ratio
(VSWR) to meet the requirements for the measurement of
the HOM transmission characteristics.

Test Bench Test
The coaxial transmission line has been developed as
shown in Fig. 7. The reflection properties of the coaxial
transmission line has been measured by the vector network
analyzer (Rohde&Schwarz). Fig. 8 shows the measured
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Figure 6: The coaxial transimission line with HOM coupler
model.
results of the reflection coefficient compared with the simulation results. As we can see, the measured results agree
well with the simulated results after consider the machining
tolerances.
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measured S21 parameters compared with simulated results
are shown in Fig. 10. The S21 parameter measured is -90.5
dB for the first notch and -74 dB for the second notch, which
indicates the HOM coupler is a good notch filter at working
point. The bandwidth of the notch frequency measured for
the notch filter is about 101 MHz, which is wide enough that
the HOM coupler need not to be tuned in practice. It can be
seen from Fig. 10 that the measured S21 values are larger
than the simulated values, and the bandwidth of the notch
frequency measured is also wider than the simulated results.
The first reason for the differences is to take a different number of sample points. The number of result data samples
used for simulation is 50001, while is only 30001 for test
which is limited by the vector network analyzer used. The
less data samples mean that it’s possible to miss the minimum point. The second reason for the difference is mainly
from the fabrication and assembly errors. All the inner parts
of the HOM coupler are separate, and then assembled together by the fixture. Each part may introduces a small error
during the installation. When assemble the HOM coupler
on the test bench, the angular position of the HOM coupler
is defined by labels on the flange and tube. It leads to a few
degrees of error. But in general, the broadband results for
the measurement and simulated results are agree well.

Figure 7: The coaxial transmission line prototype.

Figure 9: The coaxial transmission line test bench with HOM
coupler.

Figure 8: The reflection properties of the coaxial line prototype measured compared with simulated.

HOM COUPLER LOW POWER TEST
With the vector network analyzer, the transmission characteristics of the HOM coupler has been measured with the
coaxial transmission line prototype. Feed-in the signal from
the coaxial transmission line named port1, pick up the signal
from HOM coupler port named port2 and the third port is
connected with a matched load as shown in Fig. 9. The
THP070
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Figure 10: The measured S21 parameters of the HOM coupler compared with simulated.
Different length of different inner parts are changed to
see the impact on the transmission properties for the HOM
SRF Technology - Ancillaries
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coupler. Fig. 11 indicates that the different length of L1
affects a little of the notch frequency and mainly affects the
frequencies of the second and third crest which corresponding to the second and fourth higher order modes. Fig. 12
indicates that the longer L2 causes smaller bandwidth for the
notch frequency and bring the crests of S21 move to the low
frequency side. Fig. 13 indicates that the different length of
L3 affects the notch frequency only a little and the longer
L3 value brings the crests move to the lower frequency side.
The design value for L1, L2 and L3 is kept unchanged, and
machining error should be controled.
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(a)

(b)

Figure 13: (a) HOM coupler model, (b) measured results
for different L3 length.

(a)

(b)

Figure 11: (a) HOM coupler model, (b) measured results
for different L1 length.

Figure 14: High power test for the HOM coupler at room
temperature.
insure the HOM coupler operate without breakdown during
the machine running, 1 kW power test under 2 K is planned.
A special coaxial line which used to pick up 1 kW power
from the HOM coupler and a special test box are currently
being explored. Vertical test with cavity and in horizontal
test stand are also on our schedule.

CONCLUSION

(a)

(b)

Figure 12: (a) HOM coupler model, (b) measured results
for different L2 length.

HOM COUPLER HIGH POWER TEST
100 W Test
The high power test was carried out at room temperature
with 1.3 GHz 3 kW solid state power source. Several temperature sensors were put on different location of the test
bench as shown in Fig. 14. Finally, the picked up power
from HOM coupler port is 104 W, and the input power is
639 W. The temperature near the pickup port is 34.3 ∘ C.

1 kW Test
For CDR design, the upper-limit of the HOM power handing capacity for each HOM coupler is set to 1 kW. In order to
SRF Technology - Ancillaries
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In this paper, the HOM coupler fabrication status for room
temperature test and low temperature test are introduced.
Two dismountable stainless steel HOM coupler prototypes
and a coaxial line test bench are designed and fabricated for
the measurement of the transmission characteristics. The
reflection properties of the coaxial line agrees well with the
simulated results. The low power test of the HOM coupler
shows that the bandwidth of the notch frequency for the
notch filter is about 101 MHz, which is wide enough for the
fundamental mode damping that need not to be tuned for
practical applications. The broadband test results for the
HOM coupler agree well with the simulation results. 100
W power test at room temperature are finished and the 1 kW
power test at room temperature as well as low temperature
are under way. Vertical test and horizontal test of the cavity
with HOM coupler are also on our schedule.
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Abstract
CEPC will use a 650 MHz RF system with 240 2-cell
cavities for the collider. The collider is a double-ring with
shared cavities for Higgs operation and separate cavities for
W and Z operations. The higher order modes (HOM) excited by the intense beam bunches must be damped to avoid
additional cryogenic loss and multi-bunch instabilities. In
this paper, the impedance budget, HOM damping and HOM
power requirement for the CEPC collider ring are given.
This HOM power limit and the fast-growing longitudinal
coupled-bunch instabilities (CBI) driven by both the fundamental and higher order modes impedance of the RF cavities
determine to a large extent the highest beam current and luminosity obtainable in the Z mode. Two prototypes of HOM
coupler have been fabricated and installed on the 650 MHz
2-cell cavity. The higher order modes have been verified
by bead pulling method. The 𝑄𝑒 for the HOMs have been
also measured. A test bench with two 2-cell cavities is used
to measure the real damping results and HOM propagating
properties for a cavity string.

age HOM power produced in each 2-cell 650 MHz cavity
is set to be 2 kW. Each cavity has two detachable coaxial
HOM couplers mounted on the cavity beam pipe with HOM
power handling capacity of 1 kW. Each cryomodule has two
beamline HOM absorbers at room temperature outside the
vacuum vessel with HOM power handling capacity of 5 kW
each.
The design and vertical test of the 650 MHz 2-cell cavity have been finished [4]. The design, fabrication and low
power test of the HOM coupler have been also completed,
and wait for the low temperature test [5, 6]. This study focuses on the HOM measurement with cavity; the remainder
of the paper is organized as follows: Sec. II introduces the
HOM damping requirements. A 2-cell cavity with two stainless steel HOM couplers test bench, which is presented in
Sec. III along with the measurement for HOM damping
results and the recognition of the HOMs. In Sec. IV, a two
2-cell cavity with HOM coupler and absorber system is introduced to study the HOM propagating properties. Finally,
the conclusions are summarized in the last section.

INTRODUCTION
CEPC is a proposed 100 km circular electron-positron
collider operating at 90-240 GeV center-of-mass energy of
Z, W and Higgs bosons. The luminosity goal for Higgs is 2
× 10−34 cm−2 s−1 and higher than 1 × 10−34 cm−2 s−1 for
Z-pole. The conceptual design report (CDR) of CEPC has
been published in August, 2018 [1]. CEPC parameters and
lattice design for the collider are described in CDR. CEPC
will use a 650 MHz RF system with 240 cavities for the
Collider and a 1300 MHz RF system with 96 cavities for
the Booster. There are two RF sections located at two long
straight sections, respectively. Each RF section contains two
Collider RF stations and one Booster RF station between the
two Collider RF stations. Each of the 11 m-long Collider
cryomodules contains six 650 MHz 2-cell cavities as shown
in Fig. 1, and each of the 12 m-long Booster cryomodules
contains eight 1.3 GHz 9-cell cavities.
Higher-order-modes excited by the intense beam bunches
must be damped to avoid additional cryogenic loss and beam
instabilities. This is accomplished by extracting the stored
energy via coaxial HOM couplers mounted on both sides of
the cavity beam pipe. The HOM absorbers are outside the
cryomodule. From LEP2 and LHC experience of handling
large higher-order-mode power in a multi-cavity cryomodule
with coaxial HOM couplers [2, 3], the upper-limit of aver∗
†
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Figure 1: CEPC collider ring 650 MHz 2-cell cavity and
cryomodule.

HOM DAMPING REQUIREMENT
The baseline of the collider is a double-ring with 650
MHz 2-cell cavities shared between the two collider rings as
described in the introduction section. The beam parameters
and RF parameters can be found in CDR [1]. In a storage
ring, the beam instabilities in both the longitudinal and transverse directions caused by the RF system are mainly from
the cavities themselves. To keep the beam stable, the radiation damping time should be less than the rise time of
the multi-bunch instability. The HOMs of the cavities must
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be damped sufficiently to prevent coupled bunch instabilities and to limit parasitic mode losses. To damp different
polarization HOMs, at least two HOM couplers per cavity
are needed. The cut-off frequency of the cavity beam tube
for the monopole mode is 1471 MHz, so the couplers need
to damp the HOMs at frequencies from 780 MHz to 1471
MHz.
The average power losses can be calculated as single pass
excitation. As shown in Fig. 2, HOM power damping of 1.95
kW for each 650 MHz 2-cell cavity is required for the CEPC
collider. Resonant excitation should be considered especially
for the low frequency modes below cut-off. All the HOM
power below the cut-off frequency should be coupled by
the HOM coupler which mounted on the beam pipe and the
propagating modes will be absorbed by two HOM absorbers
at room temperature outside the cryomodule.

JACoW Publishing
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the cavity construction. To find the total effects of all the RF
cavities, we need to take into account the spread in the resonance frequencies of different cavities. For small frequency
spread, this will result in an ‘effective’ quality factor 𝑄 of
the whole RF system [8]. With a HOM frequency scattering
of 1 MHz, all the transverse and longitudinal modes below
cut-off frequency can be well damped for different operation scenarios. Figure 3 shows the impedance spectrum of the
HOMs with different frequency scattering, and compared to
the threshold of the radiation damping and possible feedback
damping for Z, which is the most critical case. The dashed
lines in Fig. 3 mean the cut-off frequencies for monopole
mode and dipole mode.

(a)

Figure 2: Frequency distribution of HOM power (Z-pole
design).
A 2-cell single cavity model has been built using CST
Microwave Studio [7]. The electric boundary condition has
been used to get the electromagnetic parameters of HOMs.
The threshold of the external quality factor for the HOMs
with high 𝑅/𝑄 is given in Table 1. The impedance thresholds
are given by the longitudinal and transverse radiation damping time, without considering the HOM frequency spread
and feedback. Besides, the 𝑅/𝑄 for the modes above the
cut-off frequency are not accurate, because of the electric
boundary condition used. Therefore, the damping requirements shown in Table 1 are the most pessimistic case.
To keep beam stable, two loop HOM couplers are installed
to damp the dangerous HOMs. The damped 𝑄 values for the
650 MHz 2-cell are simulated by CST Microwave Studio
with electric boundary conditions. When give the impedance
threshold, except for the radiation damping, a transverse feedback system of 5 turns and a longitudinal feedback system of
one synchrotron oscillation period is considered. All modes
below cut-off frequency, except TM011 mode for Z, can
be damped. However, considering the full RF system, the
threshold value greatly depends on the actual tolerances of
THP071
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(b)

Figure 3: Impedance spectrum of HOMs compared to the
threshold determined by radiation damping and feedback
damping. (a) Longitudinal HOMs, (b) Transverse HOMs.

SINGLE CAVITY MEASUREMENT
A 2-cell cavity [4] with two HOM couplers [6] test bench
was set up to measure the HOM characteristics using a network analyzer. The setup consists of a pulley-mounted driver
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Table 1: Damping Requirements of Prominent HOMs of the 650 MHz 2-cell Cavity
Mode

𝑓 (MHz)

𝑅/𝑄∗ (monopole Ω, dipole Ω/m)

𝑄𝑒 (H)

𝑄𝑒 (W)

𝑄𝑒 (Z)

TM011 1165.574
65.2
1.9 ×
1.8 ×
2.6 × 102
6
5
TM020 1383.898
1.3
8.2 × 10
7.6 × 10
1.1 × 104
5
4
TM021 1717.475
19.9
4.3 × 10
4.0 × 10
5.8 × 102
5
4
TM012 1832.801
17.3
4.6 × 10
4.3 × 10
6.2 × 102
4
3
TE111
844.738
279.8
4.9 × 10
7.7 × 10
1.6 × 102
4
3
TM110 907.592
420.1
3.3 × 10
5.1 × 10
1.0 × 102
5
4
TE121 1475.553
125.8
1.1 × 10
1.7 × 10
3.5 × 102
5
5
TM120 1662.599
18.8
7.4 × 10
1.2 × 10
2.3 × 103
∗ Longitudinal 𝑅/𝑄 with the accelerator definition and 𝑘
//𝑚𝑜𝑑𝑒 = 2𝜋𝑓 (𝑅/𝑄)/4 [V/pC].
Transverse 𝑅/𝑄: 𝑘⟂𝑚𝑜𝑑𝑒 = 2𝜋𝑓 (𝑅/𝑄)/4 [V/(pC⋅m)].
105

104

motor to move the perturbing bead on a dielectric line (‘fish
line’) through the cavity. The ports of the two HOM couplers
were used as the excited input and output ports. The measurements of HOMs peak frequencies and 𝑄 were performed
at room temperature. The test bench of the measuring device
is shown in Fig. 4.

Figure 5: 2-cell cavity HOMs frequencies and passbands.

Figure 4: Test bench for HOM measurement.

Measurements of 2-cell Cavity HOMs Frequencies
and Passbands
Due to the existence of two HOM couplers and machining
errors for the cavity, these lead to complexity for the modes.
A bead-pull method [9] was used to get the field profiles
to identify different HOMs [10]. A fishing line was used
to pull a Teflon bead through the RF cavity to measure the
electromagnetic fields distribution on resonance inside as
shown in Fig. 4. The measurement results of frequencies
and pass-bands are shown in Fig. 5.
The electric field on axis for all the modes were measured by bead-pull method, and also simulated by CST. The
measured field patterns were compared with the simulated
results to determine the modes. The measured and simulated
electric field distribution on axis for TM011-𝜋 mode and
TM020-𝜋 mode are shown in Fig. 6 and Fig. 7 for example.

Measurements of 2-cell Cavity HOMs 𝑄𝑒
The excitation signal was imported to the cavity by the
HOM1 and the output signal was extracted by the HOM2
as indicated in Fig. 4. The measured microwave parameters
were received from the network analyzer. The 𝑄𝑒 of the
SRF Technology - Ancillaries
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(a)

(b)

Figure 6: (a) Simulated electric field distribution on axis for
TM011-𝜋 mode, (b) Measured electric field distribution on
axis for TM011-𝜋 mode.

THP071
1057

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP071

(a)

Figure 8: The measured results of 𝑄𝑒 compared with the
simulated results.

(b)

Figure 7: (a) Simulated electric field distribution on axis for
TM020-𝜋 mode, (b) Measured electric field distribution on
axis for TM020-𝜋 mode.
modes shown in Fig. 5 were measured. Two methods were
used to measure 𝑄𝑒 , the impedance method and reflection
method [11]. The reflection method has a limitation in that
the coupling coefficient is not too small. The details of the
different methods will not discussed in detail in this paper,
which can be referred to [11].
The measured results of 𝑄𝑒 using these two methods compared with the simulated results are shown in Fig. 8. The
𝑄𝑒 values shown in Fig. 8 are the total 𝑄𝑒 for the two HOM
coupler ports. The measured results by two different methods are in good agreement. The measured results for several
modes are different from the simulated values, that mainly
caused by the difference of the field distribution resulted
from the machining. The measured 𝑄𝑒 results of the two
ports for the fundamental mode are 1.4×1011 and 1.3×1010 ,
respectively. The 𝑄𝑒 for port1 is almost an order of magnitude larger than the 𝑄0 (1.5 × 1010 ) of the cavity, while the
𝑄𝑒 for port2 is similar to the 𝑄0 . That means the power of
the fundamental mode transmit from the HOM coupler port
is only about 30 W, which is acceptable. The main reason
for the smaller 𝑄𝑒 value for port2 is that the unflatness of
the field distribution for the fundamental mode. The damping for the fundamental mode will be better after the field
flatness tune.

HOM PROPAGATING MEASUREMENT
To study the HOM propagation properties through multicavities, a two 2-cell cavities with HOM absorber and HOM
couplers test bench was set up as shown in Fig. 9. The
THP071
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transmission properties from input port to HOM1 port was
measured while HOM2 with matched load. The transmission properties from input port to HOM2 port was also measured while HOM1 with matched load. The extraction power
efficiency from HOM1 and HOM2 is shown in Fig. 10. Obviously, the HOM power below the cut-off frequency can
hardly be transferred through the second cavity to be absorbed by the HOM coupler 2. It should be noted that the
loop antenna penetration depth into the beam tube for HOM2
is 10 mm shorter than HOM1, caused by the different cavity
HOM tube length.

Figure 9: The two 2-cell cavities test bench.
To get the absorbing efficiency of the absorber, the absorber is attached to the end of the two cavity system. The
cavity wall loss was subtracted by replacing the absorber
with a blank flange. The measured HOM absorber absorbing efficiency is shown in Fig. 11. Apparently, the absorber
mainly effects on the modes above the cut off frequency. The
results may be different from the actual situation, because
of the different boundary conditions. However, the results
can reflect the performance of the absorber to some extent.
All the results shown above are the measured results, to
figure out the HOM propagation properties through multicavities, more simulation work need to be done.
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tion properties through multi-cavities, more work need to
be done.
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Abstract
Higher Order Modes (HOM) absorbers for
superconducting cavities in energy recovery linac (ERL)
have been developing at TOSHIBA in collaboration with
High Energy Accelerator Research Organization (KEK)
since 2015. A prototype HOM absorber for 1.3 GHz 9-cell
superconducting cavity was fabricated in 2017. An
aluminium nitride based lossy dielectrics (AlN) cylinder
was brazed in a copper cylinder which has lattice-like slots
on the inner surface. RF performance measurements of this
prototype HOM absorber at room temperature and low
temperature were carried out at KEK. As the results, it was
found that some HOMs were absorbed by the prototype
HOM absorber. However, many cracks occurred in the AlN
cylinder before these measurements. R&D of brazing
between AlN cylinder and copper has started and a new
prototype HOM absorber was fabricated based on the R&D
results. The heat removal test of the new prototype HOM
absorber was carried out. RF measurement results of the
previous prototype HOM absorber and fabrication process
and the heat removal test results of the new prototype
HOM absorber will be presented in this paper.

INTRODUCTION
KEK has been designing the 10 mA class ERL-FEL light
source accelerator. The main linac uses 9-cell cavities with
beam line type HOM absorbers. The target accelerating
gradient is 12.5 MV/m. The 9-cell cavity is designed from
experience of the KEK compact ERL (cERL) main linac
[1]. HOM absorbers are one of the key components to
determine the ERL cavity performance to reduce the HOM
problem for the high current operation. The absorption heat
of HOM absorber is estimated to about 10 W and shape of
the HOM absorber has been designed [2]. A prototype
HOM absorber for 1.3 GHz 9-cell cavity was fabricated in
2017 [3]. An AlN cylinder was brazed in a copper cylinder
which has lattice-like slots on the inner surface. Stainless
steel flanges were joined on either end of the copper
cylinder by electron beam welding to fabricate a whole
prototype HOM absorber.

RF PERFORMANCE MEASUREMENTS

HOM absorber was connected with the 1.3 GHz single-cell
superconducting cavity for ERL (see Fig. 2) and Q values
of the cavity were measured at room temperature. Instead
of the prototype HOM absorber, the copper pipe without
the AlN cylinder was connected with the single-cell cavity
and Q values of the cavity were measured at room
temperature. Fig. 3 shows the measurement results of Q
values of the cavity with the prototype HOM absorber and
the copper pipe. It found that some HOMs were absorbed
by the prototype HOM absorber. The cavity with the
prototype HOM absorber was installed in the horizontal
cryostat and cooled down with nitrogen gas. Q values of
the cavity were measured before cooling and at 136 K.
Measurement results were added to Fig. 3. Q values at 136
K were almost same as Q values at room temperature, so it
was found that some HOMs were absorbed by the
prototype HOM absorber at low temperature.
Table 1: Prototype HOM Absorber Specifications
Type

Beam line type

Inner diameter

100 mm

Heat absorption

10 W

Working temperature

80 K

RF absorbing material

AlN (Sienna tec., STL-150D)

Flanges material

Stainless steel (SUS316L)

Figure 1: Prototype HOM absorber.

RF performance measurements of the prototype HOM
absorber were carried out at KEK. Main specification of
the prototype HOM absorber is shown in Table 1. The
prototype HOM absorber is shown in Fig. 1. The prototype
___________________________________________
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Figure 2: Prototype HOM absorber was connected
with the single-cell cavity for RF measurements at
room temperature.

1.0E+04

due to thermal expansion, the copper board was formed
into strips. Brazing conditions are shown in Table 2. Fig. 4
shows the test pieces which brazed an AlN cylinder and
thin copper strips. The width of a copper strip is 3 mm for
test piece (A) and 10 mm for test piece (B). Fig. 5 shows
enlarged photograph of outer surface of test piece (A). It
was found that the copper strips were perfectly touched the
AlN cylinder.
Both end faces of the brazed test pieces were observed
with the optical microscope. It was found that many cracks
occurred in the AlN cylinder near the brazed parts with
copper strips in two test pieces. Test piece (B) was cut to
measure the depth of a crack. As the results, the depth of a
crack was about 4.4 mm.
Table 2: Brazing Conditions
Brazing material

Silver

Process temperature

750 oC

Furnace atmosphere

Vacuum

Q0

1.0E+03

1.0E+02

(A)
(B)
Figure 4: Test pieces which brazed an AlN cylinder and
thin copper strips. The width of a copper strip is 3 mm for
test piece (A) and 10 mm for test piece (B).

Cu pipe (room temperature)
prototype (room temperature)
prototype (before cooling)
prototype (136 K)

1.0E+01
1.5

2

2.5

f[GHz]

Figure 3: Measurement results of Q values. Red triangles
show Q values of the cavity with the copper pipe, squares
filled in pink show Q values of the cavity with the
prototype HOM absorber at room temperature, black
squares show Q values of the cavity with the prototype
HOM absorber before cooling in the cryostat, blue circles
show Q values of the cavity with the prototype HOM
absorber at 136 K.
Figure 5: Outer surface of test piece (A).

FABRICATION OF A NEW PROTOTYPE
HOM ABSORBER
Brazing Tests
Many cracks occurred in the AlN cylinder of the
prototype HOM absorber before RF measurements. R&D
of brazing between AlN cylinder and copper has started to
find the brazing method that would not crack in the AlN
cylinder. A thin board of copper was brazed on the outer
periphery of an AlN cylinder. In order to relieve the stress
SRF Technology - Ancillaries
HOM coupler / dampers

Fabrication Process
A new prototype HOM absorber was fabricated using the
brazed test piece (A). Main specifications of a new
prototype HOM absorber is the same as the previous one
as shown in Table 1. The copper board of the brazed test
piece was electron beam welded to the inside of the copper
cylinder and stainless steel flanges were electron beam
welded to both ends of the copper cylinder. The new
prototype HOM absorber is shown in Fig. 6.
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Figure 6: New prototype HOM absorber.

HEAT REMOVAL TEST OF THE NEW
PROTOTYPE HOM ABSORBER
The heat removal test of the new prototype HOM
absorber was carried out at KEK. Four ceramic heaters
were attached on the AlN cylinder. Some thermocouples
were attached on the copper cylinder and the AlN cylinder.
The prototype HOM absorber was installed in the
horizontal cryostat and cooled down with nitrogen gas (see
Fig. 7). After the temperature of the prototype HOM
absorber stabilized at about 90 K, the heaters outputted 10
W. The temperature of the AlN cylinder and the copper
cylinder were measured. The temperature differences of
the copper cylinder and the AlN cylinder were plotted in
Fig. 8. It was found that the temperature of the copper
cylinder was lower about 4 K than the temperature of the
AlN cylinder. It was consistent with 3 K that estimated
from thermal conductivity. It was confirmed that the new
prototype HOM absorber was able to absorb heat of 10 W.

Figure 8: Heat removal test results of the new
prototype HOM absorber.

CONCLUSION
RF performance measurements of the prototype HOM
absorber fabricated in 2017 were carried out at room
temperature and low temperature at KEK. As the results, it
was found that some HOMs were absorbed by the
prototype HOM absorber. R&D of brazing between AlN
cylinder and copper has started to find the brazing method
that would not crack in the AlN cylinder. The new
prototype HOM absorber was fabricated based on the R&D
results and the heat removal test was carried out. As the
results, it was found that the temperature difference of the
copper cylinder and the AlN cylinder was about 4 K and
the measurement results were consistent with calculated
value. It was confirmed that the new prototype HOM
absorber was able to absorb heat of 10 W.
Measurement of emitted gases and particles of the new
prototype HOM absorber in vacuum will be carried out at
KEK. R&D of brazing between AlN cylinder and copper
will be continued.
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ADVANCED LLRF SYSTEM SETUP TOOL FOR RF FIELD REGULATION
OF SRF CAVITIES
S. Pfeiffer∗ , J. Branlard, M. Hoffmann, C. Schmidt
DESY, Hamburg, Germany
PROBLEM DESCRIPTION

Abstract
Feedback operation at the European XFEL ensures an
amplitude and phase stability of 0.01% and 0.01 deg, respectively. To reach such high RF field stability, modelbased approaches for RF field system characterization and
RF field controller design are in use. High demand on this
system modelling is set especially to the characterization of
additional passband modes for small bandwidth SRF cavities operated in pulsed mode and vector-sum regulation.
This contribution discusses the developed "Advanced system setup tool" using a graphical user implementation
in Matlab® for the RF field system characterization and
the multiple-input-multiple-output feedback controller setup.
Examples and current limitations will be presented.

INTRODUCTION
The free-electron laser FLASH and the European XFEL
operate superconducting radio frequency (SRF) cavities;
high quality resonators studied at DESY. They are operated at a frequency of 1.3 GHz with field gradients beyond
30 MV/m. In order to achieve precise FEL timing stability
and reliable machine operation it is required to control the
electro-magnetic fields inside the cavities with extremely
high precision. The root mean square (RMS) values of
the error between the setpoint and field gradient are requested to be lower than 0.01% in amplitude and 0.01◦ in
phase [1]. The RF field regulation is done by measuring the
stored electro-magnetic field inside the cavities and processing this information by the feedback controller to modulate
the driving RF source. The digital electronic standard in
which the low-level radio frequency (LLRF) systems are
realized is Micro Telecommunications Computing Architecture (MicroTCA.4) [2]. It was experimentally verified that
a control scheme consisting of an iterative learning feedforward component and a linear multiple input multiple output
(MIMO) feedback controller is able to cope with these requirements, [3–7]. The design of the feedback controller
and learning feedforward relies on a linear system model
identified from special series of measurements.
The identification and advanced system setup started at
FLASH with individual Matlab® scripts. These scripts
were further developed and extended for various facilities
over the years. The goal of combining all scripts into one
tool, see Fig. 1, is to keep it up to date for all facilities
without changing each tool separately. The paper gives a
short introduction into the developed graphical Matlab®
based "Advanced system setup tool".
∗
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The systematic setup of advanced regulation concepts
is often a task for an experienced system engineer. Such
advanced setup schemes requires basic system theoretical
background and deeper knowledge of the plant to be regulated, the system modelling, feedback controller design,
stability analysis for systems operated in closed feedback
loop, design of iterative learning schemes, system latency
constraints, usable numerical values and its fixed point constraints within FPGA and others. This "Advanced system
setup tool" supports the system expert by centralizing the
necessary information and providing exception handling.

Cavity White Box Model
The dynamical system behavior is modelled by using the
physical cavity equation from [8]. The latter is well known in
accelerator physics and can be described by the differential
equation

 
d VI (t)
−ω1/2
=
∆ω
dt VQ (t)

−∆ω
−ω1/2




VI (t)
I (t)
+ RL ω1/2 I
,
VQ (t)
IQ (t)
(1)



in which V(t) is the complex cavity voltage, I(t) the complex
driving current, ω1/2 as half-bandwidth, ∆ω = ω0 - ω the
detuning and RL the shunt impedance of the cavity. Hereby
the subscript I and Q denotes the in-phase and quadrature
component, respectively.
Redefining the output vector V(t) as y(t) and the input
vector RL I(t) as u(t) leads to the state space representation
of
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with system matrix A, input matrix B and output matrix C.
The transformation of (2) into the Laplace domain by
Y (s)
= G(s) = C(s · I − A)−1 B
U(s)
gives the MIMO transfer function

(ω1/2 )
s + (ω1/2 )
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Figure 1: Overview of the tool with system identification as chosen method.
The cavity equation is developed around the baseband frequency, meaning the fundamental π-mode is located at frequency zero. This differential equation holds only for a
single mode in frequency, e.g. the π-mode. In total nine
modes need to be considered for 9-cell TESLA type SRF
cavity. The complete cavity baseband model can be obtained
by the superposition of all nine modes
GCav (s) =

9
Õ

G n9 π (s) .

(5)

n=1

The derivation of passband modes with their characteristics
is shown in [9]. The half-bandwidth ω1/2 = ω0 /(2Q L ) of the
additional passband modes is in the order of the fundamental
π-mode, see Table 1. Figure 2 shows the resulting continuous time white box model for the cavity with fundamental
modes down to 3π/9-mode.
In the following we will start with analysis of signals
from the cavities operated at one RF station at the European
XFEL.

Figure 2: Continuous time cavity baseband white box model
without time delay, no detuning and a loaded quality factor
of QL = 4.6 · 106 for π-mode. The fundamental π-mode
( fπ = 1.3 GHz) is located at frequency zero.

(1) FFT of Cavity Signal
Figure 3 shows an example of FFT for 2 cavities at one
RF station of XFEL. In this example the system is operTable 1: Selected Cavity Parameters for the First Six Additional Resonant Modes Next to the π-mode [9].
Mode m
fm [kHz]
QL,m /QL, π
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8π/9
785
0.516

7π/9
3053
0.566

6π/9
6501
0.667

5π/9
10694
0.852

4π/9
15122
1.21

3π/9
19237
2.0

ated in open loop, no feedback nor other advanced feedback
schemes. Based on this signal it is difficult to evaluate the
passband modes. The notch at around 800 kHz is given by
the digitally implemented individually adjustable band-stop
filter for each cavity signal. A similar characteristic has
been observed in closed loop operation with correctly setup
feedback controller, see MIMO controller section, and well
adjusted ADC filters. Therefore, taking the FFT of a cavity
probe signal does not give the full information of a cavity
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mode is aliased from about 6.5 MHz to about 2.8 MHz for
C2 and to 2.7 MHz for C4 using a sampling frequency of
4.5 MHz.

SYSTEM IDENTIFICATION

Figure 3: FFT from the 2 cavities at European XFEL operated in feedforward only.
spectrum. The excitation of narrow bandwidth resonant
modes requires the excitation with their relatively precise
passband frequency.

(2) Piecewise Reconstruction of Transfer Function
By measuring the input/output characteristic response
to an added excitation signal we will be able to generate a
piecewise reconstruction of the plant transfer function. The
cavity probe signal itself does not give a clear insight of the
cavity system for the additional passband modes. We will
specifically excite the system by using special signals added
to the nominal drive signal. Hereby a chirp sine signal with
frequency range of 500 kHz has been used. We recorded
and analysed the data in 250 kHz steps from 500 kHz up
to 4.5 MHz. Its amplitude is limited for safety reasons to
10.000 counts corresponding to about 10% of full scale. The
recorded signals were transformed into the frequency domain and the difference between the logarithmic output and
input signal corresponds to the magnitude shown in Fig. 4.
The piecewise reconstruction requires several datasets for

The systematic system modelling started with signal processing and an implementation using black box modelling
in 2006, [6]. This has been extended to grey box modelling
approach using symmetric and non-symmetric models, [7].
The developed and used system identification is divided into
several steps. First the system is excited using special signals to the plant input, i.e. the drive signal to the vector
modulator in I/Q coordinates. The output signals are taken
and pre-processed. Based on the I/O data-set the system
model is estimated using a black- or a grey-box model. The
estimated model and dataset taken can be saved for later use
or off-line analysis.
The identification is implemented as an open loop characterization. The system characterization as small signal
model requires the operation around the nominal operating
point. Any deviation in amplitude and phase can lead to an
imperfection in modelling procedure if non-linear effects
(klystron, pre-amplifier, etc) dominate the system. This can
be compensated by adjusting the scaling and rotation factor
of the drive signal for feed-forward operation. Additional
automation influencing the plant characteristic during the
system modelling need to be switched off. The extraction
of the system model from closed loop operation requires
the precise knowledge of the feedback controller and other
effects which may compensate the excitation signal, e.g.
learning schemes. Following additional prerequisite must
be fulfilled:
• Enable the feedforward (FF) operation
• Enable a table where the excitation signal can be applied
• Disable additional adaptations of the drive signal
• Open all feedback loops (prop. FB, MIMO, ILC)

Figure 4: Piecewise reconstruction of transfer function
the excitation and the read-back signal. This is very time
consuming, but necessary for improving the signal-to-noise
ratio. Furthermore, the correct interaction between channels
and other effects like system delay and channel couplings is
a challenging reconstruction tasks. However, the frequency
location of the 8π/9-mode notch was found as it was the case
for the FFT only approach. Furthermore, additional modes
could be identified, i.e. at around 3 MHz the 7π/9-mode
with higher magnitude than the aliased 6π/9-mode. This
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The system identification will stop if any of these features
are active and prompt the user to disable the undesired functionalities. An example for pseudo random binary (PRB)
signal used to estimate the low-frequency characteristic and
system delay is shown on the right plot of Fig. 1. Once the
low-frequency behaviour is estimated, currently one high
frequency passband mode can be added e.g. by using chirp
sine excitation signals with given frequency spread. Finally,
the model can be validated.
The estimated transfer function of cavity C2 including
the entire high power chain is shown in Fig. 5. In this example the "Advanced system setup tool" input channel
has been changed to analyse single cavity signal (instead of
default vector-sum). The signal delay was found to be 21
samples, i.e. 2.3 µs from FPGA drive signal to detection of
cavity probe signal for the about 9 MHz signal processing
frequency. The low frequency estimation uses an independent, uncorrelated, PRB signal for the I and Q channels. An
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excitation using chirp sine signal with 500 kHz frequency
range is then applied around the expected resonant mode at
3 MHz.

Figure 5: Grey box model identification with low-pass characteristic and 7π/9-mode modelling for C2.M1.A24.L3.
The magnitude plot using piecewise (PW) reconstruction
have been added for completeness.

Discussion
The comparison of both transfer functions in Fig. 5 shows
a smaller magnitude of the 7π/9-mode for the piecewise
reconstruction, whereas the magnitude of the 7π/9-mode
for the transfer function is much larger. This is because the
piecewise reconstruction requires long excitation time to
build up a steady state behavior for the additional passband
modes. Their bandwidth is similar to the bandwidth of the πmode, see Table 1. This needs to be considered when taking
the piecewise reconstruction into account. Therefore it is
beneficial to use the system identification for cavities with
low bandwidth as operated for FLASH, European XFEL and
other facilities. The validation in time of the 7π/9-mode
is shown in Fig. 6 and shows good agreement between the
simulation and the measurement.

Figure 6: Grey box model simulation and measurement for
7π/9-mode.
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MIMO CONTROLLER DESIGN
The MIMO feedback controller design relies on the system
model identified before. The purpose of the SRF feedback
controller design is to notch a passband mode and to decouple the closed loop system, i.e. the system under feedback
regulation, [7]. For this example we will focus on vectorsum regulation at the XFEL RF station A24. The MIMO
controller on the FPGA is given by 2x2 transfer matrix, each
hosting a second order filter function, see [6]. A proportional gain is implemented in series with the dynamic MIMO
block to overcome fixed-point constraints of the MIMO coefficients coming from the FPGA implementation.
An analytical controller is directly computed which is
only notching the passband mode, see Fig. 7. One tuning
knob is sufficient to further design the controller, i.e. the
parameter Pole Adjustment is shifting the bandwidth of
the controller transfer function to smaller frequencies by
increasing their number. This often helps to reduce high
frequency noise feedback into the system. The tool checks
the stability of the closed loop system by the systems infinity
norm, i.e. an induced signal norm, see [7]. The resulting
MIMO controller is visualized in Fig. 8. This controller can
be stored via the GUI and directly written to FPGA.

LEARNING FEEDFORWARD
The learning feedforward algorithm relies on a closed loop
system model from feedforward signal to the output signal,
i.e. the signal to be controlled. This closed loop model is
automatically generated with the current system model and
the feedback controller settings. The learning feedforward
algorithm behind this is based on iterative learning control
(ILC) [3, 6]. One tuning knob, i.e. the learning gain, is
enough for the setup which is similar to the MIMO feedback
controller design, see Fig. 9. Here again a stability check
is inviting the user to lower the learning gain if a certain
threshold is exceeded. Writing and saving the previous and
updated parameter is automatically done.

Figure 7: MIMO GUI part from Fig. 1 with replaced system
identification (middle) part.
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Closing the feedback loop brings the regulation close to the
desired setpoint trajectory with mean-free standard deviation within the specifications, but with an error between
setpoint and vector-sum. This remaining repetitive error is
reduced using the adaptive adjustment of the drive signal by
learning feedforward. The tool has also been tested for CW
setup at the cryomodule test bench at DESY (CMTB) and
at the ELBE accelerator (HZDR) using model-based PI(D)
regulation scheme.
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MICROPHONIC NOISE SUPPRESSION WITH OBSERVER BASED
FEEDBACK∗
M. Keikha† , TRIUMF, Vancouver , Canada
M. Moallem, Simon Fraser University, Surrey, Canada
K. Fong, TRIUMF, Vancouver, Canada
Abstract
In particle accelerators it’s important to have a stable accelerating system for the beams of particles. The detuning
of superconducting radio frequency (SRF) cavities is mainly
caused by the Lorentz force. The detuning is the radiation
pressure induced by a high radio frequency (RF) field, and
microphonic noise are environmental vibrations that induce
undesirable unwanted signals. These factors are described
by a second order differential equation of the mechanical
vibration modes of the cavity. In this paper the three dominant mechanical vibration modes for the system has been
considered, then an observer based feedback control scheme
has been designed based on input-output linearization. It is
shown through simulation studies that the proposed control
technique can successfully the suppress the microphonics
due to the SRF cavity’s dynamic.

INTRODUCTION
In a radio frequency(RF) cavity, the electromagnetic field
which induces surface current causes the surface charges on
the wall of the cavity. Also this electromagnetic field exerts
a Lorentz force on the currents induced in a thin surface
layer. Interaction of the surface currents with a standing
wave inside cavity generates a pressure, which mechanically
deforms the cavity and detunes it from the nominal frequency.
This effect is known as Lorentz force detuning (LFD). The
Super-Conducting Radio Frequency(SRF) cavities, when
compared to RF cavities, have much higher sensitivity to
microphonics noise and Lorentz Force. Microphonics are
the time domain variations in cavity frequency driven by
external vibrational sources and instability and transients due
to control. Microphonics are effects due to vibrations which
can appear in a wide range of amplitudes at low frequency,
mostly in the range of zero to 1 kHz. Detuned cavities
are more expensive to build and to operate. Resonance
control is one of the most important parts of these SRF cavity
systems [1–4] and there is a necessity for implementing
microphonic noise cancellation in these systems. Vibration
damping is required to improve the beam energy stability
[5]. Different studies on supression of mechanical vibration
has been conducted in accelerator labs all around the world
[6–10]. In [11] studies show that feedback and feed-forward
methods are necessary to suppress these unknown unwanted
mechanical vibrations. The output voltage of the controller
is being excreted to a piezo electric input which is attached to
the cavity and the correspondent piezo displacement result
∗
†
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from input voltage signal will damp the mechanical vibration
to the cavity.

SRF CAVITY
The model of the cavity under study is based on the RLC
description of the cavity’s RF passband modes [12–15]. An
equivalent electric circuit can be used to model the SRF cavity, where the RF signal generator and beam are represented
as current generators. A model for describing the behaviour
of the RF field envelope with time can be directly derived
from the circuit with the cavity related parameters using
Kirchhoff’s law. Hence a second order differential equation
for the cavity voltage is obtained as follows
ω0 Û
R L ω0 Û
VÜcav (t) +
Vcav (t) + ω02Vcav (t) =
( Ig (t) − IÛb (t)),
QL
QL
(1)
where Vcav is the voltage signal within the cavity, Ig is the
input current generator signal, Ib is the beam current signal,
and Iin = Ig − Ib is the input current signal to the circuit. The
half-bandwidth of a resonance cavity is defined as the point
where the power (∝ V 2 ) drops by −3 dB. The half-bandwidth
can be expressed by
ω1/2 =

ω0
.
2Q L

(2)

The envelope field vector is described by its real and imaginary components or phasor representation. In RF control
theory, these parameters are called in-phase or real part “re”
and in-quadrature or imaginary part “im”. The time varying
behaviour of a Continuous Wave RF driven cavity is described by the field’s vector envelope Vre (t) and Vim (t) [16]:


V
Vcav = cav,re ,
(3)
Vcav,im

  
I
− Ib,re
I
Iin = g,re
= re .
(4)
Ig,im − Ib,im
Iim
We have then

 "
−ω 1
VÛcav,re
2
=
Û
∆ωm
Vcav,im

#

−∆ωm Vcav,re
−ω 1
Vcav,im
2
 
I
+ ω1/2 RL re .
Iim

(5)

MECHANICAL MODEL
TRIUMF’s SRF resonator has an extremely high loaded
quality factor Q L ∼ 3×106 and a narrow bandwidth of about
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200 Hz. Hence, the cavity is very sensitive to the mechanical
distortion caused by microphonics and the Lorentz force,
changing the resonator’s frequency. Due to the Lorentz
force, the cavity resonance frequency changes with the rising
field gradient. The mechanical model of the SRF cavity
describes the Lorentz force detuning, which is a function of
the square of time varying field gradient [17, 18]. It is based
on the relationship of cavity’s mechanical modes with the
resonance frequency ωm and the mechanical quality factor
Q m for the given mode. The time domain description of the
mechanical system is given by
∆ωÜ m,i (t) +

JACoW Publishing
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ωm,i
2
∆ωm,i (t)
∆ωÛ m,i (t) + ωm,i
Q m,i

CONTROLLER DESIGN
Resonance control is an important part of every SRF cavity system. In a particle accelerator, the frequency of the
system should be controlled in order to have the highest amplitude of the signal with preferably least phase difference.
The controller should be stable to be desirable to cancel
the unwanted detuning frequency. According to Lyapunov
stability analysis, the stability of (9) is not affected by the
presence of ∆ω and this ensure the stability of the system.
Therefore, in control design the focus is on the mechanical
system given in (6). For notational simplicity, the equation
(6) can be rewritten as follows

(6)

∆ωÜ i = −

2
F(t).
= − k LFi 2πωm,i

ωm,i
2
∆ωi
∆ωÛ i − ωm,i
Q m,i

2
(Vp2 + Vmic + u p )
− 2πk LFi ωm,i

The total detuning experienced by the cavity is the sum of
the individual terms as follows
Õ
∆ωcav (t) =
∆ωm,i (t).
(7)

(10)

= fi (∆ωi , u p ), i = 1, ..., N;
y p = ∆ω =

i

N
Õ

∆ωi ,

(11)

i=1

Each of the mechanical modes is driven by the square of
the cavity field gradient Eacc and microphonics vibration
Vmic . Lower mechanical modes introduce instability into the
system. Thus the state space mechanical model considering
one mechanical mode is given by


 
0
∆ωÛ m (t)
=
2
−ωm
∆ωÜ m (t)

1

ωm
−Q
m



 

0
∆ωm (t)
+
2
∆ωÛ m (t)
−k LF 2πωm

2
× (Eacc
+ Vmic ),

(8)

2
2 . Considering all mechanical modes, we
where Eacc
∝ Vcav
have

1
···
0
 ∆ωÛ m,1   0


ω
2
 ∆ωÜ m,1  −ωm,1
·
·
·
0
− Qm,1
m,1


 ..   ..
..
..
..
 .   .
.
.
.

 =
 .   .
.
.
..
..
..
 ..   ..
.

 
∆ωÛ m,n   0
0
···
0

 
2
∆ωÜ m,n   0
0
· · · −ωm,n

 
 ∆ωm,1 


0




2 
 ∆ωÛ m,1 
 −k LF1 ωm,1




 .. 


..
 . 


.




×  .  + 2π 

.
..
 .. 






∆ωm,n 


0




∆ωÛ m,n 
−k

2


 LF n ωm,n 
2
× (Vcav
+ Vmic ).

0
0
..
.
..
.












1 
ω m, n 
− Qm, n 


By imposing
k p v p + k v vv =

N
Õ

fi (∆ωi , u p ),

(13)

i=1

the input-output dynamics become
yÜ p = k p v p + k v vv ,



 
0
∆ωÛ m (t)
=
2
−ωm
∆ωÜ m (t)

1



ωm
−Q
m



 
0
∆ωÛ m (t)
=
2
−ωm
∆ωÜ m (t)

× kp

(14)

 

0
∆ωm (t)
+
2
∆ωÛ m (t)
−k LF 2πωm
(15)


u = kp

where ∆ωk (t) is the detuning, ωm is the eigen-mode angular
frequency, Q m is the quality factor of the mode, and k LF is
the Lorentz force constant of each mode.

LLRF

i=1

× u,

(9)
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where u p and y p are the system input and output, respectively.
The control objective is to bring the output of the system y to
zero. Note that this second order dynamic system is a SISO
system. Let us use the input-output linearization method
by obtaining the second-order time derivative of the output,
which yields
N
Õ
yÜ p =
∆ωÜ i .
(12)

kv



 ∆ωm (t)
∆ωÛ m (t)

(16)




0
∆ωm (t)
+ 2π
ωm
2
−Q
∆ωÛ m (t)
−k LF ωm
m


 ∆ωm (t)
kv
,
(17)
∆ωÛ m (t)
1
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where




0
1
∆ωÛ m (t)
∆ωm (t)
=
+ 2π
ωm
2
−ωm
−Q
∆ωÜ m (t)
∆ωÛ m (t)
m



0
0
∆ωm (t)
×
,
2 k
2
∆ωÛ m (t)
−k LF ωm
p −k LF ωm k v
(18)









∆ωÛ m (t)
=
∆ωÜ m (t)


0
2 − 2πk
2
−ωm
LF ωm k p


∆ωm (t)
×
,
∆ωÛ m (t)
S2 + (

ωm
−Q
m

1
2 k
− 2πk LF ωm
v

ωm
2
2
+ 2πk LF ωm
k v )S + 2πk LF ωm
kp = 0
Qm



(19)

(20)

We design k p and k v from solving the above second order
equation to have stable system, linearize the system and the
result would be a second-order LTI system. The linearization
controller u p can be derived from (10), which is given by
ÍN
2 ∆ω )
Û i + ωm,i
i
i=1 (2ζm,i ωm,i ∆ω
u p =k p v p + k v vv −
ÍN
2
2πk
ω
LFi m,i
i=1
− (Vp2 ) + Vmic )

∆ωm,1 


∆ωÛ m,1 


∆ω 
x =  m,2  ,
∆ωÛ m,2 
∆ωm,3 


∆ωÛ m,3 



A=
 0

−ω2
 m,1
 0

 0


 0

 0


1

ω
− Qm,1
m,1

0
0
0
0

0
0
0
2
−ωm,2
0
0

0
0
1

ω

− Qm,2
m,2
0
0

0
0
0
0
0
2
−ωm,3

0
0
0
0
1







,



ω m,3 
− Qm,3 




0

2 
−k LF1 ωm,1




0


B=
2 ,
−k
ω
 LF2 m,2 


0


−k LF3 ω2 

m,3 


C= 1 0 1 0 1 0 .
The system parameters are defined in Table 1.
Table 1: Three Mechanical Modes Parameters

(21)
2 ∆ω )
Û i + ωm,i
i
i=1 (2ζm,i ωm,i ∆ω
ÍN
2
i=1 2πk LFi ωm,i

ÍN
u p =k p v p + k v vÛ p −

ωm
Qm
k LF

Mode1
39
100
0.4

Mode2
157
128
0.3

Mode3
224
200
0.7

− (Vp2 + Vmic ))
(22)
This technique of observer based feedback control has
been used in the design of linear (auxiliary) control v p and
vv in state-feedback control.

It is straightforward to verify that for the linearized system,
(A, B) is completely controllable and (A, C) is completely
observable.

MODEL ANALYSIS AND SIMULATION
We need to find out at least 3 dominant mechanical
modes in response to mechanical microphonics and vibration. Through some measurement techniques and exciting
the cavity with shaker, 3 dominant mechanical modes were
detected by using a phase noise analyzer [19]. These microphonics vibration has been measured using a signal analyzer.
Therefore the dynamics of the system are defined as a combination of the three mechanical modes and their respective
coefficients.
The main source of vibration and microphonics identified
as cooling water supply and cryomodule valves. The statespace specification of the linearized system is given by
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xÛ =Ax + Bu

(23)

y =C x

(24)

Figure 1: Coupling between electrical and mechanical model
for one mode.
Figure 1 shows the model for just one mechanical mode.
As shown in Fig. 1, there are three sources for detuning ∆ω.
A constant for pre-detuning, microphonics, which is comprised of multiple sinusoidal signals with the frequencies in
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Figure 2: Simulink Model for the system.

the range of kHz and Lorentz force detuning. This model is
extended into three mechanical modes.
In Fig. 2, the proposed controller designed for three modes
The desired signal for the controller is zero which means
that detuning signal should go to zero. Pre-detuning ∆ω pre =
0.3;
RL = 50Ω; ω0 = 141 × 106 Hz; Q L = 3 × 106 ; ω1/2 =
ω0 /2Q L ; The controller gains are k p = 0 and k v = 105 .
All three mechanical frequencies and coefficients are considered according to the data in Table 1.
Input signal to mechanical dynamic Vin and the detuning
signal after control are shown in Fig. 3.

Figure 3: Input signal to the mechanical dynamic and Detuning Signal after Control.

Figure 4: Installed Piezo on tuning tower

CONCLUSION
In this paper the superconducting RF cavity’s dynamic
obtained from measuring the signals and microphonics by
spectrum analyzer at TRIUMF. Three dominant mechanical vibrations considered as three modes for the mechanical
dynamic of the cavity. These microphonics are low modes
frequencies which are mostly from the environmental vibrations. A control scheme has been obtained for microphonics noise and Lorentz force detuning in a SRF cavity with
these three dominant mechanical modes. The observer based
feedback control technique and input-output linearization
method by obtaining the second-order time derivative of
the output is applied as the controller in this paper. This is
an efficient algorithm for active noise suppression in superconducting cavities. By applying this feedback method the
three dominant microphonic noise has been suppressed in
the simulation. The simulation results indicate the effectiveness of the proposed controller that controls the unwanted
detuning to the desired value zero. This obtained signal
from controller is a voltage that is being applied as input of
a piezo which installed to the cavity and the displacement of
the piezo electric result from the controller signal suppresses
the mechanical vibration.
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Abstract
A 166.6 MHz superconducting RF system has been proposed for the High Energy Photon Source (HEPS), a 6 GeV
kilometer-scale light source. A 166.6MHz digital low-level
RF system for HEPS-TF project has been developed firstly.
And the digital low-level RF system has been successfully
applied to the horizontal high power test of 166.6MHz superconducting cavity. The cavity field stability has been
successfully achieved about ±0.03% (pk-pk) in amplitude
and ±0.02 degree (pk-pk) in phase while the cavity field
voltage is up to 1.2MV. It can meet the field stability requirements towards ±0.1% in amplitude and ±0.1 degree
in phase of HEPS project. Further study and optimization
of the system is under way.

INTRODUCTION
The High Energy Photon Source (HEPS) is a 6-GeV,
1.3- km, ultralow-emittance storage ring light source to be
built in the Huairou District, northeast suburb of Beijing,
China [1]. Its main beam parameters are listed in Table 1.
HEPS RF system will include five 166.6 MHz/250 kW
superconducting cavities and two passive 3rd harmonic
250kW superconducting cavities in the Storage Ring (SR),
while six 500MHz/100kW normal conducting cavity in the
Booster. Its main RF parameters are listed in Table 2. Prior
to its official construction, a test facility namely HEPS-TF
has been approved in 2016 to R&D and prototype key technologies and components [2].
Table 1: Beam Parameters of the HEPS Storage Ring
Parameter
Energy
Circumference
Current
Energy loss/turn
Beam power

Compared with analog low-level RF system, digital lowlevel RF system has more advantages, including its expansibility, flexibility, powerful function, lower cost and
higher resolution and accuracy which are very essential for
storage of high-current and high quality beam. It has been
upgraded from the analog low-level RF system to digital
low-level RF system in BEPCII RF system. The digital
low-level RF system is based on SSRF 2nd generation
LLRF board. With reference to the SSRF digital low-level
RF system and based on the requirement of HEPS-TF project, we have independently developed the digital lowlevel RF system, including DSP board based on FPGA, RF
analog front-end board and security interlocking board and
so on.
In this paper, we will present the LLRF system design,
prototype boards design and debugging, software design
and the integration of 166.6MHz digital low-level RF system and the recent preliminary test results. We have integrated the digital LLRF system and successfully applied to
the horizontal high power test of 166.6MHz superconducting cavity. A very good stability of the cavity field has been
successfully achieved about ±0.03% in amplitude and
±0.02 degree in phase, much better than the requirements
of ±0.1% in amplitude and ±0.1 degree in phase. That is
the first digital low-level RF system independently developed by the RF Group of Accelerator Division, Institute of
High Energy Physics (IHEP), Chinese Academy of Sciences.

SYSTEM ARCHITECTURE
The frame diagram of HEPS-TF RF system is shown in
Fig. 1.

Value
6 GeV
1360.4 m
200 mA
4.4 MeV
900 kW

Table 2: RF Parameters of the HEPS Storage Ring
Parameter
Fundamental
RF frequency
166.6MHz
Number of cavities
5
Total RF voltage
5.4MV
RF power/station
250kW
RF field stability
±0.1%,
(pk2pk)
±0.1degree
____________________________________________

* Work supported by HEPS-TF project.
† wangqy@ihep.ac.cn
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Harmonic
499.8MHz
2
3.2MV
250kW
±0.1%,
±0.1degree

Figure 1: The diagram of RF system.
The RF system consists of three parts: superconducting
cavity, solid-state amplifier and low-level RF system. The
reference line provides RF reference signal to the LLRF
system. The LLRF system generates RF excitation and
drives the solid-state power amplifier after the RF switch.
The solid-state amplifier amplifies the RF signal and feeds
it to the superconducting cavity through the circulator,
feeder and coupler to establish a radio-frequency field for
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particle acceleration. The low-level RF system will collect
pickup signal of superconducting cavity, forward power
and reflective power of superconducting cavity entrance,
and complete feedback control of cavity field, cavity resonance frequency control, and quench protection of superconducting cavity based on these signals.
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signal output. Phase Detector performs analog phase detection. Slow SDAC can performs bipolar voltage output conversion to drive Piezo controller.

Hardware Architecture
The function of Digital low-level RF system mainly includes the amplitude and phase stabilization control loop
of cavity field, cavity resonance frequency control loop,
solid-state amplifier feedback control loop, CW/pulse
mode and security interlocking and so on. Based on these
functions and lessons from the domestic and foreign digital low-level RF systems, we have developed the hardware
design of digital low-level RF system. The hardware of
LLRF system mainly consists of digital signal processing
(DSP) board, RF analog front-end board and security interlocking board. The main functions of the DSP board include feedback control loop of cavity field, digital arithmetic, clock frequency division and so on. The RF analog
front-end board mainly implements the conversion between radio frequency (RF) signal and intermediate frequency (IF) signal, the function of power division, amplification and filter, and realizes the cooperation with the
DSP board. The security interlocking system includes the
interlocking board and PLC. When a fault occurs, the interlocking board will get it. After receiving the interlocking
signal it will switch off the RF switch as soon as quickly to
cut off the RF excitation.

Figure 2: Functional diagram of low-level digital signal
processing board (DSP).
The prototype DSP board is shown in Fig. 3. It consists
of 12 layers of printed circuit board, including 3 layers of
power supply, 3 layers of GND and 6 layers of signal. The
board is mainly divided into power distribution circuit,
ADC and DAC, FPGA and its peripherals, network communication circuit, clock distribution circuit, analog phase
discrimination circuit, motor-driven photoelectric isolation
circuit, serial ADC and DAC, CPLD configuration circuit
and so on.

DSP Board
The functional diagram of digital signal processing
board (DSP) for low-level RF system is shown in Fig. 2.
FPGA is the core chip of the board. EP3SL150F1152C2
chip under Stratix III series produced by ALTERA company is used. FLASH, SRAM, SDRAM, EPCS are configurated in the peripheral. In addition, it includes three 16bit, 125 MSPS, 1.8 V, dual-channel high-speed analog-todigital converters (ADC) AD9268-125, one 16-Bit,
800 MSPS, dual-channel high-speed digital-to-analog converter (DAC) AD9788, clock distribution chip AD9520,
network communication chip LAN91C111 and CPLD chip
EPM3512AQI208-10. As the core arithmetic processing
chip, FPGA is mainly used for digital signal acquisition
and processing, DDS signal recovery, loop arithmetic control and other logic control functions, as well as signal storage, parameter setting and communication. These functions are realized by a hardware description language Verilog HDL. AD9520 provides a multioutput clock distribution function with subpicosecond jitter performance, which
is used to configure FPGA clock, ADC clock, DAC clock
and to generate IF signal. IF signal is sent to the front-end
board for mixing to generate local oscillator (LO) signal.
CPLD implements the configuration of AD9520, ADC and
DAC chips by serial interface SPI. The 16 bit high-speed
analog-to-digital converter ADC completes IF signal acquisition, and the 16 bit high-speed DAC completes DDS
THP075
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Figure 3: The first prototype DSP board.

Figure 4: The SNR of one of ADC channel.
The first prototype DSP board has been fabricated and
has passed the basic functionality test, and some good results have been produced in the SNR measurements of the
RF signal I/O channels as shown in Fig 4.

RF Front-end Board
The principle diagram of the RF analog front-end board
is shown in Fig. 5. It offers five down-conversion channels
SRF Technology - Ancillaries
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and one up-conversion channel. The RF reference signal
has four power divisions, one of which is fed into the DSP
board to produce Intermediate frequency (IF) signal, which
returned to the RF analog front-end board and mixed with
the RF signal to generate LO signal. The LO signal is then
mixed with the RF signal and IF signal, so as to realize the
signal frequency down-conversion and up-conversion.
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Table 3: Channel Isolation of RF Front-end Board
Parameter

Ch1
Ch2
Ch3
Ch4
Ch5
dB
dB
dB
dB
dB
CH 1 as input
84
101.7 110.7 109.7
CH 2 as input 78.3
81.3
102.7 102.7
CH 3 as input
78
90.7
99.7
100.7
CH 4 as input
78
96.7
99.7
80.1
CH 5 as input
78
96.7
101.7
93.7
In addition, the linearity of the RF front-end board is
measured, as shown in Fig. 7. The linearity is very well. It
has a dynamic range about 40 db. When the IF output level
is 10 dbm and the ADC reaches its full range, it still works
well within the linearity range.

Figure 5: The diagram of RF front-end board.
The first prototype of LLRF analog front-end board is
shown in Fig. 6. The board mainly uses mini-circuit RF
chips, including power dividers, mixers, amplifiers, attenuators, low-pass and band-pass filters etc. The working frequency range of the designed board covers the frequency
range about 100MHz-1.3GHz. Under different RF frequency, only SAW surface acoustic filters with different
frequency are needed to filter LO signals and RF signals
respectively. SAW filters of LO signals and RF signals can
also be replaced by external LC band-pass filters. Lowpass filters of corresponding frequency are adopted according to the frequency selection of IF signals. The design is
flexible and suitable for different RF frequency.

Figure 6: The first prototype of LLRF analog front-end
board.
As can be seen from Table 1, channel isolations between channel 3 and channel 4 are the best which can reach
99.7 dB or more, while the isolations of channel 1 with
other channels are the worst. In order to make the amplitude-phase loop of the cavity field to be more stable, the
third channel is used to down-convert the reference signal
and the fourth channel is used to down-convert the cavity
field signal, and the first channel and fifth channels are
used to down-convert the reflection and incident signals
which require less stability accuracy, respectively.
The linearity and channel isolation of RF front-end are
measured. The channel isolation measurement results are
shown in Table 3.
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Figure 7: Up-conversion CH1 linearity of RF analog frontend board.

Firmware
The function of LLRF system is mainly implemented by
the firmware of FPGA. It is mainly written by Verilog
HDL, a hardware description language. It realizes the functions about stable feedback loops adjust the amplitude and
phase of cavity field and also the resonance frequency of
the cavity, quench detection of cavity field and so on.
Firstly, the RF reference signal, cavity RF pick-up signal,
incident power and reflected power RF signals of cavity
were down-converted to intermediate frequency (IF) signals, and then they were sent to ADCs for data acquisition.
With non-IQ algorithm the respective in-phase and quadrature (I/Q) vector signals were achieved. After the I/Q
vector rotation of pickup signal, a narrow band cascaded
integrator and comb (CIC) filter is used as a low pass filter.
the I/Q vector errors between the set points and processed
pickup values were sent to the PI controllers. The I/Q outputs of PI controllers were used to generate the output intermediate frequency signal to DAC with the direct digital
synthesizer(DDS). The output IF signal was then up-converted to the RF signal to excite the solid-state amplifier.
The resonance frequency control of the cavity was similar.
the phase error between the incident power signal and the
pickup cavity field signal was fed into the PI controllers of
the stepper motor and piezo respectively. The output of the
PI controllers were sent to their respective drivers to complete the resonance frequency control of the cavity. The
stepper motor was used for coarse cavity tuning and the
piezo actuator was used for fine cavity tuning.
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Cavity quenches introducing strong heat load fluctuations should be avoided to protect the cryogenic system.
Automated prevention and detection of possible quenches
is realized through measurement routines and gradient limiters implemented inside the control loop [3].the protection
of cavity quench can fall into two categories, open-loop
protection and closed-loop protection. Open-loop protection is usually used in the conditioning of cavity and coupler. Superconducting cavity needs to be open-loop conditioned and the cavity could suffer of field emission or
quenches. At this time, cavity consumption will increase
rapidly, which may cause impact on cryogenic system.
Open-loop cavity quench protection can be judged by comparing incident power with reflected power. In the closedloop case, the superconducting cavity has amplitude-phase
feedback control loop and cavity resonance frequency control loop, so the cavity field in the superconducting cavity
is relatively stable. but once cavity quench occurs, the stability of the cavity field can't be achieved even with increasing the incident power greatly, and so the cavity field
will decrease significantly. it can be judged that superconducting cavity quench occurs at this time, when the RF excitation needs to be switched off or reduced to a small
safety value.
The design of clock distribution scheme is mainly combined with the selection of IF frequency, ADC and DAC
clocks and non-IQ sampling. the non-IQ sampling scheme
provides a benefit of improved measurement precision. In
contrast to IQ sampling, most of the harmonics no longer
line up with the carrier frequency [4].Finally, we determine
that the IF signal is 17 divide of RF frequency signal, and
the clock is 3 divide of RF frequency signal, that is, the
ratio of IF frequency to sampling clock is 3/17. The nominal RF frequency of HEPS-TF is 166.6MHz. Therefore, the
chosen intermediate frequency (IF) of LLRF system is
9.8MHz, and the sampling clock of ADC and DAC is
55.3MHz. and then the local oscillator (LO) frequency is
176.4MHz.

Software Architecture
The software part is mainly responsible for the communication between hardware devices and computers, and the
system integration of distributed control based on EPICS
architecture. EPICS, experimental physics and industrial
control system, is a set of Open Source software tools, libraries and applications developed collaboratively and
used worldwide to create distributed soft real-time control
systems for scientific instruments such as a particle accelerators, telescopes and other large scientific experiments.
EPICS uses Client/Server and Publish/Subscribe techniques to communicate between the various computers.
Most servers (called Input/Output Controllers or IOCs)
perform real-world I/O and local control tasks, and publish
this information to clients using the Channel Access (CA)
network protocol. CA is specially designed for the kind of
high bandwidth, soft real-time networking applications that
EPICS is used for, and is one reason why it can be used to
build a control system comprising hundreds of computers.
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The EPICS waveform records of I/Q signals are very useful
for commissioning of the LLRF system.
The applications of IOC in LLRF system includes IOC
of DSP board, IOC of PLC system, IOC of serial server and
soft IOC of RF system. IOC of DSP board mainly completes communication and interaction between EPICS and
DSP board, implements the main function of LLRF system
control. IOC of PLC system is to connect RF system signals such as temperatures, water pressure and flow rate,
motor position and tuner pressure into EPICS system, at
the same time, it can realize slow signals interlocking and
remote reset. The serial server IOC mainly completes the
acquisition and processing of the signals of vacuum,
power, radiation dose, cryogenic temperature and other
signals of serial devices; the RF system IOC, as a soft IOC,
completes the integration of RF system, including system
function optimization, coupler automation conditioning,
RF system self-startup, and various software algorithms.
Some part of the algorithms are written by python, the state
machine is written by SNL, and CSS is used as the OPI.
The main LLRF system OPI is shown as Fig. 8.

Figure 8: The main LLRF system OPI.

EXPERIMENTAL RESULTS
The HEPS-TF LLRF system was integrated after the debugging of LLRF hardware and software, as shown in Fig.
9. It was demonstrated in the 166.6MHz superconducting
cavity horizontal high power test. Firstly, The off-line selfclosed loop test of LLRF system was done in which the
superconducting cavity was replaced with a 166.6MHz
band-pass filter. The long-time amplitude and phase stability of LLRF system reach ±0.03%(pk-pk) and ±0.02 degree(pk-pk), respectively. The measurement result is
shown in Fig. 10.

Figure 9: The LLRF control crate integrated with DSP
board and analog front-end board.
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SUMMARY

Figure 10: The amplitude and Phase Stability within 90
minutes by self-closed loop of the LLRF system.
The 166.6MHz superconducting cavity horizontal high
power test has been done recently, and the self-developed
digital LLRF system has been successfully applied in this
test. The LLRF system successfully worked well without
problem. and some software bugs found during the operation were already fixed. In this horizontal high power test,
coupler conditioning, superconducting cavity conditioning, Q0 measurement, microphone effect, Lorentz detuning, auto cavity frequency tuning with motor and Piezo coordinately were mainly carried out, and the functional control of LLRF system was constantly improved. At 2K temperature, the Q0 value of the superconducting cavity at
1.2MV is more than 7e8. At last, the cavity field stability
has been successfully achieved about ±0.03%(peak-peak)
in amplitude and ±0.02 degree(peak-peak) in phase when
the cavity field voltage is 1.2MV. it can meet the field stability requirements towards ±0.1% in amplitude and ±0.1
degree in phase of HEPS project. The test results are shown
in Figure 11.

This paper mainly describes the system architecture of
HEPS-TF RF system, the customed digital low-level RF
system includes the design, implementation and debugging
of DSP board, RF analog front-end board and security interlocking board, and the design and implementation of
software architecture. The digital LLRF system has been
successfully applied to the horizontal high power test of
166.6MHz superconducting cavity. The cavity field stability has been successfully achieved about ±0.03%(peakpeak) in amplitude and ±0.02 degree(peak-peak) in phase
when the cavity field voltage is 1.2MV.

ACKNOWLEDGEMENT
We would like to express our sincere appreciation to
SSRF RF Group for discussing the design of LLRF system
in the initial stage. This work has been supported by the
HEPS-TF project funding.

REFERENCES
[1] G. Xu et al., “Progress of Lattice Design and Physics
Studies on the High Energy Photon Source”, in Proc. 9th Int.
Particle Accelerator Conf. (IPAC'18), Vancouver, Canada,
Apr.-May 2018, pp. 1375-1378. doi:10.18429/JACoWIPAC2018-TUPMF052

[2] P. Zhang et al., “A
System for the HEPS
Particle Accel-erator
Denmark,
May

166.6 MHz Superconducting RF
Storage Ring”, in Proc. 8th Int.
Conf. (IPAC'17), Copenhagen,
2017,
pp.
1049-1051.

doi:10.18429/JACoW-IPAC2017-MOPVA079

[3] Ch. Schmidt et al., “Recent Developments of the
European XFEL LLRF System”, in Proc. 4th Int. Particle
Accelerator Conf. (IPAC'13), Shanghai, China, May
2013, paper WEPME009, pp. 2941-2943.
[4] T. Schilcher, “RF applications in digital signal
processing”, Paul Scherrer Institute, Villigen, Switzerland

Figure 11: The amplitude and phase stability within 15
minutes when the cavity voltage is 1.2MV.

SRF Technology - Ancillaries
LLRF

THP075
1077

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP076

SIMULATION ANALYSIS OF LORENTZ FORCE INDUCED
OSCILLATIONS IN RF CAVITIES IN VECTOR SUM AND CW
OPERATION
R. Leewe∗ , K. Fong, TRIUMF, Vancouver, BC, Canada
Abstract
Within TRIUMF’s electron LINAC, two TESLA type cavities are operated with a single klystron in CW mode. Vector
sum control is applied for field stabilization and the resonance frequencies are individually tuned with a proportional
feedback controller. First operational experiences showed
that amplitude oscillations can start in both cavities, while
the vector sum is perfectly stable. These instabilities occur at high operating fields and are driven by Lorentz force
changes. This paper presents a simulation study of multiple
cavities in vector sum operation with respect to Lorentz force
oscillations. It will be shown that all cavities in operation
have to be damped to guarantee system stability.

the cavity walls move and what are the conditions for these
oscillations to occur. The conditions can be summarized
as a high electric field (10MV/m), CW operation, vector
sum control opposed to individually controlled, and that the
driven frequency must be higher than the electric field.
This paper aims to provide a better understanding how
multiple cavities behave in vector sum and CW operation.
It is built up on [3].

INTRODUCTION
Particle acceleration within TRIUMF’s ARIEL facility is
achieved within multiple 9 cell Tesla type cavities [1]. The
cavities are operated in vector sum, instead of individual
operation, for the simple reason of reducing the cost of the
facility. The individual cavity pick up signals are added
together and then fed into a controller, which drives an amplifier. The output signal of the amplifier is then split and fed
to the individual cavities, see Fig.1. The goal of vector sum
control is to achieve a stable operation field for the sum of
all cavities, while individual cavities can be slightly detuned.
This type of cavity operation has been proven to work well
for pulsed machines [2]. There is less experience with CW
operated machines using vector sum control. First operational tests of this configuration were performed at TRIUMF
in July 2018. Initial tests with low gradients showed stable
operation. After increasing the gradient, amplitude oscillations could be observed in both cavities with a growth time
of several seconds. Fig. 2 shows an oscilloscope display,
presenting the pick up signals of the two cavities. It can be
observed that the amplitude oscillations are counter-phase.
Hence, the vector sum is perfectly stable while both cavities
ring. As these oscillations build up over several seconds
this phenomenon could not be observed in pulsed machines.
These oscillations are induced through the dependence between Lorentz force variations and field amplitude variations.
Assuming no tuning system, if the field amplitude within
the cavity changes, the Lorentz force changes which in turn
affects the field amplitude again. Hence, Lorentz force and
field amplitude variation behave as a closed system.
These oscillations can be a limiting factor for the operating
gradient and have been analyzed for a single cavity without
a tuning system in [3]. [3] provides an understanding how
∗
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Figure 1: Block diagram: 2 cavities are driven by a single
klystron in vector sum control.

Figure 2: Experimental results: Pick-up signals of 2 cavities
in vector sum control after several seconds of operation.
Mechanical resonance frequency is roughly 160 Hz and the
RF bandwidth is roughly 300 Hz.

SYSTEM DESCRIPTION
The cavity wall movement driven by Lorentz force variation can be mathematically modelled as
xÜ + ϵ xÛ + Ω2 x = −Λ(v 2 − v02 ),

(1)
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where Λ denotes the Lorentz constant, v the actual cavity
voltage and v0 the initial voltage, x the wall position, ϵ the
damping coefficient, and Ω the mechanical resonance frequency. A derivation of the electrical signal as well as a
stability analysis of the combined system has been shown
in [3].
Additionally, it has been shown that the system has a
stable and unstable regions. For ω, the natural resonance
frequency of the cavity, smaller ω0 , operating frequency,
is the equilibrium point stable, while for ω > ω0 is the
system unstable.The phase space plot for both conditions
is shown in Fig. 3. For the stable case it can be observed
that for two different initial conditions the system states
spiral to its equilibrium point. For the unstable case it can
be observed that the system behaves different for different
initial conditions. If the initial conditions are within the limit
cycle they spiral outwards and inwards for the other case.
An analysis of this phenomenon has been presented in [3].

where the indices 1,2 represent cavity 1 and 2, respectively.
a = ω0ω̄−ω , where ω̄ represents the ratio of the RF bandwidth
over the mechanical resonance. The initial voltage condition
is given by


1
v02 =
v2 .
(3)
1+a f
v f i1,2 and v f q1,2 are the feedback voltages. vÛi and vÛ q are
obtained from the differential equation describing the field
within the cavity [3] and v = vi + jvq .

Simulation of 2 Cavities in Vector Sum Control
Section showed that oscillations will be excited or damped
depending on the sign of a, Fig. 3. To get an understanding
when the oscillations are excited in two cavities in vector sum
all possible parameter combinations have been simulated.
The variable parameters are
• a1,2 - the initial misalignment of both cavities
• c1,2 - individual cavity damping (which could be realized through piezo feedback)
• x1,2 - initial condition of each cavity
Choosing the three categories

Figure 3: Phase space simulation results for ω0 > ω (left)
and ωo < ω (right) and different initial conditions.Ω = 1.

SIMULATION ANALYSIS
Within this section we want analyze two cavities in vector sum operation. In particular, it is of interest whether
both cavities have to be actively damped to guarantee stable system operation. The vector sum is controlled by a
proportional controller.
The state equations for numerical simulations are derived
from equation (1) and are given by
xÛ1 = y1


2
2
yÛ1 = −ϵ1 y1 − Ω2 x1 − Λ vi1
+ vq1
− v02

vÛi1 = ω̄ −vi1 − (a1 + x1 ) vq1 + v f i1

vÛ q1 = ω̄ (a1 + x1 ) vi1 − vq1 + v f q1
xÛ2 = y2


2
2
yÛ2 = −ϵ2 y2 − Ω2 x2 − Λ vi2
+ vq2
− v02

vÛi2 = ω̄ −vi2 − (a2 + x2 ) vq2 + v f i2

vÛ q2 = ω̄ (a2 + x2 ) vi2 − vq2 + v f q2

v f i1 = vi1 + K p (vi1 + vi2 ) /2 − vir e f


v f q1 = vq1 + K p vq1 + vq2 /2 − vqr e f

v f i2 = vi2 + K p (vi1 + vi2 ) /2 − vir e f


v f q2 = vq2 + K p vq1 + vq2 /2 − vqr e f
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• 1. a1 > 0 and a2 > 0, both cavities are individually
stable
• 2. a1 < 0 and a2 > 0, 1 cavity unstable the second is
stable on their own
• 3. a1 < 0 and a2 < 0, both cavities are individually
unstable
then we have the different parameter options of no damping,
one cavity damped, both cavities damped for the two cases of
either cavity 1 or cavity 2 having an initial condition x , 0.
As it is not necessary to plot each parameter combination
we include only the necessary Figures which lead to the
conclusion.
The next Figures show the individual cavity wall positions,
the individual voltage amplitudes and the voltage vector sum
of the 2 cavities in vector sum operation, under different
conditions. Note, the voltages have been normalized.
Starting with the first category a1 > 0 and a2 > 0, both
cavities operating on the stable side but both are undamped,
Fig. 4. As expected, the simulation result shows stable system operation although cavity 1 induces initially an oscillation in cavity 2. The voltages are stable, but the mechanical
oscillations settle into a stable, in-phase oscillation since
they are undamped. Hence, if it can be guaranteed, that the
misalignment is always positive, stable system operation is
guaranteed.
With respect to the second case a1 < 0 and a2 > 0, Fig. 5
shows the result for the same parameter configuration regarding damping and initial conditions as the previous case. It
can be observed that cavity 1, which operates on the unstable
side induces instabilities in cavity 2 (operating on the stable
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Figure 4: Cavity wall positions and voltages and vector sum
versus time of 2 undamped cavities in vector sum operation.
a1, a2 > 0

Figure 5: Cavity wall positions and voltages and vector sum
versus time of 2 undamped cavities in vector sum operation.
a1 < 0, a2 > 0

side). Further it can be observed that the two mechanical oscillations are growing and are out of phase, which keeps the
vector sum voltage stable. This leads to the conclusion that
at least 1 cavity has to be damped through active feedback if
stable system operation has to be guaranteed independent of
the initial misalignment a.
Adding a damping constant ϵ to the system, to simulate
perfect active feedback feedback. Fig. 6, Fig. 7, and Fig.
8 show the results for only cavity 1 damped, only cavity 2
damped, and both cavities damped, respectively. The initial
misalignment is kept at a1 < 0 and a2 > 0. Looking at
Fig. 6 and 7 it is shown that independent of which cavity
is damped, both cavities become unstable. Further, Fig.
7 shows how vector sum and CW operation are the main
sources of this instability, as it can be observed that the vector
sum voltage stays at it’s desired value while both individual
cavity voltages are oscillating counter phase as it has been
observed in TRIUMF’s acceleration cryomodule, Fig. 2.
Finally, Fig. 8 shows stable system operation when both
cavities are damped, this has been confirmed for a1 < 0 and
a2 < 0.
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Figure 6: Cavity wall positions (x1, x2), voltages (V1, V2)
and vector sum (Vsum) versus time. Cavity 1 is damped.

Figure 7: Cavity wall positions (x1, x2), voltages (V1, V2)
and vector sum (Vsum) versus time. Cavity 2 is damped.

Simulation of 4 Cavities in Vector Sum Control
To verify whether the result that all cavities in operation
have to be damped to guarantee stability is valid for more
than 2 cavities, the same systematic simulation analysis has
been performed with 4 cavities in vector sum operation. As
the results agree with the previous analysis only 2 simulation cases are plotted below. In particular, we focus on the
stability independent of the initial misalignment a. Fig. 9

Figure 8: Cavity wall positions (x1, x2), voltages (V1, V2)
and vector sum (Vsum) versus time. Both cavities are
damped.
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shows the case where three cavities are damped. It can be
observed that the undamped cavity with a negative initial
misalignment starts oscillating and going into limit cycle as
shown in Fig. 3. Note that we changed the simulation time
step from T s = 0.001 to T s = 0.005 to show the limit cycle
existence in multiple cavities in vector sum operation. Fig.
10 shows stable operation when all cavities are damped.
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CONCLUSION
This paper presented a simulation analysis of Lorentz
force induced oscillation of 2 cavities in vector sum and
CW operation. It was shown that an unstable cavity can
drive a stable cavity unstable. It can be concluded that all
cavities in vector sum and CW operation have to be damped
to guarantee system stability independent of any individual
cavity misalignment a .
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Figure 10: Cavity wall positions (x1, x2, x3, x4), voltages
(V1, V2, V3, V4) and vector sum (Vsum) versus time. All
cavities are damped.
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Abstract
Recent deployment of a digital low-level RF (LLRF)
system within the cavity-testing framework of CERN’s
vertical test cryostats has permitted a full revamp of cavity performance validation. With both full continuous and
pulse mode operation, steady state and transient RF behavior can be effectively probed. Due to direct and integrated
control and monitoring of environmental test conditions,
standard and novel RF measurement procedures have been
developed and integrated into the testing infrastructure,
along with a coherent flow of high granularity measurement data. We present an overview of this cavity measurement system and address the underlying architectural
structure, data handling and integration of user interfaces.
In addition, we highlight the benefits of the variety of
RF cavity measurements that can now be accommodated in our large 2 K cryostats.

Cavity installation on the cryostat insert is done such that
the cavity is held with only one fixed point so to minimise
insert related constraints on the Lorentz force detuning.
Further, isolation washers and ceramic inserts on the cavity
pumping line ensure the cavity is electrically isolated from
the cryostat structure (Fig. 1), which allows for direct control and measurement of thermo-electric current during
cool down. As an example, Fig. 2 shows first measurements of the thermo-electric current measured during the
cool down of a 5-cell 704 MHz elliptical niobium cavity,
which is part of an ongoing study to assess the role of
thermo-electric currents in flux trapping at the super conducting transition [1].

INTRODUCTION
The CERN infrastructure for testing and validating superconducting RF cavities has recently undergone a full
upgrade in order to allow for state-of-the-art RF measurements on both prototype and production SRF cavities. As
part of this upgrade, both the electromechanical structure
of the cryostat and the low-level RF operation has been addressed, with the resulting system now fully functional.

MECHANICAL SETUP
CERN’s vertical test cryostats provide for operation
down to 1.8K with forward RF power up to 250W. Design
of the cryostat is such that cool down and filling with liquid
helium is done from below the cavity, and distributed
heater units allow for control of the vertical temperature
gradient during initial cool down and through thermal cycling around the niobium superconducting transition.
In addition, the cryostats are fitted with active magnetic
shielding and a full set of diagnostics systems to control the
RF measurement environment. The ambient 3-vector magnetic field is typically supressed to below 50 nT and can be
maintained with an active feedback loop during cool down
if required.
*

Figure 1: Cryostat insert with HL-LHC Crab cavity
mounted. The cavity is electrically isolated from the insert
by insulation washers (see zoom in), and is free standing
with only a fixed point at the pumping line connection.

niall.stapley@cern.ch
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Traditionally cavity testing has been done with fixed input and pick-up antenna, with antenna length and design
simulated prior to testing. While this was the simplest approach, a mobile coupler capable of operating at 2 K has
now been designed and tested. With a stroke range of 50
mm, it allows for asserting critical coupling for the input
antenna along the entire temperature range from 1.8 K-300
K. This offers improved multi-pacting conditioning over a
larger temperature range, and also provides the possibility
of improved monitoring of the cavity frequency during
cool down.
The input antenna is also fitted with a DC bias system
that permits the suppression/enhancement of multi-pacting
in the input antenna vicinity. By monitoring the DC dark
current from the antenna, both coupler and cavity conditioning can be clearly observed and addressed by application of a DC bias (up to 500 V).
For the RF input line, transient phase change of the reflected signal is used to monitor the VSWR ratio at the cryostat insert, in order to identify onset of feed through burnout. Recent experience has shown that with an input line of
7/8” coax, and a typical cryostat helium pressure of ~31
mBar, Paschen-induced breakdown at the warm feed
through on the cryostat top-plate can be expected for RF
input power in excess of 220 W. To reduce risk of feed
through burnout, the RF line length inside the cryostat is
set on a cavity-by-cavity basis so to minimise the VSWR
for an off-resonance cavity.
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the cavity fundamental frequency. For test scenarios such
as tuner validation and beam operation sequence testing,
where precise control of the resonance frequency is required, the LLRF system is switched to GD mode and is
operated in a way that mimics foreseen accelerator operations.
Being a fully digital system, the LLRF comes with observation memory for analog to-digital converters (ADCs)
recording forward, reflected and transmitted power, which
permits analysis of both transient and steady state cavity
behavior in both pulse mode and continuous wave powering. The memory operates as a triggered ring buffer with
space for 220 14-bit integer values on each of the measurement channels, and outputs magnitude and phase or I/Q of
the digitized voltage signals. Further, a user defined decimation is implemented such that the full range of the
memory buffer can span time windows from 0.5 to ~60
seconds.
For critically coupled SRF cavities with filling times of
order 0.3-1.0 seconds, the system is typically operated in
pulse mode with a pulse repetition frequency of 0.2 Hz. At
this repetition rate the full data buffers for forward, reflected and transmitted can be read and processed, with the
processing time only constrained by the buffer depth and
the backplane transfer speed of the VME architecture used.
For each pulse, the measurement data are processed and
recorded, and the quality factor Q0 and cavity gradient Eacc
evaluated. As an example, Fig. 3 shows a typical powering
pulse and associated measurement points. Here it is noted
that a pre-pulse is used in order for the SEL to lock on to
the cavity resonance at low input power, immediately prior
to the high-power pulse. This pre-pulse is particularly useful for cavities that expect large Lorentz force detuning, as
it ensures that the SEL is then locked on resonance.

Figure 2: Measurement of thermal electric current flowing
in the cavity/insert structure during cavity cool down.

LLRF SYSTEM
For RF measurements, the LLRF system is based on a
modified digital LLRF module used for CERN’s LHC,
HIE-ISOLDE and LINAC4 installations [2] and offers
both self-excited loop (SEL) and generator driven (GD)
modes of operation. The system relies on user defined operating and sampling frequencies, and so has the capability
of covering operating frequencies ranging from 100 MHz
to 1.5 GHz.
Typically, the SEL mode is used for cavity validation
conditioning when there is no precise target constraint on
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Figure 3: Digitised pulse measurement of a Niobium 5-cell
704 MHz cavity; pulses displayed are in terms of re-scaled
ADC counts and are not representative of the real voltage
levels. Traces show the forward (blue), reflected (orange)
and transmitted (green) voltage signals coming from the
cavity, and measurement points used for standard pulse
analysis are marked with dots.
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As can be seen from Fig. 3, the digitised pulse mode
measurements are “text book” in form, and from the reflected pulse it is easily verified that the phase is well adjusted (i.e. for this over-coupled cavity, the reflected power
drops to zero after pulse on). Indeed, for scanning the cavity across a range of powers, an initial pulse is used to validate the phase setting prior to the issuing of measurement
pulses.
The digitisation in Fig. 3 represents the voltage signal as
measured and each signal has noise from the cavity system
as well as digitisation noise. For steady state signals, errors
are reduced due to averaging over short segments of the
high granularity buffer and suppression of least significant
bit noise from the digitisation. For transient behaviour
such as the value of the reflected power at pulse on/pulse
off, linear regression fitting of the signal with is applied.
Typical measurement errors are mainly from digitisation
with noise levels of 10 counts on a full dynamic range of
20000 counts.
For each pulse, key measurement points (Va, Vb, Vc, Vf,
Vt) are taken and converted to relative power strengths (Pa,
Pb, Pc, Pf, Pt). Calibrated cable-attenuated-corrected power
signals (PF = cf.Pf, PR = cr.Pr and PT = ct.Pt) are easily obtained when necessary, after determination of the appropriate cable attenuation on the signal path, but where possible
RF measurement quantities are determined from the relative power signals, in order to minimise systematic error
contributions.

MEASUREMENTS AND RESULTS
With the majority of measurements done in pulse
mode, measurement procedures are defined in terms of
modular tasks assembled into sequences. These sequences
are assembled via a standard scripting interface to provide
automated measurement procedures. Examples of modular
tasks include the issuing and measurement of a pulse, optimisation of the SEL phase, and processing of measurement
buffers. Standard Q0 vs Eacc scans are then defined simply
as a pulse sequence at varying pulse power levels, with
SEL phase optimisation at each power step.
The advantage of this modular task approach combined with a high-level scripting framework is that the user
can easily put together and test sequences and semi-intelligent algorithms catering to the adaptive tasks such as cavity conditioning and multi-pacting processing.
For RF performance measurements of a cavity, the test
stand is first calibrated by measuring the exponential decay
of the power signal from the cavity pickup, and the quality
factors of the input and pickup antenna, Qe, Qt, are determined. Using the digitisation of the pulses as shown in Fig.3,
identified measurement points are evaluated, which permits the calculation of the input and pickup couplings βe
and βt and then Qe, Qt via the standard expressions [3].
𝛽𝛽𝑒𝑒 =
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𝑃𝑃𝑐𝑐

where 𝜖𝜖 = |𝑃𝑃𝑇𝑇 ⁄𝑃𝑃𝐹𝐹 |
𝑃𝑃𝑎𝑎
𝛽𝛽𝑡𝑡 = 𝛽𝛽𝑒𝑒 𝜖𝜖
𝑃𝑃𝑐𝑐

𝑃𝑃𝑎𝑎 (1−𝜖𝜖)−𝑃𝑃𝑏𝑏
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𝑄𝑄𝑒𝑒 =

1+𝛽𝛽𝑒𝑒 +𝛽𝛽𝑡𝑡
𝛽𝛽𝑒𝑒

𝜔𝜔𝜔𝜔

and

𝑄𝑄𝑡𝑡 =

1+𝛽𝛽𝑒𝑒 +𝛽𝛽𝑡𝑡
𝛽𝛽𝑡𝑡

𝜔𝜔𝜔𝜔

For fixed antennas, Qe and Qt, are physical constants and
define the configuration of the test setup.
Pulse scans at increasing power can then be performed, and the Q0, cavity stored energy U, and accelerating gradient Eacc determined following:
𝑈𝑈 = 𝑘𝑘 𝑃𝑃𝑇𝑇 where 𝑘𝑘 = 𝑄𝑄𝑡𝑡 ⁄𝜔𝜔
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = �𝑈𝑈⁄𝜅𝜅
with 𝜔𝜔 = 2𝜋𝜋𝜋𝜋 and 𝜅𝜅 is the conversion factor obtained from
electromagnetic simulations.
For Q0, each digitized pulse can be fitted to determine
the time constant of the power decay of the individual
pulse, and then Q0 is extracted.
1
𝑄𝑄0 =
1
1
1
−
−
𝜔𝜔𝜏𝜏𝑖𝑖 𝑄𝑄𝑒𝑒 𝑄𝑄𝑡𝑡
Alternatively, Q0 can be evaluated from
𝜔𝜔𝜔𝜔
𝑄𝑄0 =
𝑃𝑃0

Here P0 is the power absorbed by the cavity, and can be
determined by
𝑃𝑃0 =

𝑃𝑃𝑎𝑎 −𝑃𝑃𝑏𝑏
𝑃𝑃𝑎𝑎

𝑃𝑃𝐹𝐹 − 𝑃𝑃𝑇𝑇

or

𝑃𝑃0 = 𝑃𝑃𝐹𝐹 − 𝑃𝑃𝑅𝑅 − 𝑃𝑃𝑇𝑇

For precision scans the approach of individual fitting
of the time constant of the power decay is preferred, while
for statistics, evaluation of Q0 from U can be done using a
reduced set of 5 measurement points (Pf, Pt, Pa,Pb,Pc). This
data-reduction step retains sufficient accuracy and permits
pulse-by-pulse processing and storage. Unreduced single
pulse data buffers are ~100MB per pulse, making extended
storage of raw pulse-by-pulse data unrealistic. As such,
real-time pulse processing and reduction of pulse-by-pulse
data are implemented by default.

Figure 4: Comparison of pulse processing techniques used
to assess RF performance. Data shown is for a 704 MHz 5cell elliptical cavity measured at 2.0 K.
Figure 4 shows the comparison of the three pulse-processing methods, and shows that the evaluation of P0 by
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𝑃𝑃0 = 𝑃𝑃𝐹𝐹 −𝑃𝑃𝑅𝑅 − 𝑃𝑃𝑇𝑇 is considered more susceptible to system and calibration error contributions from the measurement of the three absolute power values.
As the LLRF system buffer contains amplitude and
phase information for forward, reflected and transmitted
power, phase monitoring of relative phase change can be
used to assess transient behaviour on the cavity. For example, cavity quench measurements on HL-LHC crab cavities
have been analysed via observed phase shifts on the cavity
pickup to give not only the Lorentz force detuning, but also
the expected beam sensitivity to cavity quenches [4]. As
part of this work Fig. 5 shows the pressure detuning associated with a cavity quench of an HL-LHC crab cavity prototype.

Figure 5: Frequency shifts as extracted from the derivative
of the phase signal coming from the pickup antenna of an
HL-LHC Crab cavity prototype measured at 1.8 K. Top left
show the Lorentz Force detuning on application of a 6 second pulse. The cavity does not quench but is clearly showing stability issues in the latter part of the pulse. Top right
compares the frequency response of a normal pulse off
(blue) to repeated quench and recovery of the cavity (orange). The bottom plot is a zoom in of the frequency response of the quench where we see frequency oscillations
due to pressure detuning [4].

TEST STAND BENEFITS
The choice of framework implementation has been such
that the test stand mirrors CERN-standard accelerator controls system [5]. This choice is based on hardware/firmware separated from the user interface by a controls middle
layer (see Fig. 6) and uses a standard device/property
model. Such a structure permits the full integration of a
configuration database, seamless integration of real-time
control and measurement data across a variety of hardware
types, as well as standardized logging of control operations, interlocks and measurement data. Being based on
CERN accelerator controls standards, the controls framework streamlines the introduction of new sensors and devices, and with support from in-house operations teams,
development costs are kept to a minimum. Coupled with
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standard utilities for debugging and development, along
with RF specific libraries and analysis packages integrated
into this middleware, this allows the RF tester to maintain
full flexibility to work either in a production-level testing
or a rapid development environment. To facilitate understandable development all user defined routines and sequences are written as Python methods.
This data acquisition architecture enables the acquisition
of RF measurement data based on processed data-reduced
LLRF buffer, but with synchronized snapshots of environmental data attached, which has proved invaluable for transient phenomena studies. Due to the interlaced nature of
the RF data and the environmental snapshots, the HFDF5
[6] hierarchical data format to permit user readability of the
pulse-by-pulse measurements under varying conditions is
used for permanent storage. In parallel, full environmental
data is logged to a central database at 1Hz, and is used as a
reference for interfacing services and providers external to
the RF cavity testing team.

Figure 6: Architectural layout of the test stand, based on
standard CERN accelerator infrastructure and a device
property middleware layer.
With this software architecture and the use of standard
accelerator tool sets, the test stand ensures full productionlevel deployment with full version control, while still retaining development flexibility by means of the python interpreter embedded in the middleware. This coupled with
INSPECTOR, an in-house graphical user interface [7], permits rapid and consistent deployment of measurement sequences, operator consoles (Fig. 7), and web-based monitoring channels.
Finally, it is noted that the costs for such a system are
kept low, as it is based on CERN-standard and supported
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accelerator RF hardware modules and infrastructure, combined with open source software that permits transparent
development without hidden proprietorial costs.
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Abstract
At DESY, the development of a 1.6-cell, 1.3 GHz all superconducting gun cavity with a lead cathode attached to
its back wall is ongoing. The special features of the structure like the back wall of the half-cell and cathode hole
require adaptations of the procedures used for the treatment
of nine-cell TESLA cavities. Unsatisfactory test results of
two prototype cavities motivated us to re-consider the backwall design and production steps. In this contribution we
present the status of the modified cavity design including
accessories causing accelerating field asymmetries, like a
pick up antenna located at the back wall and fundamental
power- and HOM couplers. Additionally, we discuss preliminary considerations for the compensation of kicks caused
by these components.

INTRODUCTION
The photo injector of the European x-ray free electron
laser (E-XFEL) consists of a normal conducting radio frequency (RF) gun operating with pulsed RF resulting in high
accelerating fields. Bunches with moderate charge (20 pC
to 1 nC), small transverse emittances (0.1 to 1 µm) and a
high beam energy (6.1 MeV) are provided to the subsequent
accelerator [1].
Superconducting radio frequency (SRF) guns have the
potential to provide bunches with similar parameters (20
to 250 pC at 3 MeV) without additional accelerating stages
to the subsequent accelerator. Hence, it is the preferred
choice for a future additional CW operation mode of the EXFEL [2–5]. Although substantial R&D has been performed
in recent years resulting in SRF guns in operation [6–12], the
potential of the technology is still not exploited sufficiently
[13] for the use at the E-XFEL.
The classic approach of a photo injector uses a RF gun
cavity in combination with a cathode insertion system. In
the case of SRF cavities this setup still faces challenges
w.r.t. multipacting, field emission, cathode heating and lifetime [14, 15]. SRF gun cavities with cathodes at a closed
cavity back-wall should not suffer from such problems. But,
only metallic and superconducting cathode materials can be
used which have relatively small quantum efficiency (QE).
Due to the moderate bunch charges required for the photon
generation in the E-XFEL this is acceptable with the power
available at lasers from industry [16]. At DESY we perform
R&D in collaboration with TJNAF (Thomas Jefferson National Accelerator Facility, US), NCBJ (National Center for

Nuclear Research, Poland), BNL (Brookhaven National Laboratory, US), HZB (Helmholtz-Zentrum Berlin, Germany)
and HZDR (Helmholtz-Zentrum Dresden-Rossendorf, Germany) to develop such an all superconducting RF gun [17].
The obvious choice is the use of niobium as the cathode
material. Unfortunately, the QE turned out being too low for
existing laser systems [18]. But, the QE of lead is sufficiently
high [19], it is also a superconductor and it does not degrade
over periods examined so far [20]. First tests, coating the
halve-cell back-wall of an SRF gun cavity (prototype called
’16G1’) with lead, were performed in 2008 [21, 22]. These
cavities suffered from cathode surface quality problems [23].
A cathode plug which can be coated separately [24, 25] or
even produced from bulk material, screwed into a hole at
the cavity back wall, was the next attempt [26, 27]. The first
prototype cavity (16G2) of this kind achieved the required
gradients in vertical tests in 2012. Vertical tests were repeated in 2014 [28] and 2016. Unfortunately, cavity 16G2
soon suffered from mechanical problems and deformations
at the back-wall giving rise to the prototype cavities 16G3
and 16G4 [17].

STATUS OF GUN CAVITIES
In spring 2017 we built together with industry the two
SRF gun cavities 16G3 and 16G4 with mechanically reinforced backside and improved cathode plug design, Fig. 1.
The work included new auxiliaries like the cavity handling
frames; work at the high pressure rinsing (HPR) nozzle and
the electro polishing (EP) cathode. After the fabrication of
the cavities by industry we performed the chemical surface
treatment at the DESY facilities starting with a main EP
at 16G3. Optical inspection revealed flat and shiny dents
following the geometry of the nozzle arrangement of the EP
cathode give rise to change the nozzle inclination, which
turned out being not optimal either. In both cases some
granular surface areas at the backsides remained after the
fine EP. Applying otherwise the recipe used for the XFEL
9-cell cavity production [29] we verified in late 2017 the
cathode plug sealing is leak tight at 2 K and the backside
mechanically stable. Performing vertical RF tests, both cavities did not perform as expected, Fig. 2. They showed a
massive increase of thermal losses at accelerating gradients
above 10 MV/m under all of the following test conditions:
at temperatures of 1.8 K and 2 K, with lead coated and uncoated niobium cathode plugs and applying fast and slow
cooldown [30]. We used the second sound method [31, 32]
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Figure 1: All superconducting gun with a plug (red) with
lead cathode screwed into a hole on the cavity backside
for examining the quench location. The cavities quenched
in the equator region of the full cell at gradients between 11
MV/m and 14 MV/m without showing field emission (FE).
In general, the surface removal by buffered chemical polishing (BCP) depends much less on the cavity geometry than
the removal by EP. Hence, we decided performing BCP at
16G3 and 16G4 together with industry. This required the
development of special connections to run in and out the
acid, tightening the cathode hole reliably preventing acid
flowing through, and a special cavity handling frame. Late
autumn 2018 BCP was applied (removal of about 100 µm
at 16G3 and 16G4 smoothing out the cavity back wall surfaces as expected. Unfortunately, the performance of both
cavities measured end 2018, beginning 2019 did not improve; they still showed a massive decrease of the quality
factor at accelerating gradients above 10 MV/m under all
test conditions: 1.8 K and 2 K, plugs with and without lead
coating, fast and slow cooldown. The quench spots remained
nearly unchanged; likewise the maximum gradients and we
did not observe FE. These results led us to three main hypotheses as possible causes: issues during fabrication, back
wall material problems and the back wall geometry causing
insufficient cooling.
Reviewing the cavity fabrication together with the manufacturer didn’t reveal deviations from procedures or any
suspicious action. The back walls of the cavities where cut
out of a thick ingot disk of large grain niobium and mill-cut
to the final geometry. We performed RRR measurements
and asked a company for a gas analysis of two niobium
probes cut out of the ingot disk adjacent to the area used for
the back-walls. The measured RRR of 294 is well within
specification, likewise the contents of oxygen (2.53 ppm),
nitrogen (4.24 ppm) and hydrogen (0.23 ppm). All these
values are in agreement with the values provided by the niobium supplier. Further in the future we consider material
examinations cutting off parts from the cavities to verify
nothing happened to the niobium after providing it to the
cavity manufacturer.
Simulations of the cooling at different back wall areas
confirmed less cooling of the inner RF surface at areas of
thicker niobium for stiffening and for the threads used for
fixing the cathode plug. At 16G4 we performed vertical

1E8

16G3, 2.0 K, 2017, only EP
16G4, 2.0 K, 2018, only EP
16G3, 2.0 K, 2018, after BCP
16G3, 1.8 K, 2018, after BCP
16G4, 2.0 K, 2019, after BCP
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Figure 2: Vertical test results of the prototypes 16G2, 16G3
and 16G4 of an all superconducting gun.

tests with temperature sensors at the back-wall close to areas
of thicker niobium and areas with the usual thickness of
SRF cavities of about 2.7 mm (Fig. 3). The measurements
showed also higher temperatures near the areas of thicker
niobium and near the cathode where the RF field distribution
should cause less heating as compared to the equator region.
Tests with rotated temperature sensor arrangement showed
the same results making local defects at the inner cavity
surface unlikely. At 16G3 we drilled holes in the areas of
thicker niobium to mount temperature sensors inside and
study the temperature behavior inside these areas. The plug
temperature is measured with a temperature sensor inserted
in the small backside hole of the plugs.

Figure 3: Cavity 16G4 equipped with temperature sensors.
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To study the potential influence of the cathode plug and the
cathode plug cooling, we prepare further tests with special
cathode plugs: out of pure niobium, out of Copper and also
out of pure niobium but with cathode surface area retracted
almost to the plug sealing area.
As preventive action we reviewed RF surface quality
checks before back wall welding: The eddy current examination will not cover the equator region due to the back wall
rim. X-ray imaging may be an option; the spatial resolution
of X-ray tomography is too low.

BACK WALL OF SHEET MATERIAL
A well performing SRF gun cavity with an ideal cooled
back wall will be a major experimental indication for the
hypothesis that poor cooling at the thick back wall areas
plays a role for the poor performance of 16G3/4. Therefore
we ordered the two new cavities 16G5 and 16G6. They are
copies of 16G3/4 but with a back wall made of 3 mm niobium sheet material stiffened by a niobium u-profile welded
onto the backside and the rim produced by spinning. These
cavities will also be used to examine surface treatment techniques. Leaving out the cathode hole simplifies the handling.
We expect a better understanding of the surface removal by
BCP performing ultra-sonic measurements of the back wall
thickness. These cavities may also serve for studies on fine
EP treatments.

FUTURE DESIGN CONSIDERATIONS
We expect the three cavities 16G7 to 16G9 to be the first
cavities usable for beam generation. Hence, before deciding
on the back wall design optimized for both cooling and
mechanical stiffness, we will wait for test results from the
cavities 16G5/6. Nevertheless, we are already purchasing
the niobium needed for these three cavities.
Investigations on whether HOM couplers for HOM damping are required are still ongoing. In contrasts to applications
asking for high beam current, we are satisfied with moderate
beam current but the beam quality is of particular importance.
Transverse kicks caused by the power coupler also spoil
the beam quality. The beam can be shielded by an additional
inner beam tube. For being efficient enough we found the
length of the usual beam tube of our SRF cavities is much
too short. Presently we are investigating two other measures:
A can-like structure opposite the power coupler port cause a
kick itself which can compensate the coupler kick. The longitudinal position of the power coupler port can be optimized
to reduce the coupler kick action significantly.
The focusing of electrons just leaving the cathode area
will be better with a slightly longer half-cell. In addition,
retracting the cathode plane somewhat from the back wall
plane improves the beam focusing, too. Both will be implemented at the cavities 16G7 to 16G9.
We foresee ports for pick up antennas in the back wall of
the new SRF gun cavities for better RF control. The radial
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position is optimized to minimize the disturbance of the RF
field by the pick-up antenna.

SUMMARY AND OUTLOOK
Initial component tests of an all superconducting RF gun
showed promising results. SRF gun cavities surpassed the
required gradients in vertical tests, the QE is sufficient for the
specified bunch charge and does not degrade over periods examined so far. The design of a mechanically stable SRF gun
cavity with a leak tight cathode plug directly screwed to the
back wall turned out being more challenging than expected.
The special design feature of the half cell with closed back
wall requires the adaptation of many techniques used for the
fabrication and treatment of single and 9-cell accelerating
cavities. Furthermore, the design of the back wall seems
requiring special attention w.r.t. cooling and heat transfer.
The time needed for the fabrication of superconducting cavities and also the time needed for the development of new
and the adaptation of existing infrastructure to the special
needs of SRF gun cavities determines the progress. Nevertheless, we are confident overcoming these challenges. It
is time to address additional design issues like the need for
power coupler kick compensation, the possibility for HOM
suppression, and the pick-up antenna in the back wall for
improved RF control.
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Abstract
Continuous wave (CW) photoinjectors have seen great
progress in the last decades, such as DC gun,
superconducting RF (SRF) gun and normal conducting
(NC) gun. Developments of Free electron lasers and
electron microscopy in the CW mode are pushing for
further improvements of CW guns towards higher
acceleration gradient, higher beam energy and
compatibility with high QE cathodes for better beam
brightness. Current SC gun gradient is limited by the
cathode cell due to the complication of a cathode back
plane and a normal conducting cathode plug, and R&D on
SC gun improvement is ongoing. A high gradient
cryocooled CW NC gun was proposed to house the high
QE cathode, and a SC cavity immediately nearby gives
further energy acceleration. In this paper, further RF
optimization of the NC gun and ASTRA simulations of
such a hybrid photoinjector are presented.

INTRODUCTION
High brightness electron guns working in CW mode are
wished for a lot of advanced applications, such as free
electron laser, electron microscopy and energy recovery
linac [1]. Compared to pulsed guns, CW guns enable much
higher average beam brightness and flexible electron
bunch timing pattern. Current CW RF guns operate with a
cathode gradient around 20 MV/m [2, 3], which is much
lower than the 60-120 MV/m range of pulsed guns. To
achieve higher beam brightness, both higher cathode
gradient and beam energy are wished [1]. The next
generation of normal conducting VHF-band gun with >30
MV/m cathode gradient is under study [4, 5], but it’s close
to the limit of the normal conducting RF technology due to
both thermal loading and RF breakdown risk. Meanwhile,
SC CW gun has the potential for even higher acceleration
gradient and beam energy, thus better beam brightness, but
its performance is still far from expectations after decades
of R&D, mainly due to the technical complication of a
cathode back plane and a normal conducting cathode plug.
In SC gun, the contact between normal conducting cathode
plug and SC cavity is avoided, and RF leak through the
cathode insertion channel is stopped by a choke filter [6].
The risk of cathode pollution of the SC cavity still exists,
and the SC gun gradient is usually reduced once a high QE
photocathode is present inside the cavity. Moreover, the
cathode cell cleaning is difficult, which is one of the keys
to have low field emission and high gradient for CW mode.
Besides the choke filter, two other methods are proposed to
___________________________________________

#houjun.qian@desy.de

solve the cathode issue in a SC gun. DESY is working on
a full SC gun with a SC lead cathode, aiming for a gradient
of 40 MV/m, but the average beam current will be lower
due to the low quantum efficiency of lead cathode
compared to the semiconductor cathode. Peking University
developed a DC-SRF hybrid gun with NC cathode plug
inside the DC acceleration gap outside the SC cavity. The
peak acceleration gradient inside the SC cavity reached
~30 MV/m, but the cathode gradient is low, below 5 MV/m
[7]. The DC-SRF gun has demonstrated an average current
of ~mA for CW operation at Peking University [7].
Inspired by the DC-SRF gun, a NC-SC hybrid gun
concept was proposed in 2017 [8], and the difference from
the DC-SRF gun is to replace the DC acceleration gap with
a NC RF acceleration gap to increase the cathode gradient
from below 5 MV/m to above 20 MV/m. In this paper,
further RF optimizations of the NC cathode cell are
presented, and preliminary beam dynamics based on the
new cathode cell design are also reported.

NC-SC GUN CONCEPT
A high gradient NC RF cavity is proposed to house the
high QE cathode and support high brightness
photoemission with high cathode gradient, and the main
acceleration is still in the SC cavity. The compatibility
between high gradient NC RF cavity and high QE cathode
has been well demonstrated in both pulsed and CW NC
guns [9, 10]. Since the NC cavity voltage is low to reduce
the RF heating load on the cryogenic system, the SC cavity
should be as close as possible to the NC cavity to keep the
beam brightness, otherwise both the beam size and
emittance will blow up by the space charge effect in the
low energy drift between the NC and SC cavity, as shown
in Fig. 1.

Figure 1: An example of NC-SC hybrid gun concept,
which consists of a re-entrant NC cavity (0.65 GHz) and
a 1.5 cell SC cavity (1.3 GHz), both coordinates are in
cm.
The NC cavity and SC cavity will stay in the same
cryomodule, so the NC cavity will be cryocooled. The NC
cavity is high gradient but low voltage, i.e. a short
acceleration gap cavity. A re-entrant cavity shape was
proposed for such a cavity to make it compact and high
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shunt impedance. Scaling from the existing LBL VHF gun
parameters [3], i.e. ~100 kW for 800 kV, the gun is
assumed to be ~1 kW for 80 kV. Since the NC cavity will
be cryocooled, the cavity quality factor will increase, and
the RF heating will be reduced. Several cryocooled NC
guns have been proposed for the purpose of ultrahigh
gradient operation [11, 12]. Microwave measurements of a
copper cavity at liquid Neon temperature has shown a RF
surface resistance reduction of ~5 compared to room
temperature at both S-band and C-band frequencies [13,
14]. Theory indicates the NC surface resistance is
proportional to 𝑓 ⁄ at low temperature limit and to 𝑓 ⁄
at room temperature, so the RF heating reduction ratio
from room temperature to low temperature is proportional
to 𝑓 ⁄ , where 𝑓 is the cavity resonant frequency [13].
Scaling from a factor of ~5 reduction of RF heating for
5712 MHz gives the reduction ratios of ~7 and ~8 for 650
MHz and 325 MHz. To be conservative, applying the same
reduction ratio of 5 to the assumed 80 kV NC cavity, the
RF heating, i.e. cryogenic load at 27 K will be reduced
from ~1 kW to ~200 W. According to discussions with
experts in the field of cryogenic temperature, such a cryo
load is feasible, and even higher cryo load of ~500 W at 27
K was considered for another S-band cryo gun proposal at
UCLA [12].
The SC cavity has various options, both in resonant
frequency and cell numbers. In the paper, a 1.5 cell 1.3
GHz SC cavity, similar to the DESY SC gun [15], is
considered, as shown in Fig. 1.

NC CATHODE CELL OPTIMIZATION
Since the SC cavity is 1.3 GHz, the NC cavity frequency
should be a subharmonic of 1.3 GHz. In this paper, both
325 MHz and 650 MHz are considered. RF cavity scaling
law shows the cavity dimension is inversely proportional
to cavity frequency, and the surface RF impedance is
proportional to the square root of cavity frequency. The 650
MHz cavity has relatively higher surface impedance and
lower shunt impedance, but its radial size matches the 1.3
GHz cavity size better, as shown in Fig. 1. The 325 MHz
cavity has the advantage of higher shunt impedance, but
larger radial dimensions may not match the 1.3 GHz cavity
cryomodule, as shown in Fig. 2.
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The acceleration gap is a critical area for shunt
impedance optimization. The radial dimensions of both
cathode nose cone and anode nose (beam exit aperture) are
minimized to concentrate the electric field inside the
acceleration gap. The flat radial surface of the cathode nose
cone is about 8-10 mm diameter to host a small cathode
plug, and the beam exit diameter is ~5 mm. The NC cell
beam exit aperture will be tapered into the size of the SC
cavity beam entrance hole of 20 mm diameter to avoid
beam loss in the low energy drift. In the end, the geometry
optimization of the acceleration gap region is very similar
between the 650 MHz cavity and 325 MHz cavity. The
acceleration gap is chosen to be 5 mm, and the gun voltage
is ~100 kV with a cathode gradient of 20 MV/m. The total
RF heating at room temperature for such a configuration is
1300 W and 1800 W for 325 MHz cavity and 650 MHz
cavity respectively. At liquid Neon temperature, the RF
heating will be reduced by a factor of ~5 for both cavities
to 260 W and 360 W. Both the cavity gradient and voltage
can be adjusted proportionally according to the capability
of the cryogenic system.
To reduce the beam degradation in the low energy drift
between NC and SC cavity, the entrance of the 1.5 cell 1.3
GHz SC cavity is placed at 40 mm from the cathode surface
in Fig. 1 and 2, leaving a minimum gap between NC and
SC wall around 25 mm. A rough model of such a setup is
built in ANSYS to check the feasibility of heat exchange
from the 27 K copper cavity to the 2 K niobium cavity.
With a 360 W heating load on copper cavity, a few watts
are dissipated in the 2 K cavity, which is acceptable from
the cryogenic point of view. Of course, a lot of engineering
details of the connection between SC and NC cavity are
missing in such a simulation, which can change the heat
transfer between the two cavities.
Besides minimizing the distance between NC cavity and
SC cavity, focusing can also be added before the entrance
of the SC cavity to reduce the beam size blow up by space
charge. Due to the vicinity of the SC cavity, solenoid
focusing is not possible. In the DC-SRF gun from Peking
University, a Pierce DC gun is used to add electric focusing
near the cathode [7]. In the NC cell design, we adopted the
cathode plug recession to enhance RF focusing near the
plug, as shown in Fig. 3 for an example of 0.8 mm cathode
recession. Meanwhile, the cathode gradient for 100 kV is
reduced from 20 MV/m to 12 MV/m. The exact amount of
cathode recession will be decided by beam dynamics
optimization.

Figure 2: An example of NC-SC hybrid gun, which
consists of a re-entrant NC cavity (325 MHz) and a 1.5 cell
SC cavity (1.3 GHz), both coordinates are in cm.
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Figure 3: An example of 0.8 mm cathode recession in the
650 MHz cavity for increasing RF focusing inside the
cathode cell, and the on axis electric field compares the
cases with and without cathode recession.

BEAM DYNAMICS OPTIMIZATION
A photoinjector layout based on the NC-SC gun is shown
in Fig. 4, consisting of the hybrid gun, a solenoid, and an
8-cavity cryomodule (CM). Only the gun without cathode
recession is used in beam dynamics simulations in this
paper. The gun field map between 325 MHz and 625 MHz
is almost the same except the resonant frequency, so only
325 MHz gun is used in simulations. Between the gun and
the 8-cavity module, there is a 1.3 GHz buncher cavity and
a single cell harmonic cavity. The single cell harmonic
cavity operates at the max deceleration phase to vary the
2nd order energy chirp, so that the beam temporal profile
distortion during velocity compression can be improved.
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buncher cavity with an estimated minimum distance in
between, and the buncher cavity position is variable. The
position of the 8-cavity module is variable, and the first 2
cavities can individually vary their amplitudes, but the
phase is fixed to max acceleration. All the other cavities in
the module are set to fixed amplitudes of 32 MV/m with
on-crest phases. The laser is a quasi-flattop distribution.
The transverse distribution is a Gaussian distribution with
1-sigma cut, and the longitudinal distribution is a flattop
with 2 ps rising and falling edges. Both the laser radius and
duration are variable. The cathode thermal emittance is set
to 0.5 μm.rad/mm, and bunch charge is fixed to 100 pC. In
total, there are 12 variable parameters to optimize the
photoinjector, as summarized in Table 1.
Two solutions with best emittance results at the end of
photoinjector are found in Fig. 5, one is with harmonic
cavity off (left plots), and the other is with harmonic cavity
on (right plots). With harmonic cavity off, the 100% (95%)
emittance of the 100 pC beam is 0.21 (0.15) mm.mrad with
a peak current of ~10 A, but the longitudinal beam profile
is heavily distorted with a sharp head and long tail. By
increasing the harmonic cavity deceleration to ~0.47 MV,
the longitudinal beam distortion is reduced, and the
skewness of the beam temporal profile reduces from -0.69
to -0.29. Skewness of zero corresponds to a symmetrical
distribution. The 100% (95%) emittance increases to 0.32
(0.23) μm.rad.
Table 1: Photoinjector Optimization Parameters
Parameter

Range

Unit

SC cavity phase

[-10, 10]

degree

Solenoid peak field

[0, 0.12]

T

Solenoid position

[0.45, 1.5]

m

Buncher position

[1.5, 7]

m

Buncher amplitude

[0, 32]

MV/m

Buncher phase

[-90, 0]

degree

3.9 GHz cavity amplitude

[0, 32]

MV/m

Drift between buncher and
8-cavity module

[1, 7]

m

Amplitudes of cavity 1-2
in 8 cavity module

[0, 32]

MV/m

Figure 4: Preliminary injector layout.

Laser radius

[0.2, 1.2]

mm

The photoinjector is optimized using a multi objective
genetic algorithm (MOGA). A code developed at LBL is
used to drive ASTRA simulations for searching optimal
solutions of both good emittance and short bunch length
[16, 17]. The peak gradients of the NC and SC cavity are
set to 20 MV/m and 25 MV/m respectively. The NC cell
phase is fixed to max acceleration, and the SC cavity of the
hybrid gun is variable. The buncher cavity amplitude and
phase are allowed to change. The harmonic cavity
amplitude is variable, but the phase is fixed for max
deceleration. The harmonic cavity is located after the

Laser pulse duration

[10, 60]

ps
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GEOMETRY DEPENDENT BEAM DYNAMICS OF A 3.5-CELL SRF GUN
CAVITY AT ELBE ∗
K. Zhou, Institute of Applied Electronics, CAEP, 621900 Mianyang, China
Institute of Radiation Physics, HZDR, 01328 Dresden, Germany
A. Arnold, J. Schaber, J. Teichert† , R. Xiang, S. Ma
Institute of Radiation Physics, HZDR, 01328 Dresden, Germany
Abstract
In order to optimize the next generation SRF gun at HZDR
ELBE radiation source, the impact on beam dynamics from
the SRF cavity geometry needs to be investigated. This
paper presents an analysis on the electromagnetic fields and
output electron beam qualities, by changing the geometry
parameters of a 3.5-cell SRF gun cavity. The simulation
results show the higher electric field ratio in the first half cell
to the TESLA like cell, the better beam parameters we can
obtain, which, however, will also lead to a higher Emax/E0
and Bmax/E0.

INTRODUCTION
Superconducting radio-frequency electron photo injector
(SRF gun) can provide high-brightness and low-emittance
electron beams in continuous wave (CW) mode with magahertz pulse repetition rates, which could be widely used for
many accelerator facilities, such as free electron laser (FEL),
energy recovery linacs (ERLs) and electron linear colliders.
The concept of SRF gun was firstly proposed by Chaloupka
and co-workers in 1988 [1], and the first experiments were
carried out at the University of Wuppertal four years later [2].
In 2002, world’s first electron beams were delivered by the
Drossel SRF gun at FZR (now HZDR) [3]. Then, a superconducting photo injector (SRF GUN I) was developed for
a linac at ELBE radiation source and successfully operated
from 2007 to 2014 [4]. After that, an improved SRF gun
(SRF GUN II) replaced the previous one and has been in
operation up to now [5] (See Fig. 1).

of the three TESLA like cells. Another significant change
is the integration of a superconducting solenoid in the cryomodule, which makes it more compact and the distance to
the cathode smaller [6]. The effects of emittance compensation including RF focusing, cathode position as well as
superconducting solenoid have been analyzed [7].
Now, the next generation SRF gun is planning to be developed at HZDR ELBE radiation source. So, the impact
on beam dynamics from the SRF cavity geometry needs
to be considered. This paper presents an analysis on the
electromaganetic fields and output beam qualities of several
cavity models with different geometries.

CATITY MODELS
For a singe half cell, there are six parameters to determine
its structure. They are length, Riris , Requator , Rc , a and b
as shown in Fig. 2. The contour of a half cell consists of
an elliptical arc, a circular arc and a straight line tangent to
these two arcs.

Figure 2: Contour of a half cell [8].

Figure 1: SRF GUN I (a) and SRF GUN II (b).
In order to achieve the goal of high average current (1mA)
and low emittance (1 mm mrad @ 77 pC), some modificaitions has been applied on SRF GUN II, comparing to
SRF GUN I. The field in the half cell is increased from
about 60% to 80% compared to the field strength in one
∗
†

Work supported by National Natural Science Foundation of China with
Grant [11605190 and 11805192].
email address: j.teichert@hzdr.de

Figure 3 shows the contour of a 3.5 cell SRF cavity with
a photocathode inserted into the cavity, which is composed
of about 30 different geometry parameters. In the case of
Fig. 3, the 3.5 cell cavity consists of a special designed half
cell (Z0, Z1, R1, R2, a1, b1, r0 and r1) connected with the
photo cathode and three TESLA like cells. The geometry
values of the middle four half cells in the three TESLA like
cells are all the same (Z3, R3, R5, a3, b3 and r3), while the
front half cell (Z2, R2, R5, a2, b2, r2) and the end half cell
(Z4, R4, R5, a4, b4 and r4) are a little different from the
middle cells.
Table 1 lists the geometry values of the initial model:
model_0, which is based on the geometry of SRF GUN
I. The total length of the cavity is about 477 mm. When
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Figure 3: Geometry parameters of a 3.5-cell SRF gun cavity [9].
Table 1: Geometry Values of Model_0 (unit:mm)
Z0
12.65
Z2
51.89
Z4
57

Z1
25
a2
12
R4
39

R1
102.58
b2
19
a4
9

R2
35
r2
37.01
b4
12.8

a1
9
Z3
57.65
r4
43.06

b1
9
R3
35
LTube
100

r0
11.40
R5
103.3
Rk
5

r1
11.40
a3
12
zk
2.5

d0
30
b3
19
rk
0.5

R0
6
r3
42.86
rw
0.5

changing the geometry of the cavity, it should be noted that
the resonant frequency should be kept almost unchanged
and the field flatness should also be good enough. Since the
kinetic energy of electrons in the half cell and first TESLA
like cell is pretty low, the RF field there has much more
influence on beam qualities than latter sections. So, this
study mainly focuses on the area of the half cell and the first
TESLA like cell as shown in Fig. 4.

Figure 5: On-axis field profiles of these cavity models normalized to Epeak = 50 MV/m.
Figure 4: The changing areas of the cavity models.
Table 2 lists seven different cavity models from model-2
to model+4. By increasing (decreasing) Z1, a1 and b1 and
decreasing (increasing) Z2, a2, b2, we can keep the total
length of the cavity unchanged and the connecting point
smooth. To compensate the frequency shift, r0&r1 and r2
need to be adjusted a little correspondingly.
Figure 5 shows the absolute electric fields on axis of these
models normalized to Epeak = 50 MV/m, where Epeak refers
to the maximum value of electric field along the central axis.
The major differences of thier RF fields are located in the
half cell. The physical parameters of these seven models
caculated with Superfish are listed in Table 3, in which E0

is the average electric field gradient along the central axis;
Epeak1 is the maximum electric field gradient in the first half
cell; Emax is the maximum electric field of the whole cavity
and Bmax is the maximum magnetic field of the whole
cavity. The resonant frequency and field flatness almost
remain unchanged. The maximum shift of their frequencies
is less than 75 kHz. Their field flatnesses are all better than
97%. The value of r/Q decreases a little but not much. The
ratio of Epeak1 to Epeak increases from about 50% to 100%
from model-2 to model+4. Meanwhile, both Emax/E0 and
Bmax/E0 also increase significantly (about 55% and 43%,
respectively).
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Table 2: Seven Cavity Models with Different Changes of the Half Cell and First TESLA like Cell (unit:mm)
models

Z1

a1

b1

r0&r1

Z2

a2

b2

r2

model-2
model-1
model_0
model+1
model+2
model+3
model+4

-2
-1
0
+1
+2
+3
+4

-2
-1
0
+1
+2
+3
+4

-1.5
-1
0
+1
+2
+3
+4

0
0
0
0
0
+0.1
+0.15

+2
+1
0
-1
-2
-3
-4

+2
+1
0
-1
-2
-3
-4

+2
+1
0
-1
-2.5
-3
-4

+0.4
+0.2
0
0
0
-0.1
-0.1

Table 3: Physical Parameters of These Seven Models Calculated with Superfish
models

Freq.
(MeV)

E0
(MV/m)

Epeak1
(MV/m)

Epeak
(MV/m)

Epeak1 /Epeak

Emax /E0

Bmax /E0
mT/(MV/m)

Field
Flatness

r/Q

model-2
model-1
model_0
model+1
model+2
model+3
model+4

1297.631
1297.61
1297.677
1297.646
1297.624
1297.605
1297.632

10
10
10
10
10
10
10

9.59
10.3
11.7
13.1
15.0
15.5
17.3

18.1
18.1
18.2
17.8
17.6
17.6
17.3

52.9%
57.0%
64.5%
73.8%
84.9%
88.0%
99.6%

2.052
2.024
2.174
2.431
2.755
2.856
3.170

4.142
4.112
4.285
4.713
5.254
5.396
5.916

99.4%
99.2%
97.8%
99.5%
99.2%
98.2%
99.2%

340.5
339.4
336.8
333.6
328.7
327.1
321.5

Figure 6: Output beam parameters when Qbunch = 100 pC, Epeak = 20 MV/m, Laser phase = 50 deg.

SIMULATION RESULTS
In previous cavity geometry optimizations, the physical
parameters of the RF field are always the main optimized
goals, while in this paper, the impact of the beam dynamics
from the RF field will be taken into account. We extract the
RF field from Superfish output files and caculate the output
beam parameters with Astra. In order to compare the influences of the cavity geometry separately, the simulation does
not consider the bias voltage applied on the photocathode

and the solenoid located at the downsteam of the SRF cavity.
The initial electron distributions at the photocathode are all
the same for different models. The bunch charge is 100 pC.
The laser pulse length is 3 ps and the initial rms radius is
0.5 mm.
Figure 6 shows the simulation results when
Epeak=20 MV/m and laser phase = 50 deg.
The
laser phase means the relative phase between the laser pulse
and the RF field, which is also the initial RF phase that the
electrons see at the photocathode.
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Figure 7: Output beam parameters when Qbunch = 100 pC, Epeak = 50 MV/m, Laser phase = 50 deg.

Figure 8: Phase scan of model+3 when Epeak = 20 MV/m (a) and Epeak = 50 MV/m.
In Fig. 6, there are six beam parameters versus the longitudinal axis z being compared. They are transverse emittance,
beam size, longitudinal emittance, bunch length, beam energy and energy spread. The length of axis z starts from
the surface of the photocathode and ends at 1 m. The total
length of the SRF cavity is about 477 mm and the rest is
free space drift. The field gradient and RF phase are near
our current operating state of SRF GUN II, when Epeak =
20 MV/m and laser phase = 50 deg. From the simulation
results, all the parametres except beam size are becoming
significantly better when the cavity model changing from
model-2 to model+4, while the increasing of beam size can
be compensated with solenoid or quadrapoles easily. Especially, the transverse emittance can be reduced from 4 mm
mrad to 1 mm mrad. That is to say, with the increasing of
the field gradient ratio in the half cell to the TESLA like
cell, the output beam parameters can be improved markedly
when operating at Epeak = 20 MV/m.

We also investigate the situation when the field gradient of
Epeak increasing to 50 MV/m, which is the designed value
of SRF GUN II, as shown in Fig. 7. In the case of 50 MV/m,
the effective field gradient is much higher and the emittance,
beam size and bunch length are much smaller than the ones
in the case of 20 MV/m. For these cavity models, their
transverse emittances do not have much differences, varying
betwenn 1.1 mm mrad and 1.2 mm mrad. But the longitudinal emittance and the bunch length are still decreasing from
model-2 to model+4, as well as the beam size. It should be
noted that the variation trends of beam energy and energy
spread are contrary in Fig. 6 and Fig. 7, which means that
it needs to sacrifice a little acceleration efficiency to obtain
better other beam parameters with the increase of Epeak.
Above all, model+2, model+3 and model+4 provide better
output beam parameters than model-2, model-1 and model_0
at both Epeak = 20 MV/m and Epeak = 50 MV/m. Finally,
we scan the laser phase of model+3 at Epeak = 20 MV/m and
50 MV/m and observe the output beam parameters at 1 m
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Abstract
Two quadrupoles and one screen are used for beam
transverse emittance measurements at HZDR ELBE. In
this paper, the emittance calculated with two different
methods, one with thin-lens approximation and the other
one without this approximation, are compared and analized.
To analyze the measurement error, quadrupole calibration
is need. Two aspects about quadrupole analysis are made.
The first one is quadrupole’s effective length and strength
and the second one is quadrupole’s converged or diverged
ability in reality.

INTRODUCTION
The superconducting electron linac for beams with high
brilliance and low emittance (ELBE) at the HelmholtzZentrum Dresden-Rossendorf (HZDR) is a user facility to

provide high charge power THz, IR-FEL and the other
secondary beams. Using a dogleg-like connection
beamline SRF gun II inject electron beams into the ELBE
[1]. To provide high quality electron beam from SRF gun,
beam parameters, including bunch length and transverse
emittance, are measured after dogleg-like connection at
ELBE. The quadrupole scan is usually the first choice to
measure beam transverse emittance for easier operations
and data processing [2]. In this method, researchers prefer
the quadrupole matrix with thin-lens approximation
although there is only one vague condition [3]. It is also
unexact to take transverse measurements using quadrupole
scan ignoring the influence of quadrupole fringe field and
without calibration. This paper will present the results with
and without taking these effects into consideration. Figure
1 shows the experimental layout at ELBE.

Thermionic injector

Figure 1: Experimental layout.

quadrupole and one drift space, the matrix is Eq. (1). In it

METHODS
Emittance Calculation

𝑑 is drift space, 𝑘 and 𝑙 is the quadrupole focusing strength and
effective length, 𝑘 and 𝑙 is defocusing strength and effective
length. As the definition of effective length, 𝑙
is a

In beam optics and focusing systems without space
charge, matrix is much useful to help us comprehend beam
dynamic and diagnose beam parameters. For one

cos
1 𝑑
0 1
0 0
0 0

0 0 ⎛
0 0 ⎜
1 𝑑 ⎜
0 1
⎝

𝑘 𝑙

𝑘 sin

constant for a certain quadrupole in both transverse
directions (see Eq. (2) and Eq. (3)).

sin
𝑘 𝑙
0 0
0 0

cos

𝑘 𝑙
𝑘 𝑙

0

0

0

0

cosh
𝑘 sinh

𝑘 𝑙
𝑘 𝑙

sinh
cosh

⎞
⎟.
𝑘 𝑙 ⎟
𝑘 𝑙

(1)

⎠
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defocus:
𝜎
2𝑑𝜎
𝑑 𝜎
𝑙

𝑙

𝜎
𝑑 𝜎
2𝑑𝜎 𝑐𝑜𝑠ℎ √𝑘𝑙
2𝑑 𝜎
√𝑘𝑙 sin ℎ √𝑘𝑙 cosh √𝑘𝑙
𝑙 𝜎

√𝑘𝑙 𝑠𝑖𝑛ℎ √𝑘𝑙
2𝜎

2𝑑𝜎

𝑙
√𝑘𝑙

𝑠𝑖𝑛ℎ √𝑘𝑙

√𝑘𝑙

sin ℎ √𝑘𝑙 cos ℎ √𝑘𝑙
2𝑑𝜎 𝑠𝑖𝑛ℎ √𝑘𝑙 .

(9)

Emittance can be calculated using Eq. (10).
𝜖

Figure 2: Quadrupole center magnetic field gradient
However, when one strictly analysises, there is a small
difference between these two values in different
quadrupole field profile, which will influence quadrupole
strength [3].
𝑙

𝑙

𝑙
𝑘

𝑘

𝑘

𝑜𝑟

(2)

𝑘

(3)

In thin-lens approximation, the length of quadrupole is
≪ 𝑓) and we can
small compared to its focus length (𝑙
set 𝑙
→ 0, while keeping quadrupole strength constant,
𝑘

𝑙

.

(4)

Here we use beam matrix Σ:
𝜎
𝜎

𝜎
𝜎

𝛴

and 𝛴

𝜎
𝜎

𝜎
𝜎

,

(5)

the first one is at the quadrupole and the second one is at
〈𝑥 〉 𝜖𝛽 , 𝜎
〈𝑥′ 〉 𝜖𝛾 , 𝜎
the screen. 𝜎
〈𝑥 𝑥′ 〉
𝜎
𝜖𝛼. 𝛽,𝛾 are Twiss parameters.
Σ

𝑀Σ 𝑀

(6)

Then we obtain the following equations.
Thin-lens approximation:
𝜎

𝜎 𝑑 𝑘 𝑙

2𝑑𝜎

∓ 2𝑑 𝜎 𝑘𝑙
𝑑 𝜎 ,

𝑑 𝜎
𝑙

𝑙

2𝑑𝜎
(7)

𝜎
𝑑 𝜎
2𝑑𝜎 𝑐𝑜𝑠 √𝑘𝑙
2𝑑 𝜎
√𝑘𝑙 𝑠𝑖𝑛 √𝑘𝑙 𝑐𝑜𝑠 √𝑘𝑙

√𝑘𝑙 𝑠𝑖𝑛 √𝑘𝑙

2𝑑𝜎

2𝜎

𝑙

1

𝑙 𝜎
√𝑘𝑙

𝛽𝛾 𝜎 𝜎

𝜎 .

(10)

Quadrupole Fringe Field Effects and
Calibration
Reference [3] gives a way to evaluate the quadrupole
fringe field effects in “slice” matrices. Firstly, split the
actual quadrupole field profile into segments of hard edge
quadrupoles. Secondly, calculate the matrix by multiplying
all slice matrices as 𝑀 (See Fig.2). Thirdly, assume the
real quadrupole consists of two drifts 𝜆 and a hard edge
model quadrupole of length 𝑙 and have the matrix 𝑀 .
Fourthly, compare 𝑀 and 𝑀 and obtain 𝑘 , 𝑘 , 𝑙 and 𝑙 .
To calibrate quadrupole magnetic field in reality, one
steerer MS.08 set up before the quadrupole MQ.01 and one
screen is in the downstream (See Fig1).
𝑥
𝑥

𝑅
𝑅
𝑅

𝑅
𝑅

𝑥
𝑥

(11)
(12)

In experiments we can obtain 𝑅 using Eq. (12). Then
comparing this value to 𝑅 in theory. Through this
method we will find the difference between ideal condition
and reality.

EXPERIMENTS AND RESULTS
𝜎

Thick-lens focus:
𝜎
2𝑑𝜎

𝛽𝛾 det Σ

𝑠𝑖𝑛 √𝑘𝑙

𝑠𝑖𝑛 √𝑘𝑙 𝑐𝑜𝑠 √𝑘𝑙
√𝑘𝑙
2𝑑𝜎 𝑠𝑖𝑛 √𝑘𝑙 ,

(8)

The beam energy is 16.12 MeV, bunch charge is 60 pC,
bunch length is about 2 ps, and quadrupole effective length
is 0.1 m. As reference [3], this beam is emittance
dominated. Figure 3 gives the transverse horizontal
emittance using quadrupole 1 and 2 with thin-lens
approximation. These results have huge difference because
the quadrupole strength value is too large to use thin-lens
approximation. After modifying fit method, in Figure 3,
the emittance results are much smaller and better. Also, the
errors are smaller. But they are still different from each
other and this results from the lack of quadrupole
calibration.
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a1

b1

a2

b2

Figure3: Emittance results. a1 and b1 are fitted using Eq. (7) and a2 and b2 are fitted using Eq. (9).
Figure 4 shows the quadrupole fringe field effects. For
one quadrupole, the effective length is different between
convergence and divergence, which means, the emittance
results need corrections when using quadrupole scan
according to reality conditions. Figure 5 shows the

quadrupole calibration results. From the results, we can see
that the real quadrupole current is different from the
theorical one, especially for divergence. This difference
will make emittance results uncertainty.

Figure 4: Quadrupole fringe field effects. In left figure

𝑜𝑟

and

𝑜𝑟

.
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Figure 5: Quadrupole focus and defocus strength calibration.

CONCLUSIONS
In quadrupole scans, the difference between focusing
and defocusing will influence the emittance results, which
is a systematic error. Thin-lens approximation should be
carefully tested although it seems much simpler than the
calculation with thick-lens matrix. Sometimes it is better to
verify when using it. Before quadrupole scan, quadrupole
calibrations in focusing and defocusing are necessary,
which is helpful to obtain a correct result.
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PRELIMINARY DESIGN OF SUPERCONDUCTING CAVITY TEST
PLATFORM IN CSNS CAMPUS*
S. Liu, X. Li†, H. Sun, Y. Liu, C. Zhang, W. Long, J. Zhu, S. Chen, B. Wu, C. Shi,
P. Wang, S. Wang
Dongguan Institute of Neutron Science (DINS), Dongguan, China
also Institute of High Energy Physics (IHEP), Chinese Academy of Sciences (CAS), Beijing, China
Abstract
For the beam power upgrade of CSNS (China Spallation
Neutron Source) and the construction of the high performance photon source in South China in the near future, the
superconducting cavity test platform which includes vertical test stand, single cavity horizontal test stand, cryomodule horizontal test stand and coupler test stand will be built.
This paper will generally introduce the preliminary design
of the test platform and corresponding test parameters.

INTRODUCTION
CSNS was completed and put into official operation on
August 23, 2018. Currently, room temperature RF (radio
frequency) cavities are used in the accelerating system. The
superconducting cavity will be adopted for the CSNS
power upgrade and the future high performance photon
source in South China due to its multiple advantages. The
Linac beam energy will be upgraded from 80 MeV to 300
MeV in CSNS-Ⅱ. And the selectable cavity types for the
upgrade of CSNS contain 324 MHz spoke cavity and 648
MHz 5 cell ellipsoidal cavity. The reserved length for superconductor cavity is about 85 meters. The system function structure of CSNS superconducting cavity test platform is shown in Fig. 1.
Vertical Test Stand

is processed and post-processed. The shortcomings are
found and direction is provided for improvement. It is an
important part of the development process of the superconducting cavity. Only the superconducting cavity which
meets the standard of performance through vertical test can
carry out the overall assembly work. In the vertical test, the
superconducting cavity is suspended on the hanger, lowered into the dewar and immersed in liquid helium. The accelerating gradient Eacc and quality factor Q of the cavity
are tested under this condition [1]. The vertical test is the
most direct and easiest way to test the performance of the
superconducting cavity. It is the preferred test method for
the experimental cavity, and it is also the routine practice
to judge whether the cavity performance is up to standard
when the superconducting cavity is mass-produced. According to the principle of low temperature engineering,
the VT (vertical test) dewar adopts a three-layer structure,
the outermost layer is a normal temperature stainless steel
outer cylinder, the middle layer is an 80 K copper cold
screen and the inner layer is a liquid helium cylinder whose
inside is filled with liquid [2]. In addition, the inner and
outer magnetic shields are used to shield the earth's magnetic field ensuring the magnetic field in the hoisting area
of superconducting cavity in the dewar low enough to meet
the test conditions of the superconducting cavity. The
dewar schematic and dimensions are shown in Fig. 2.
Vacuum Vessel

Single Cavity Horizontal Test Stand
Test Platform

Outer Magnetic Shield
LHe Vessel

Cryomodule Horizontal Test Stand

Inner Magnetic Shield
Magnetic Shield Cover
Support

Coupler Test Stand

Diameter 832mm

Figure 1: System function diagram.

Inner Diameter 1450 mm
Inner Diameter 1370 mm

TEST STANDS

The vertical test is an evaluation of the RF performance
at 2K or 4K temperature, after the superconducting cavity
___________________________________________
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1870 mm

200 mm

Inner magnetic shield cover

Diameter 830mm

500mm

830 mm

700mm

580 mm

Vertical Test Stand

700mm

205 mm

This report introduces the preliminary design of the test
platform which contains vertical test system, horizontal
test system and coupler test system. Superconducting RF
cavity test systems generally include cavities, magnetic
shields, tuners, main couplers and low level controls, etc.
The main test parameters include accelerating gradient
Eacc, the quality factor Q, the surface resistance Rs, etc.

Inner Diameter 860 mm

4500 mm
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Inner magnetic shield bottom

Figure 2: Vertical test dewar diagram.
By referring to the design scheme of Fermilab [3], the
vertical test pit design scheme is shown in Fig. 3. The radiation dose probes are placed at the bottom of the test pit, at
the top of the test pit, and at the top of the test dewar. The
Cavities - Fabrication
cavity test diagnostics

SRF2019, Dresden, Germany

dose monitor is in the VT control room. During the test,
when the dose at the bottom of the test pit is greater than
10 mSv/h or the dose in the control chamber is higher than
the background, the low-level control system will issue an
interlock signal to cut off the incident signal of the amplifier to ensure the safety of the equipment system.

Single Cavity Horizontal Test Stand
In addition to the pre-study cavity for studying the properties of superconducting materials, the superconducting
cavity with the application background needs to carry out
system integration research and performance test after the
bare cavity vertical measurement reaches the standard in
the pre-research stage. At this time, the most efficient test
method is placing the integrated cavity into the universal
small-scale test cryomodule, then making the mechanical
and electrical signals of the tuner, the mechanical and microwave connections of the coupler, and the liquid inlet and
outlet of the liquid He vessel all connected according to the
operating conditions. Thereby the overall performance of
the test system integration, including accelerating gradient
Eacc, quality factor Q, tuner mechanical response curve,
cavity intrinsic vibration spectrum, coupler high power

8

Process
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cooling
control
room

8

8

Pure water
Vacuum
Stairs Restroom
preparation
Other Rooms
furnace
room

8

8

Control room

Superconducting clean room
25m*11m

7
7

7

Cryomodule assembly and
storage zone
21m*16m

Cryomodule rail

8

Dimension Unit : m
3
7.4
12

8

Small
Hall
laboratory
Stairs Other Rooms
fresh air circulation
room

Shield
cover
VT
prepareration

Clean room for
couplers
14m*7m

Coupler test stand and
SSA 16m*5m

7

Water
pump
room

8

LAYOUT OF THE TEST PLATFORM
The layout of Superconducting Radio Frequency (SRF)
Hall covers about an area of 3300 m2 which is shown as
Fig. 4. In addition to the test stands, SRF Hall also contains
clean rooms, cryogenic hall and other rooms [5-7]. The vertical test system has a vertical test pit and a spare vertical
test pit with a radiation shield cover (which can slide over
the top of the two test pits), and only one test pit is tested
at the same time. Dewar will be placed in the foundation
pit (Φ1500mm×8500 mm) or the spare foundation pit
(Φ2500mm×8500mm) in the future. The depth of pits does
not include the height of 1500 mm from the ground. The
size of horizontal test cave is 20000 mm×8000 mm.

向
上

4000 mm

X Ray Detector

Ø2.5m
Ø1.5m

Horizontal test stand
20m*8m

4m*8m

4500 mm

1500 mm

As the most important accessory component of the superconducting cavity, the coupler also needs to be carefully
cleaned, stored, installed, and must go through a long period of high-powered conditioning before it is put into formal operation to ensure it meeting the design index. The
cleaning and assembly of the coupler takes place in a dedicated area of the superconducting cavity and the cryomodule clean assembly platform, while the coupler high-power
test stand provides the conditions for subsequent highpower conditioning.

Support

8

Cryomodule Horizontal Test Stand

Coupler Test Stand

Dewar

Figure 3: Diagram of vertical test pit.

7.2

characteristics and so on [4]. The success of the horizontal
test largely determines whether the superconducting cavity
and its related components can be mass-produced and subsequent beam experiments.
Before the cryomodules in the engineering projects formally installed into the beam line, it needs to go through
the steps of single cavity performance test, cavity string assembly, cryomodule assembly, etc. The last step is to conduct temperature reduction and high power test on the
whole cryomodule to confirm its performance up to the
standard. The cryomodule horizontal test is an indispensable part of any superconducting accelerator project.

External radiation shield cover

Pipe
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Cryogenic
hall

Reserve
zone
8m*4m

Figure 4: Layout of superconducting radio-frequency hall.
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CONCLUSION
Superconducting cavity will be adopted to radio frequency system for the beam power upgrade of CSNS and
construction of the future high performance photon source
in South China due to its significant advantages. Therefore
we plan to build an advanced superconducting cavity test
system to testing SRF cavities and cryomodules. The test
platform includes vertical test stand, single cavity horizontal test stand, cryomodule horizontal test stand and coupler
test stand. The construction is scheduled to begin by the
end of 2019.
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Abstract
Platform of Advanced Photon Source Technology R&D
(PAPS) in the Institute of High Energy Physics (IHEP) is
an ongoing project, which aimed to provide a comprehensive research and testing platform for the particle accelerator, X-ray detection and optics. As one of the important
parts of the platform, cryogenic vertical test stand for the
superconducting cavities is composed of three big vertical
test cryostats with 2 different inner diameters, which can
provide 4.5K liquid helium, 2K superfluid helium and the
lowest 1.5K environments according to the cavities test requirements. The cryogenic vertical test stands also focus
on current international “hot spot” fast cool down to the
superconducting cavities, maximum liquid helium mass
flow rate can be reached to 80 g/s. Because of the big size
of the cryostats and certain scale, the finished cryogenic
vertical test stand can meet several different type cavities
test, such as 1.3 GHz 9cell, Spoke, elliptical, etc. And also
can provide the cavities’ mass vertical testing for the large
scale superconducting accelerators.

INTRODUCTION
The Platform of Advanced Photon Source Technology
R&D is scheduled to be put into operation in 2019 at Institute of High Energy Physics. This facility will sup-port the
performance test of various type of superconducting cavity
and require additional refrigerating capacity at 2K and
4.5K. The helium cryogenic system will be constructed on
a capacity at 2.5kW@4.5K or 300W@2K.This system will
be used for vertical test stand, horizontal test stand and a
beam test stand. Flow chart of the helium cryogenic system
of the PAPS is shown in Fig. 1.

The vertical test system have been designed for different
type superconducting cavities, which is used for the operation of superconducting linear accelerator [1-3].The cryogenic vertical test stand for the superconducting cavities is
composed of three big vertical test cryostats with 2 different inner diameters, which can meet several different type
cavities test. Every cryostat integrates most important components such as vacuum vessel, 80K liquid nitrogen shield,
liquid helium Dewar, 2K heat exchanger, J-T valve and
cryogenic distribution to on equipment

METHOD OF OBTAINING 2K SUPERFLUID HELIUM
As we know there are several methods of obtaining 2K
superfluid helium such as vacuum pumping, vacuum
pumping accompanied with throttling process and throttling process accompanied with precooling. For higher liquid ratios of superfluid helium, we adopt throttling process
accompanied with pre-cooling. The flow chart is shown in
Fig. 2.
Pump
Station

Separator
Heater

Heat Exchanger

J-T
Valve

STORAGE TANK

RECOVERY

COMPRESSOR

PUMPS

4K/2K valve
box

cryomodule

4K/2K valve
box

HT1

4K/2K valve
box

HT2

4K/2K valve
box

VT1

4K/2K valve
box

VT2

4K/2K valve
box

VT3

COLD BOX
40K 80K
5K 8K
5000L DW

4K valve box

1.25bara
4.45K

Figure 1: Flow chart of the helium cryogenic system of the
PAPS.

Vertical Test Dewar

3130Pa
2K

Figure 2: Flow chart of method of obtaining 2K superfluid
helium.
2K J-T heat exchanger is the essential equipment for 2K
cryogenic system, Vertical Test Stand-1 (VTS-1) [4] at Fermilab is used to test cavities in a 2 K liquid helium bath.
The test stand includes a J-T heat exchanger consisting of
a single layer of coiled finned tubing. Other test stands such
as Fermilab’s Vertical Magnet Test Facility (VMTF) [5]
and DESY’s Tesla Test Facility (TTF) Vertical Cryostat [6]
have also used similar single-layer J-T heat exchangers for
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testing superconducting magnets and SCRF cavities, respectively.
Compared with direct throttling, the system adds a 2K JT heat exchanger before throttling [7]. It make the temperature before J-T valve lower than 4.45K. Consequently, the
vertical test Dewar can obtain higher liquid ratios of superfluid helium. The relation between liquid ratios and temperature before J-T valve is shown in Table 1.

The cryogenic distribution valve box is the key components of the vertical test station. The cryogenic valves are
installed to valve box which distributes liquid nitrogen and
liquid helium to vertical Dewar. Three-dimensional structure of cryogenic distribution valve box is shown in Fig. 4.

Table 1: Liquid Ratios and Temperature
Temperature

4.45K

3K

2.5K

2.3K

Liquid Ratios

58.5%

82.4%

87.2%

89.2%

VERTICAL TEST DEWAR AND LAYOUT
As mentioned above, the helium cryogenic system of the
PAPS will be constructed 1 cryomodule, 2 horizontal test
station and 3 vertical test station for superconducting cavity (SC). Vertical test stand of construction the system will
provide test of any kind SC from already existing accelerator, namely VD1, VD2 and VD3. Every cryostat integrates a cylindrical helium Dewar, vacuum vessel, a phase
separator, a J-T heat exchanger, cryogenic valves, 80K liquid nitrogen shield, 2K heat exchanger, J-T valve, cryogenic distribution, flowmeter, temperature and pressure
sensors on equipment
The equipment of VD1 is same with VD2 and all can
operate capacity of 100W@2K. VD3 is smaller than VD1
and has a cylindrical liquid helium Dewar with inner diameter on 850mm and vertical height at 5500mm. VD1 and
VD2 can meet the test of two 650 MHz 5-cell SRF cavities
at the same time, the inner diameter is1250 mm and the effective liquid level height is 2500 mm. The vertical test
stand can also be used to test other types of Superconducting cavities. Superconducting cavity will be hanged in vertical test Dewar and immersed into superfluid helium. Two
magnet shields of the vertical test Dewar are included to
reduce magnet field to 10mGs. Three-dimensional structure of vertical test cryostat is shown in Fig. 3, static heat
leakage of cryostat is about 2W@2K.

Figure 3: Three-dimensional structure of vertical test cryostat.

Figure 4: Three-dimensional structure of cryogenic distribution valve box.
According to the trend of SRF cavity research and development in recent years, 2K Superfluid Helium cryogenic vertical test stand of PAPS in the institute of High
Energy Physics (IHEP) can provide the cavities’ mass vertical testing for the large scale superconducting accelerators. The layout of three vertical test Dewar is shown in
Fig. 5.

Figure 5: Layout of three vertical test Dewar of cryogenic
system.

ELECTRICAL HEATER OF RETURN GAS
The temperature of helium vapour from 2K J-T exchanger is about 4K. Cold gas return will damage the vacuum pumps or compressor. So we need heating the cold
gas to room temperature about 300K by the electrical
heater. The calculation of electrical heater power is shown
in Table 2.
Table 2: Calculation Electrical Heater Power
Items
Value
Units
P average
2975
Pa
T inlet
3.3
K
H inlet
32200.2
J/kg
T outlet
273
K
H outlet
1432989
J/kg
Mass flow rate
10
g/s
power
14007.88
W
Three-dimensional structure of electrical heater is shown
in Fig. 6
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Figure 6: Three-dimensional structure electrical heater.

2K VACUUM PUMPS SYSTEM
When tested superconducting cavities need at 2K superfluid helium temperature, vacuum pump system will be
work to change 4.5K mode to 2K mode. 2K vacuum pumps
expensing of helium will be put into operation to provide
the required maximum capacity of 19200 m3/h. Main parameters of the vacuum pump system are shown in Table 3.
The helium tank pressure is about 31mbar, pressure stability is ±10 Pa.The maximum mass flow rate can reach to
26.7 g/s. And the vacuum pumps station outlet is also connected with the helium compressor inlet, so out pressure is
about at 1.2bara@300K. Therefore, in the cool-down 2K
mode the outlet helium of J-T heat exchanger in cryostat
will be heated from 4K to 300K by an electrical heater.
Table 3: Main Parameters of Vacuum Pump System

Figure 7: Faction diagram of 2K vacuum pumps system.
Three-dimensional diagram of 2K vacuum pumps system is shown in Fig. 8.

Helium tank pressure

3129 Pa

2K cooling capacity

120 W

Pressure stability

±10 Pa

Figure 8: Three-dimensional diagram of 2K vacuum
pumps system.

Max mass flow
Total pumps system
capacity
Pumps station inlet
temperature
Pumps station outlet
pressure
Noise level

26.7 g/s

CONCLUSION

19200 m /（300K,30mbar）

The SRF cavity is the key equipment of the superconducting accelerator facilities, which need vertical test under the condition of 4K liquid helium and 2K superfluid
helium before installed in the cryostat. Platform of Advanced Photon Source Technology R&D (PAPS) in the institute of High Energy Physics (IHEP) will be built to support the test of SRF cavity. The scheduled commissioning
of the helium cryogenic system of the PAPS will be carried
out during 2020.The vertical test stand of PAPS superfluid
helium cryogenic system contains three vertical test cryostats, which can meet the requirements of the test of several
different type cavities test. This paper describes some essential equipment of 2K superfluid helium cryogenic vertical test stand of PAPS such as vertical test Dewar, electrical heater of return gas, 2K vacuum pumps system, etc.

Leakage rate
Vibration size

3

300K
1.2 Bara
<80 dB@1m
1E-6 Pa·m3/s
<5mm/s

Separate control systems will be set up for each group of
vacuum pumps. The control system is divided into manual
and automatic modes, including two parts: local and remote. When the pressure of station reach to 31 mbar, the
pressure fluctuation will be controlled in ±10 Pa. Faction
diagram of 2K vacuum pumps system is shown in Fig. 7.
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UPDATES ON THE INSPECTION SYSTEM FOR SRF CAVITIES
Y. Iwashita†, H. Tongu, Kyoto ICR, Uji, Kyoto, Japan
Y. Kuriyama, Kyoto University, Research Reactor Institute, Osaka, Japan
H. Hayano, KEK, 305-0801 Tsukuba, Ibaraki, Japan
Abstract
Optical inspections on superconducting cavities have
been used by those who are involved in the cavity fabrications. Further improvements on the Kyoto Camera have
been carried out these years together with further processing technique developments, such as removing found
defects by local grinding techniques. Improvements of
Kyoto Camera include implementation of color LEDs for
illumination system, which improves the inspection efficiency. These advances are reported.

a)

INTRODUCTION
Optical inspections have been taking an important role
for superconducting cavity fabrications. The first Kyoto
camera was developed in 2008 and found good correlations between found defects on the cavity interior surface
and a thermometry during a vertical test at FNAL/JLAB
[1,2]. It was found to be a good tool to raise the fabrication yields of the cavities. After the proof of the usefulness, we have been improving the system. It includes the
local grinding system to repair the found defects for better
recovery procedure and better yield in the cavity preparation [3]. We delivered the systems to six institutes over
the world since then. Recent developments on the system
are reported in the following sections.

KYOTO CAMERA
The illumination system is the key device in the Kyoto
camera to observe the interior surface of the Nb cavity. In
order to illuminate the mirror-like shiny metal surface,
surface light emitting devices have been used. The first
device was an inorganic Electro-Luminescence (IEL)
device, which was split into several strips to measure the
slope distributions of the local surface of the observed
area (see Fig. 1a). Because of the low light emission and
the short lifetime, the IEL device was replaced by white
LEDs, which had become widely available. Each stripe
was realized by a light emitting guide strip with one small
white LED at each edge end (see Fig. 1b). This improvement enhanced the amount of the light and the lifetime.
When a request for a larger cavity of 750 MHz came,
more light to illuminate the far cavity surface and the
longer working distance from the camera lens to the cavity surface were needed. Then the Armadillo type LED
system was adopted (see Fig. 1c), where the brightness
was controlled line by line. This scheme was applied to
an inspection system for L-band cavities with brightness
control by pixels (see Fig. 1d). For a refurbishment of the
old IEL illumination system, the line-by-line-control type
Armadillo type system with red and blue LEDs at both
____________________________________________

† iwashita@kyticr.kuicr.kyoto-u.ac.jp

b)

c)

d)

e)

f)
Figure 1: Changes of the illumination system. a) The first
inorganic Electro-Luminescence (IEL) device (one strip
lighted). b) Light emitting guide strip type using white
LEDs. c) Armadillo type illumination with more LEDs
(line by line). d) Pixel controlled Armadillo illumination.
e) Blue and red stripes for refurbishment of old version. f)
Colored pixel controlled Armadillo illumination. The
camera holes are located at the centers.

Figure 2: The modular design of the camera system allows adaptability to multiple cavity sizes. A larger cavity
with working distance larger than an L-band cavity requires a larger lens system with larger diameter. It also
allows easy maintenance by sending the short head part
back to the manufacturer instead of the long cylinder.
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the half stirps was fabricated in 2018 (see Fig.1e). Recent
LED technology allows us to control the color of each
pixel with RGB information, which is applied to an inspection system for 650 MHz cavities (see Fig. 1f). In this
version, the camera cylinder head is separated for a better
maintainability and adaptability to the smaller cavity (see
Fig. 2). Figure 3 shows a picture taken with the color
illumination system. By using the unique color information, the slope information can be obtained from just
one picture, instead of the former multiple pictures taken
with different active illumination strips. This allows an
efficient inspection procedure. Figure 4 shows a picture
with a defect found in the vicinity of the EBW seam,
which is marked by a red circle. As shown in the close up
picture, typical cat’s eye shape appears (see Fig. 5).
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cavity table (longitudinal motion and rotation), the illumination pattern, the camera cylinder rotation, camera
focusing and the mirror angle can be performed. After a
manual calibration of the cavity coordinates, automatic
image capture can be started by setting parameters such as
the number of pictures to be taken.

GRAPHICAL USER INTERFACE
As to the control system, a Graphical User Interface
(GUI) was prepared for better operation of the camera
system (see Fig. 6). In the GUI panel, controls of the

Figure 6: Graphical User Interface for the camera system.

LOCAL REPAIR TECHNIQUE

Figure 3: Picture taken with the color illumination. The
color information has the slope of the surface.

Figure 4: Picture with a cat’s eye type defect in the vicinity of the EBW seam. The defect is marked by red circle.

Figure 5: Close up of the defect with Cat’s eye shape.

Once a defect was found by the camera, conventional
technique to recover the cavity was to electro-polish (EP)
the whole cavity surface. Because the removal depth is
the order of that of the defect depth and the total volume
tends to be large, this might spoil the cavity. The local
repair technique is an efficient way to save such cavities
with deep defects and to improve the production yield of
cavities. The local grinder was developed for that purpose. It has a pantograph mechanism to carry the small
grinding head to the cavity surfaces, while the grinding
head should be retracted to be inserted to a specific cavity
cell. The defects are usually found in the vicinity of the
EBW seam (heat affected zone) [2]. Then the surface is
fairly perpendicular to the radial direction. Thus the pantograph configuration is good for almost all cases.
The original grinder system had a small grinding motor
on the grinding stage (see Fig. 7). The recent local grinding system has a powerful motor located at the end of the
local grinding cylinder, which enables a powerful grinding capability (see Fig. 8). In order not to hit the cavity
wall, the head stage has two magnetic proximity sensors
for the interlock system to the longitudinal movement
action of cavities instead of the original optical sensors.
The camera to look at the target surface was also updated
to replace an obsolete product. This local grinding system
is combined with the camera system for better mutual
operation and smaller footprint of the system (see Fig. 9).
The pantograph height for a larger cavity should be higher, so a customized local grinding head assembly for each
cavity size is required. The recent modular design gives a
better expandability and maintainability similar to the
camera system (see Fig. 10). There is interlock system
against the dangerous actions such as elevation movement
while either of cylinders is inserted in a cavity or cavity
table movement while the pantograph is not retracted
enough.
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R&D ON IMAGE PROCESSING

Figure 7: The original structure of the local grinding
system, where the local grinding motor is located at the
retractable grinding stage.

Figure 8: The improved structure of the local grinding
system, where the local grinding motor is located at the
end of the cylinder.

Because of the large magnification of the camera system, the depth of focus is rather narrow and objects with
bumpy or large slope are difficult to observe. Focus stacking, which has been used as a digital image processing
technique, combines multiple images taken at different
focus positions to give a single well-focused picture (see
Fig. 11). While this needs more pictures and takes some
time, it will give more information such as rough height
information of the object surface. The auto-focus function
may not be needed because of this function. Other image
processing technique such as High Dynamic Range may
also be combined with the focus stacking.
The pattern recognition to detect defects automatically
among thousands of pictures is also under investigation.

Focus
stacking
Figure 11: Focus stacking from pictures with different
focus positions will eliminate the autofocus function.

Figure 9: The modular design of the grinder system allows adaptability to multiple cavity sizes. A larger cavity
requires a longer pantograph system. The head part can
be exchanged when one needs to treat a cavity with different size. It also allows easy maintenance by sending
the short head part back to the manufacturer instead of
the long grinding cylinder.

CONCLUDING REMARKS
As is included in the ILC-TDR, the Kyoto camera and
combined local grinding system have been important
tools to improve high gradient cavity performance. It has
been developed since 2008 and helps to improve the performance of the superconducting cavities. Further developments based on the image processing are on going. It
will enable to get more information such as surface
roughness with the same device. An automatic defect
pickup will also be a target for future developments.
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DEVELOPMENT OF SUPERCONDUCTING RF DOUBLE
SPOKE CAVITY AT IHEP*
Z.Q. Quan†, F.S. He, W.M. Pan, Institute of High Energy Physics, 100049, Beijing, China
Abstract
The China Spallation Neutron Source (CSNS) is designed to produce spallation neutrons. CSNS upgrade is
planned to increase beam power by inserting a SRF linac
after drift tube linac (DTL). IHEP is developing a 325 MHz
double spoke cavity at β0 of 0.5 for the CSNS SRF linac.
The cavity shape was optimized to minimize Ep/Ea while
keeping Bp/Ep reasonably low. Meanwhile, mechanical
design was applied to check stress, Lorentz force detuning
and microphonic effects, and to minimize pressure sensitivity. A new RF coupling scheme was proposed to avoid
electrons hitting directly on ceramic window. After fabrication and post processing of cavity, the cavity reached Bp
of 120 mT at Eacc = 13.8 MV/m and Q0 = 1.72E10 under
vertical test at 2K.

INTRODUCTION
The CSNS upgrade consists of a SRF proton linac. The
SRF linac will accelerate peak proton beam of 40 mA up
to 303 MeV, and double spoke cavity is adopted for the
SRF linac medium β section.
Spoke cavity evolves from half-wave resonator (HWR)
operating in TEM mode. Compared with HWR, Multi-gap
structure is possible in spoke cavity, which saves longitudinal space and increase the real-estate gradient. Compared
with elliptical cavity, the spoke structure has higher shunt
impedance, meanwhile, it is mechanically more stable and
exhibit a stable field profile due to the high cell-to-cell coupling [1]. Thus double spoke cavity is a preferred candidate
for medium β application.

ELECTROMAGNETIC DESIGN
Electromagnetic design includes geometry optimization,
coupling port design.

Geometry Optimization
The cavity geometry is optimized to achieve maximum
accelerating gradient (Eacc) during operation. One limit to
the performance of a superconducting cavity is field emission (FE) at where surface electric field is high; another
limit is quenching at where surface magnetic field is high.
So the peak surface field to gradient ratio, i.e. Ep/Eacc and
Bp/Eacc, are the major figure of merits for geometry optimization.
Based on the experience of previous ADS project, SRF
cavities seldom quench below Bp of 90mT; though, FE
may occur at Ep as low as 35 MV/m, and the degradation
of FE onset is observed over some time of beam operation.
___________________________________________

*

Work supported by the State Key Development Program for Basic Research of China (Grant No. 2014CB845500)
†
zhouquan@ihep.ac.cn

So the main optimization target is to reduce Ep/Eacc, while
the Bp/Ep is kept below 2.57 mT/(MV/m).
The Ep/Eacc is most sensitive to the central part of the
spoke and the end-cover cone shape, i.e. Tk, Sgl, Sal, and Sbl,
as shown Fig. 1. The base of the spoke has more influence
on Bp/Eacc, and it is biased to a racetrack shape in order to
further reduce Ep/Eacc [2]. The major geometry parameters optimized are shown in Fig. 1. The final cavity length
Cl is 729 mm, and the cavity diameter Cd is 560 mm.
S bw

Tod

S aw
T id
S bl

S gl

S al

S ah

Cd

Th
Cl

Figure 1: Parameters for optimization.

H-field distribution

E-field distribution

Figure 2: Electromagnetic field distribution of double
spoke cavity.
After optimization, Ep/Eacc achieved 3.4, and the
Bp/Eacc is 8.7 mT/(MV/m); in case the cavity is operated
with Ep of 35 MV/m, then the Bp is 90mT, and the gradient
can reach 10.3 MV/m, which is higher than the project target of 7.3 MV/m. The surface field profile of the cavity is
shown in Fig. 2, while detailed design parameters are listed
in Table 1.
Table 1: The Major Parameters of Double Spoke Cavity
Description
Results
Frequency (MHz)
325
R-aperture (mm)
50
Epk/Eacc
3.4
Bpk/Eacc (mT/(MV/m)
8.67
5.08e4
G*R/Q (Ω2)
df/dP (Hz/mbar)
3.35
-10.9
LFD factor (Hz/(MV/m)2)
Tuning sensitivity (kHz/mm)
93
Cavity rigidity (kHz/kN)
16.78
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Three issues have been considered for the coupling port
design.
First, it is important to avoid the FE electrons, which are
generated on cavity inner surface, hitting the ceramic window of the coupler. Here a 30 degree bending is applied to
the coupling port, so the ceramic window will not see the
high electric field region on the spoke centre. The bending
angle and the antenna length are carefully checked, to make
sure that there is space to insert the antenna into the coupling port.
Qe=1.5*10^5
+65mm
0mm

Figure 3: Winding coupling port & Qe versus antenna
length.
Second, antenna length is selected to reach desired Qe.
Assuming the cavity operates at 9 MV/m with 10-100 mA
proton beam, then the matched Qe is 1.5e5-1.5e6 by using
Eq. (1) [1]. By calculating the Qe vs the antenna length of
a 50Ω coaxial line, it is found that the antenna tip is 3mm
away from cavity inner surface at the minimum Qe, which
is shown in Fig. 3.
When Pb ≫Pc
Q0
Pb ⁄ Pc

Extra thickening

NbTi alloy

Coupling Port Design

Qe ≈
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=

Vc
Ib ⁄(Ra ⁄Q0 )

Cavity Shell:3mm

Ti block

Ti ring
NbTi alloy ring

End Cover:4mm

Figure 4: Mechanical design of double spoke cavity.
It is well known that geometry deformation will cause
frequency deviation, and the frequency change can be calculated by Slater’s theorem [i.e., Eq. (2)]. When the cavity
beam port is free, the frequency deviation induced by pressure change inside the helium vessel is balanced by
properly placing the stiffening rings and ribs. A df/dp of
3.35 Hz/mbar is achieved, and Fig. 5 illustrate that the frequency change induced by electric field and magnetic field
dominated zone cancel each other.

df  ( 0 E 2  0 H 2 )dV

(2)

von Mises（N/m^2）

(1)

Third, the heat load on the blank flanges should be low,
in order to measure the cavity Q0 accurately during vertical
test. The total Q induced by 6 flanges is above 4e11, by
properly choosing the length of the coupling port and material of blank flanges.

MECHANICAL DESIGN
Mechanical performance of the cavity was optimized
with COMSOL. The simulation results are listed in Table
1 in the last page.
There are three design targets. The first is to minimize
He pressure sensitivity (df/dp); the second is to make sure
the cavity will not plastically deform in any possible
boundary condition during post processing, testing, and operation; the third is to make sure the lowest intrinsic vibration frequency is above 100 Hz.

Pressure Sensitivity
The structure of the cavity is shown in Fig. 4. The cavity
helium vessel is made of Ti, and the cavity end-cover is
connected with the helium vessel by a Nb55Ti ring. Nb ribs
inside the spoke are used to reduce df/dp and stress. For
naked cavity, Ti blocks on end-cover are used to support
the cavity with a fixture.

Figure 5: Stress & deformation(×100) with beam pipe free.

Stress Analyses
There are typically three different boundary conditions
to be analysed, as shown in Fig. 6 and Table 2. The maximum stress on the cavity wall occurs at the boundary condition of leak check, which is shown in Fig. 7, and it is still
below the allowable stress of 47 MPa [3]. For naked cavity,
the fixture hold the stiffening ring on end-cover, and the
stress is below allowable stress too.
Table 2: Boundary Conditions for Stress Analyses
In
HeV* Out
BP*
Leak check
Vac.
1 atm 1 atm Free
Cooling down
Vac.
1 atm Vac.
Free
Tuning(4K)
Vac.
1 atm Vac.
Free+Push
*
HeV is short for helium vessel, and BP is for beam pipe
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von Mises（N/m^2）

Tuning point

Figure 9: Displacement (×200) caused by Lorenz
force@75MV/m(left) & LFD coefficient fitting(right).

Figure 6: Double spoke cavity with helium vessel.

Vibration Mode

von Mises（N/m^2）

The mechanical resonance modes are analysed with cavity beam pipe free and sitting on the center of its helium
vessel. The lowest vibration frequency is 296 Hz, as shown
in Fig. 10, indicating there is no danger of microphonic resonance.
Mode 1 f=296Hz

Mode 2 f=302Hz

Mode 3 f=321Hz

Mode 4 f=385Hz

Figure 7: Surface von Mises stress of leakage detecting&
Displacement(×50).

Tuning Sensitivity
The tuning force is applied on a single side of the cavity
near the beam pipe, as shown in Fig. 6, and the displacement by pushing the end-cover is defined as positive. The
stress and displacement are simulated at various tuning
force, and it is found that the stress on cavity is smaller
when pushing the cavity compared with pulling, as shown
in Fig. 8.

Figure 10: The lowest vibration modes.

FABRICATION
The cavity consists of three major components, which
can be seen in Fig. 11. The end cover and half of Spoke
were both stamp formed. The outer conductor of the cavity
was rolled from a niobium sheet.
Spoke welding
End covers
Outer conductor
outline
Figure 8: Stress and freq. change vs tuning force.

Lorentz Force Detuning
The interaction of the cavity field with the induced surface currents and charges results in an electromagnetic surface forces in RF cavities [4]. The induced frequency shifting effect is called Lorentz force detuning (LFD), and it has
to be considered and corrected by low level control system.
The definition of LFD coefficient is as following:

KL  f / E

2
acc

(3)

Frequency shift at various gradient are simulated to fit
the LFD coefficient, as shown in Fig. 9. The maximum deformation is located near the high electric field region, The
𝐾 is-10.9 Hz/(MV/m)^2 with ports free

End cover welding outline

Half spoke piece

Figure 11: Fabrication parts of Double Spoke Cavity.

Fabrication Process
The outer conductor is made of a whole niobium piece
by rolling. The length of the niobium sheet was calculated,
so after rolling and Electron Beam Welding (EBW), the diameter of outer conductor is 560 mm. Seven ports were
opened on the outer conductor, the dimensions of all ports
were carefully measured and processed, so ports can match
coupling and spoke parts properly.
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Spoke was welded from two halve-spoke pieces. The
racetrack blend of spoke base may easily be torn during the
deep drawing, due to large distortion and extension. So annealed soft aluminium sheets with carefully trimmed shape
were used to do the stamping tests. After stamping and machining, the thickness of the welding outline of half spoke
piece (see Fig. 11) was no longer uniform.
The end cover was stamped as a whole piece, except for
the the thicker piece around the beam pipe. After the stiffening ring welding, the end cover was deformed due to
welding strength, so the welding outline of end cover connecting to outer conductor (see Fig. 11) had to be levelled,
while the thickness of the wall was thinned to 3 mm thickness to match the thickness of outer conductor.

Welding Technology
There were three types of welding technology been used,
electron beam welding(EBW) laser beam welding(LBW)
and tungsten inert gas arc welding(TIG). EBW was used
when welding niobium, LBW and TIG were used to weld
niobium and Nb-Ti.
EBW requires gap along welding trajectory is less than
0.1mm to avoid melting through. Also welding beam voltage should be carefully chosen, since the thickness of the
stamped parts are no longer uniform. Therefore parts dimension measurement and welding tests were done for
each welding parameters.
Before assembling parts into welding tooling, all parts
were ultrasonic cleaned, buffered chemical polished (BCP)
by 6um, rinsed with deionized water and sealed in plastic
bag for clean room. Cleaned parts were transported to
class100 clean room to dry out.

Frequency Control
Before welding end covers with outer conductor, frequency of the cavity should be measured in standard ambient conditions (see table 3).
Table 3: Frequency Measurement in Room Temperature
Standard reference
Value
Temperature
20℃
Atmospheric pressure
101325Pa
Relative humidity
50%
For this cavity, frequency shift due to evacuation and
cool down is -0.579 MHz [5], and frequency shift due to
180um BCP is calculated by perturbation method which is
0.183 MHz [6]. Taking 0.1 MHz as frequency shift of pre
tuning system, frequency target after EBW in room temperature should be 324.704 MHz.
When trimming the outer conductor (see Fig. 12) to adjust the cavity frequency, both sides of the outer conductor
should be trimmed equally to make sure the field profile is
symmetric. Ep/Eacc and optimized beta were calculated,
and they are not sensitive to cavity length. In this condition,
the calculated and measured trimming sensitivity are both
80 kHz/mm.
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Cavity left side

Cavity right side

Trimming length

Figure 12: Fabrication tuning.

POST PROCESSING
The post processing procedure is shown in Fig. 13. Based on the experience of previous cavity surface treatment
at IHEP, the microwave surface of Nb cavity should be removed 150 μm thickness at least.
Ultrasonic
rinsing

HPR(9h)
Drying in class 100
clean room 72h

BCP
230um 4h

Assembling in
class100 clean room

Annealing
750℃ 3h
BCP
110um 1h

Leak
checking

Deionized
water rinsing

Baking
120℃ 48h

Figure 13: Cavity surface processing steps.
The BCP adopts the standard volume ratio of HF: HNO3:
H3PO4 (1:1:2) acid mixture. To avoid Q-disease during
BCP process, the acid temperature should not exceed 25℃.
Acid came into the cavity through two ports on the bottom,
and came out of the cavity from the top, as shown in Fig. 14.
To ensure the uniformity of etching, the intake and venting
ports should be reversed after 2h BCP.
Out

Blocked In

In

Figure 14: The BCP set-up of double spoke cavity (left)
& HPR (right).

Cavities - Fabrication

To avoid Q-disease from hydrogen absorbed by niobium
surface during the BCP process, annealing after 4 h BCP
was necessary. It took 30 minutes to evacuate the furnace
so the vacuum is better than 1E-3Pa. then the furnace temperature rose from 30oC to 750oC in three hours; the furnace temperature was kept in 750oC for 3 hours before
cooling down to room temperature in vacuum.
To remove contamination in the high baking, the cavity
was BCP treated for another hour, followed by deionized
water rinsing of 30 minutes to make sure there was no residual acid inside cavity.
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There are five ports on the cavity, and each port should
be high pressure rinsed (HPR), as shown in Fig. 14. Each
port was rinsed for 2 rounds with the nuzzle moving vertically at 30mm/min. The rotation speed of the cavity is 4
rounds per minute. To avoid contamination at the assembly
stage, each port was sealed by the vertical test flange after
HPR; there was only one port open for dry after the HPR,
therefore a conservative drying time was used.

JACoW Publishing
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T1

Polished
areas

VERTICLE TEST RESULTS
The geometric factor of this cavity is 123 Ω, BardeenCooper-Schrieffer (BCS) resistence under 2K was estimated to be 0.7 nΩ, taking 10 nΩ as resdiual resistence, the
Q0 of this cavity under 2K is estimated to be 1E10. Therefore Qe of Pin for vertical test is designed to be 8E9.

Figure 15: Vertical test results.
The cavity was tested for three times, overall test results
can be seen in Fig. 15.
The first vertical test was conducted in December 12,
2018. It took 3 hours for multipacting processing, and severe multipacting occurred below 3 MV/m. Radiation rose
from 6 MV/m and reached 14000 uSv/h at 11.9 MV/m and
Q0 was 9.4E9
The cavity was high pressure rinsed again for 9h and re
assembled in classs100 clean room. In December 27, 2018,
the cavity was tested again under 2K, There was a slight
improvement on Q0 and Radiation, it still quenched at
11.9 MV/m at Q0 = 1.05E10.
Due to the field emission from previous result, surface
with high electric field (see Fig. 16) was polished by hand
using electric grinding machine. Ultrasonic thickness
gauge was used to make sure thickness of 30um-50um of
material surface was removed by hand polishing. 600 mesh
grinding wheel was used on a Niobium sample, before BCP
the surface roughness Ra of sample grinded by 600 mesh
grinding wheel is 360 nm, after 15 um BCP the Ra of Niobium sample is 420 nm. Therefore the roughness of microwave surface of cavity polished by 600 mesh grinding
wheel do not have strong field emission under electric field
of 175 MV/m[7].

T2
Figure 16: Strong electric surfaces.
After hand polishing, the cavity was ultrasonic cleaned
and BCP treated for another 40minutes, and minimum removal of 25um was achieved to make sure there was no
other substance embeded on the microwave surface. In
May 9, 2019, the cavity was verticle tested on 2K and 4.2K,
two temperature sensor was attached on the cavity outer
surface (see Fig. 16). In 2K test, Bp of 120mT was reached
when acceleration gradient is 13.8 MV/m at Q0 = 1.72E10.
In 4K test, when acceleration gradient reached 11.8MV/m
at Q0 = 1.24E9, the cavity performance was limited by the
power source ; also when maitaining the acceleration gradient at 11.8 MV/m, temperatue rose significantly and finally exceed 9.2K at T2. In both 2K and 4K tests, there
were no signifcant radiation, also MP at soft barriers under
3 MV/m are suppressed sifnificantly.
The Cavity reached Bp of 120 mT at highest acceleration
gradient while ESS double spooke cavity Romea reached
104 mT and Giulietta reached 88mT [8]. IMP double spoke
cavity reached 116 mT [9]. Assuming all cavities are runing at Eacc of 9MV/m, Ep of this cavity is 31 MV/m
while Giulietta and Romea is 39 MV/m, IMP double spoke
cavity is 34 MV/m. Compare with same type and similiar
beta double spoke cavity around the world, the cavity
reached same level of Bp, in the meantime, it has the lowest
Ep at same acceleration gradient to avoid field emission.

CONCLUSION
The systematic design of the beta0.5 double spoke cavity
has been accomplished, including RF parameters optimization, coupling port design, structure design, pressure sensitivity optimization, stress analysis, tuning simulation,
LFD analysis, and vibration mode analysis.
The cavity was fabricated within 8 month and vertical
tested three times under different surface treatment. In latest 2K vertical test, the cavity reached Eacc of 13.8 MV/m
at Q0 = 1.72E10.
Now another surface treatment such as surface defect inspection in high-magnetic field region and barrel polishing
is ongoing. After this round of surface treatment, the cavity
is planned to vertical test again on September 2019.
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CHARACTERIZATION OF SSR1 CAVITIES FOR PIP-II LINAC∗
A. Sukhanov† , C. Contreras-Martinez1 , F. G. Garcia, B. M. Hanna, S. Kazakov, Y. Pischalnikov,
O. Prokofiev, W. Schappert, I. Terechkine, V. Yakovlev, J.-C. Yun, Fermilab, Batavia, USA
S. Samani, Queen Mary University of London, London, UK
1 also at FRIB, East Lansing, USA
Abstract
A cryomodule of 325 MHz Single Spoke Resonator type
1 (SSR1) superconducting RF cavities is being built at Fermilab for the PIP-II project. Twelve SSR1 cavities were
manufactured in industry in USA (10 cavities) and India (2
cavities) and delivered to Fermilab. In this paper we present
results of characterization of fully integrated jacketed cavities with high power coupler and tuner at the Fermilab Spoke
Test Cryostat (STC).

Table 1: Baseline Performance Specifications of SSR1 Cavities

ITRODUCTION

Parameter

Specification

Operating Field
Q0
Tuning Constant
Tuning Sensitivity

10 MV/m
> 6 × 109
40 N/kHz
< 20 Hz/Torr

8 cavities
4 SC solenoids

The Proton Improvement Plan II (PIP-II) project is under construction at Fermilab [1]. The mission of the
project is to deliver intense beam of neutrinos to the international LBNF/Dune project. Integral part of PIP-II is
super-conducting RF (SRF) linac, consisting of 5 different
types of cavities (see Fig. 1): Half-Wave resonators (HWR)
at 162.5 MHz, 2 types of Single-Spoke Resonators (SSR1
and SSR2) at 325 MHz and 2 types of 5-cell elliptical cavities, low- and high-beta at 650 MHz, (LB650 and HB650).

Jacketed SSR1
with coupler
and tuner

Cryo-string

2 CM

Fully
integrated
Cryo-module
HWR

SSR1

SSR2

Elliptical 5-cell

Figure 2: SSR1 Cryomodule.

PREPARATION OF SSR1 CAVITIES FOR
STC TESTING

Figure 1: PIP-II Linac.
Currently we built a prototype SSR1 cryomodule, consisting of 8 fully integrated SSR1 cavities, jacketed in Helium
vessel and assembled with high power coupler (HPC) and
tuner, Fig. 2. Baseline performance specification of SSR1
cavities are shown in Table 1. Twelve bare SSR1 cavities
built in US (10) and India (2) industry and delivered to Fermilab. All these cavities were tested and qualified at the
Fermilab Vertical Test Stand (VTS). Results of VTS qualification can be found elsewhere (REF).
After VTS qualification, all 12 SSR1 cavities were jacketed in Helim vessels. In this paper we describe results
of characterization of fully integrated SSR1 cavities with
HPC and tuner in the Fermilab Spoke Test Cryostat (STC).
Figure 3 show STC and SSR1 cavity installed for testing.
∗
†
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All jacketed SSR1 received ultrasonic cleaning, 5–10 µm
buffered chemical polishing (BCP) and high pressure rinse
(HPR) with ultrapure water. After processing, cavities assembled with HPC1 in clean room, evacuated and leak
checked. Prior STC testing all SSR1 cavities are baked
at low temperature (120 C) in convection oven for 48 hours.
During bake cavities are actively pumped with vacuum pump
while continuously analyzing outgassing with RGA. Figure 4
shows typical RGA spectra at the beginning (blue trace) and
at the end (red trace) of bake. As the result of 120 C baking partial water pressure (peaks at 18 AMU) drops by two
1

For development of STC testing procedure and debugging cavity processing sequence few SSR1 cavities assembled with small antenna providing
critical coupling for low power coupler (LPC) RF testing and without
tuner. LPC equipped cavities are much easier to install in STC, leading to
faster tests turnaround time. Critical coupling allows for cavity Q0 measurements based on RF signals thus cross-checking standard calorimetric
Q0 measurements.
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Figure 3: STC.
orders of magnitude, which helps to mitigate multipactor
(MP) in subsequent RF testing.
S1H-NR-112 - 7 March 2018 - 120 C Oven
1.00E-05

Typical RGA spectra

1.00E-06

Pressure (Torr)

1.00E-07

Partial water pressure drops by 2
orders of magnitude

1.00E-08

120 C start
120 C end

1.00E-09

1.00E-10

characterization, which includes measurements of the maximum cavity field (administratively limited to 14.4 MV/m),
maximum field limiting factors (quench, field emission radiation > 1500 mR/h), radiation onset field and radiation
at maximum field (if present), Q0 vs Eacc curve, cavity detuning sensitivity due to pressure variations (df /dp) and
Lorentz force detuning coefficient. We conclude baseline
testing with tuner qualification, measuring tuning ranges
and sensitivity for coarse (stepper motor) and fine (piezo
actuators) tuners. If time permits, we perform additional
studies, including but not limited to development of resonance control procedures, effects of magnetic environment
on cavity Q0 and coupler thermal characteristics.

1.00E-11

RESULTS

1.00E-12
0
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100
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140

160

180

200

Figure 4: RGA.

STC Test Sequence
Typical SSR1 STC testing process includes cavity installation with removal of previous cavity (1–2 days), cool down (1
day), test (up to 7 days, depending duration of MP conditioning and additional studies beyond cavity characterization
for CM assembly) and warm up (1 day). When cavity is
cold at 2 K, we start tests with LLRF system calibration
and measurement of the cavity resonance frequency f0 and
loaded quality factor, Q L . We check coupler performance
off resonance, gradually increasing forward power to the
coupler up to 5 kW in pulsed mode with 2%, 4%, 8%, 15%
and then in CW mode with 10–15 minutes dwelling time
at maximum power at each timing settings. We then tune
cavity on resonance at 325 MHz and begin multipactor conditioning, which takes from 3 up to 48 hours. After cavity
is cleaned of MP, we perform baseline cavity performance

In duration of the SSR1 testing program at STC between
May 1017 and November 2018 we perform 34 test cycles of
10 different SSR1 cavities in both LPC (17 cycles) and HPC
(17 cycles) configurations, totalling 37 cool down/warm up
cycles. These tests include development and prototyping for
SSR1 tuner and coupler. In addition, few fully integrated
production SSR1 cavities show strong field emission during
test and require re-processing with BCP and HPR and retesting to qualify for CM. Of the two untested cavities one
has damage on the beam pipe flange and do not pass leak
check. The other cavity develops strong corrosion spots
at the surface of Helium vessel during US cleaning and is
removed from processing sequence.

Baseline Performance
The main purpose of the STC testing is characterization
and selection of 8 fully integrated SSR1 cavities for assembly
of the 1st prototype SSR1 cryomodule. In this section we
present results of these qualification tests.
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Figure 5: Q0 and radiation vs Eacc for 8 SSR1 cavities
qualified for prototype cryomodule assembly.

Figure 5 summarizes measurements of Q0 and radiation
as function of the cavity field for 8 SSR1 cavities qualified
for cryomodule assembly. As one can see, performance of all
selected cavities satisfy specification requirements for PIPII linac. Three cavities are radiation free, while five other
cavities have radiation onset at or above operating gradient
(10 MV/m).
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Figure 6: Typical df /dp of SSR1 cavity.
Sensitivity of SSR1 cavities detuning to pressure fluctuations df /dp are measured at STC by varying pressure of the
liquid Helium bath within 18–28 Torr range. Typical results
are shown in Fig. 6 for one of the cavities. In this particular
case df /dp = 5 Hz/Torr. For 8 qualified cavities df /dp
varies in the range 1.1–9.9 Hz/Torr, with the mean value of
6.4 Hz/Torr, which is lower than specified maximum value
of 20 Hz/Torr.
Variations of the cavity resonance frequency as a function
of the square of cavity field are characterized by Lorentz
force detuning (LFD) coefficient. Figure 7 shows typical
LFD behavior of one of the SSR1 cavities as measured during STC testing. Here LFD coefficient is −4.2 Hz/(MV/m)2 .
Mean LFD for all qualified cavities is −5.7 Hz/(MV/m)2 .
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Figure 7: Typical Lorentz force detuning of SSR1 cavity.

Multipactor in SSR1 Cavities
We observe early during testing of bare SSR1 cavities
at VTS, that multipactor may become a factor limiting performance of these cavities. We find that MP happens at
certain values of the cavity filed, with the tree most prominent and strong MP barriers at approximately 5, 6.5 and
7 MV/m. When RF power is applied to cavity, the cavity
field increases until MP barrier is reached. At this point
increase of the cavity filed stops and excess of RF power is
transfered to MP which heats cavity walls, effectively lowering cavity Q0 and loading cryogenic system. MP barrier
needs to be slowly condition away by gradual increase of
RF power simultaneously keeping cryogenic system from
overloading. Once conditioned, cavity remains clean of MP
for the duration of cold test. If cavity warmed up and cooled
down again MP may return but it usually takes less time
to re-condition cavity. If cavity is exposed to air between
consecutive tests, full strength of MP is observed and cavity
require conditioning.
Two main contributing factors to MP formation in SRF
cavities are cavity geometry and secondary electron yield
(SEY) coefficient at the surface of cavity walls. We associate
increase in SEY of SSR1 cavities with presence of molecular
layers of water at the cavity surface. Long 48 hours bake of
cavity at low temperature (120 C) reduces water content in
cavity and decreases MP conditioning time.
While testing SSR1 cavities at STC, we accumulate large
date set on MP conditioning. In this section we present
preliminary results of analysis of these data.
Testing of SSR1 cavities in LPC configuration, when
cavity is nearly critically coupler to the RF source allows
for accurate measurement of the total power loss in cavity:
Ploss = P f − Pr − Pt , where P f ,r ,t are forward, reflected and
transfered power. If MP is present, then the power loss associ2 /(R/Q)Q
ated with it is PM P = Ploss −P0 , where P0 = Vacc
0
is power loss in cavity walls, V∫acc is cavity voltage (energy
gain). Time integral of PM P , PM P dt, represents energy
deposition into MP during conditioning, E M P , and allows
for consistent analysis and comparison of MP conditioning
between diffrent tests of the same or different cavities.

THP090

Cavities - Fabrication

1122

cavity test diagnostics

Emp, J

Figure 8: Energy deposition for MP type 1. No FE radiation,
one barrier at 4.5–5 MV/m.

Figure 9: Energy deposition for MP type 2. FE radiation
is present, three barriers at 4.5–5 MV/m, 6–6.5 MV/m and
7-7.5 MV/m.
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Figure 10: Total energy deposited in MP during conditioning
vs partial pressure of water outgassing during 120 C bake.
from 100 to 400 kJ for Type 1, while in Type 2 it is few time
larger in the range of 200–1400 kJ. Variations in location of
MP barriers are due to small (few %) uncertainty in measurements of RF power signals and cavity field. Slight variations
in geometry of cavities within mechanical tolerances during
manufacturing can also lead to small displacement of MP
barriers.
In Fig. 10 we compare total energy deposited in MP during
conditioning to partial water pressure variations during 120
C bake of cavities. Right and left end points in horizontal
lines correspond to beginning and end of bake. In agreement
with our initial observation we can see, that there is very
strong correlation between water content at the cavity walls
and strength of multipactor.

CONCLUSION
Analyzing MP data, we find that cavities with or without
radiation associated with filed emission, exhibit different
behavior regarding MP conditioning. SSR1 cavities without
FE radiation have only one strong barrier at 5 MV/m (we
call this Type 1 MP), while cavities with radiation have three
strong barriers at 5, 6.5 and 7 MV/m (Type 2 MP). This
can be explained by abundance of primary electrons in FE
emitting cavities which ignite MP at higher field levels.
Figures 8 and 9 show energy deposition during MP conditioning as function of cavity field for Type 1 and 2 MP,
respectively. In these pictures, plots of different colors represent diffrent tests. MP barriers are evident as steep, almost
vertical slopes in E M P , while horizontal lines of little variations in E M P show MP free zones. Total energy deposited
in MP (the end points at the right edge of the plots) varies

We test and characterize ten jacketed SSR1 cavities at STC.
We successfully qualified and selected eight fully integrated
cavities with high power coupler and tuner for assembly
in the 1st Fermilab prototype SSR1 cryomodule for PIPII linac. We analyse multipactor conditioning using total
energy deposition. We observe effect of suppression of MP
barriers at higher cavity fields in radiation free cavities. We
confirm strong correlation between water content at cavity
walls and strength of MP.
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Abstract
Design of the high beta 650 MHz prototype cryomodule
for PIP-II is currently undergoing at Fermilab. The cryomodule includes six 5-cell elliptical SRF cavities with accelerating voltage up to 20 MV and low heat dissipation
(Q0 > 3 · 1010 ). Characterization of performance of fully integrated jacketed cavities with high power coupler and tuner
is crucial for the project. Such a characterization of jacketed
cavity requires a horizontal test cryostat. Existing horizontal
testing facilities at Fermilab, Horizontal Test Stand (HTS)
and Spoke Test Cryostat (STC), are not large enough to accommodate jacketed 650 MHz 5-cell cavity. An upgrade
of the STC is proposed to install extension to the cryostat
and modify cryogenic connections and RF infrastructure
to provide testing of 650 MHz cavities. In this paper we
describe STC upgrade and commissioning of the upgraded
facility. We discuss mitigation of issues and problems specific for testing of high-Q0 650 MHz cavities, which require
low residual magnetic field and low acoustic and mechanical
vibrations environment.

INTRODUCTION
Fermilab builds Proton Improvement Plan II (PIP-II)
project to deliver intense neutrino beam to LBNF/Dune experiment [1]. Superconducting RF (SRF) linac is the major
part of PIP-II accelerator. It comprises five different types
of SRF cavities, including Half-Wave resonators (HWR) at
162.5 MHz, two types of Single Spoke Resonators (SSR1
and SSR2) at 325 MHz and two types of 5-cell elliptical cavities, low- and high-beta at 650 MHz, (LB650 and HB650).
Design of the first prototype HB650 cryomodule is nearing its completion. The cryomodule consists of six cavities
providing accelerating voltage up to 20 MV with low heat
dissipation, Q0 > 3 · 1010 . It is extremely important for the
successful cryomodule construction to characterize performance of fully dressed HB650 cavities assembled with high
power coupler and tuner in a horizontal test facility. Because
of its large size, jacketed 5-cell cavity does not fit into Fermilab Horizontal Test Stand (HTS) and Spoke Test Cryostat
(STC). We propose upgrade of STC, which includes installation of the STC vacuum vessel extension with magnetic
and thermal shields, modifications of cryogenic connections
and RF infrastructure to accomodate testing of 650 MHz
cavities, while also retaining capability of testing SSR1 and
∗
†
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SSR2 cavities. In the following sections we describe design
of the STC upgrade and ongoing activities of installation and
commissioning of the upgraded facility. Testing of high-Q0
cavities requires low residual magnetic field and low acoustic
and mechanical vibrations environment. We discuss efforts
to mitigate these issues.

DESIGN OF THE STC UPGRADE
Figure 1 shows original STC facility in configuration for
testing SSR1 cavities. Stainless-steel vacuum vessel (VV)
has two hinged dome doors on each side providing access
for cavity installation. Magnetic shield is located at the inner
surface of VV. Thermal shield is actively cooled with liquid
Nitrogen at 80 K. Cool down/warm up line comes from the
top the vessel. Two-phase pipe is located above cavity. It
has a canister welded at one end for liquid Helium level and
temperature instrumentation. Cavity support post attached to
VV and thermal shield, with provision of thermal intercept
at 80K to reduce heat load.
For radiation safety purposes STC resided inside of an
enclosure built out of concrete blocks. An access to enclosure is provided through a labyrinth corridor, which is only
35 inch wide in its narrowest part. Picture on the left side
of Fig. 1 is taken from the entrance to the STC enclosure.
Cryogenic connection lines located directly above STC and
HVAC and Oxigen Deficiency Hazard ventilation systems
atop of the far side of the STC enclosure roof limit use of
the building overhead crane, complicating assembly and
installation of upgraded components.
The original STC vacuum vessel is 39.5 inch long, while
HB650 cavity length is approximately 55 inch. In order to
accomodate longer cavities, we add extension to the STC
VV equipped with its own magnetic and thermal shields,
and cavity support post as shown in Fig. 2. Extension sits
on a separate support post. It is bolted to the far end of STC
in place of the dome door, which is re-hinged at the end of
VV extension.
To accomodate longer 650 cavity, two-phase pipe is elongated, Fig. 3. It re-uses instrumentation canister and cryogenic system/SSR1 interface cross-part of the original pipe
and adds longer horizontal pipe with thermal intercepts for
coupler and interface for connection to 650 cavity chimney/Helium vessel. Due to its size, new 2-phase pipe requires support at the canister side.
Upgraded STC configuration for testing 650 cavities is
shown in Fig. 4. An aluminum platform with a rail is set
on top of the two support post iside VV, bolted to one post
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cool down/warm up valve,
check valve, relief valve, …)

LHe level container
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Vacuum Vessel (VV)
Thermal shield
SSR1 cavity
Cavity Support post
VV support Post

Figure 1: Original Spoke Test Cryostat (STC) facility in configuration for testing SSR1 cavities.

Figure 3: 2-phase pipe.

INSTALLATION AND COMMISSIONING
Figure 2: STC extension.

and capable of sliding over a Teflon insert at the second
post. Figure 4 top right shows HB650 cavity assembled
with cold part of high power coupler, tuner, magnetic shield,
liquid Helium fill line and interface elbow for two-phase
pipe mounted at the aluminum insertion cart on top of the
installation table. After cavity preparation outside cryostat
is complete, it slides together with the insertion cart inside
the vacuum vessel, bottom part of Fig. 4.
Figure 5 demonstrates configuration of upgraded STC for
testing of SSR cavities. In this configuration the aluminum
platform is removed from the support posts. SSR cavities
are inserted inside VV using existing tooling.

SRF Technology - Cryomodule
module testing and infrastructure

Design of the STC upgrade has been completed in the
Summer 2017 and purchasing orders have been placed for
major components in the Fall 2017. All components have
been received at Fermilab in Summer 2018. By that time
STC was occupied by the SSR1 test programm [2]. After
succesful completion of SSR1 testing, we started installation
of new components at the end of 2018.
By the end of June 2019, we have finished mechanical
assembly of the STC upgrade. At the time of writing this
paper we commission STC cryostat and getting ready for
first cooldown.
In this section we describe installation and commissioning
of the STC upgrade. We focus on discussion of varius issues
encountered during the upgrade.

THP091
1125

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP091

Figure 4: STC in 650 MHz testing configuration.
life, not all details of these modifications got captured into
models. This created issues with fitting of the new parts to
the older parts of STC during installation, required “dry”fitting of all parts and additional mechanical work on mis-fit
parts and caused delays in installation and completion of the
project.
An example of such mis-fit are holes at the large flanges
of VV extension. These flanges interface with the old STC
vacuum vessel and dome door and have 16 holes in them.
While the hole pattern comply with drawings generated from
3-D models, “dry”-fit of the real dome door to extension
reveal misalignment of some holes by as much 1/8 inch.
Figure 5: STC in SSR1 testing configuration.

Installation
As one of us (T.H.N.) has mentioned, STC, which started
its life many years ago as a test cryostat for testing superconducting magnets at a different location in Fermilab, is now
living its 9th life.
Mechanical design of the STC upgrade components is
essentially based on 3-D models, which were built from older
drawings. While the cryostat, which eventually become STC,
was modified multiple times during the course of its service
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Another example is the extension magnetic shield. The
shield consists of two semi-cylindrical parts, joined at the
bottom and the top inside of the extension vacuum vessel
to form the complete cylindrical shield. The shield semicylinders designed for a snug fit around the cavity support
post flange at the bottom of the vessel. There is a 1/4 inch
wide welding seam at the flange-vessel joint, which bulges
under shield semi-cylinder at the bottom and makes them to
overlap with 1/2 inch excess at the top.
Cryogenic hoses interconnecting nitrogen cooling lines
between thermal shields and providing connection to the
supply/return lines needed to be re-worked to avoid too much
slack or too tight stretch.
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much when we spray outside of the cryostat with Helium
gas or pressurize Helium and Nitrogen lines inside cryostat
to 5 psi with Helium.

Cutout for SSR2
installation

Figure 6: Modifications to the original STC thermal shiled.
Initial design of the STC upgrade in 2017 did require any
modifications to the original STC thermal shield. While
finalizing mechanical design of SSR2 cavity at the end of
2018, we realized that a cutout in the thermal shield needs
to be made and nitrogen cooling line needs to be re-routed
from the bottom of the shield to the top to provide space for
installation of SSR2 cavity into STC, see Fig. 6.

Figure 7: Re-designed interface between two-phase pipe and
650 cavity.
Due to very tight space limitation we use mitter elbows
in design of the interface between 650 cavity and two-phase
pipe, which is visible in Fig. 4, bottom. This design has been
reviewed and approved by the Fermilab cryogenic safety
committee in 2017. In April 2019 be become aware that
mitter elbows are not compliant with safety code for certain cryogenic piping. We re-design interface using radius
elbows as shown in Fig. 7.

Commissioning
After assembly of the STC cryostat extension and internal
plumbing we perform leak check. Vacuum vessel is evacuated. With reduced pumping power, operating only one
out of three available vacuum pumping stations, we able to
reach 3–4 µm of the cryostat insulating vacuum. Helium
background is better than 10−8 Torr·l/s and does not fluctuate

SRF Technology - Cryomodule
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Figure 8: STC cryostat upgraded for testing of 650 MHz cavities: completely assembled, leak checked and Helium and
Nitrogen circuits pressure tested. Ready for commissioning
cool down.
In compliance with safety requirements we perform pressure tests of newly installed pipes. We use Nitrogen gas
from bottle and pressurize two-phase pipe to 65 psig, while
thermal shield Nitrogen cooling lines are pressurized to 90
psig. Since no leaks detected and pressure remain stable
during these tests, we declare pressure tests succesful and
STC piping ready for safe cryogenic operation. Figure 8
shows STC cryostat assembled.
As a final step in commission of the STC before cooling
down actual cavity, we prepare 0-cavity test. For such a
test, cool down line is connected only to the instrumentation canister of the two-pase pipe, cavity connector at the
cool down line and cavity interfaces at two-phase pipe are
cupped. We install instrumentation to measure thermal behavior of the shield, piping and support structures inside
cryostat. Figure 9 shows inside of the STC cryostat prepared
for commissioning cool down. We expect to perform this
test and report results by the end of June 2019.
First prototype HB650 cavity has been jacketed at Fermilab. Preparation is ongoing for assembly of the cavity with
high power coupler and tuner. We plan to bring this cavity to
STC and start installation for the test in July 2019, pending
readiness of 650 MHz high power RF distribution system.

MITIGATON OF ENVIRONMENTAL
ISSUES
Preservation of high intrinsic Q0 of 650 MHz cavities
requires their operaration in low residual magnetic field and
low acoustic and mechanical vibrations environment.
Magnetic shielding of the STC cryostat is essential. Simulation and direct measurements [3] show that with the shield
residual field of 10–15 mG can be reached inside STC. Estimation of [4] show, that residual magnetic field at the external cavity surface should exceed 5 mG, therefor both
LB650 and HB650 cavities are also equipped with individual
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Acoustical and mechanical vibrations and noise (so called
“microphonics”) are one of the factors limiting performance
of narrow bandwidth SRF cavities, such as HB650. Microphonics require mitigation at environmental level and at the
level of the cavity resonance control system (LLRF). From
our experience at STC during SSR1 programm we know
that the worst noise level can be as high as 200 Hz. We associate this large level of microphonics with the noise due to
cryogenic system. After installation of STC vacuum vessel
extension while cryogenic system is still shutdown and physically disconnected from the cryostat, we perform evaluation
of mechanical vibrations in the STC enclosure and inside
vacuum vessel. We do not find significant noise. We plan to
continue evaluation of microphonics during 0-cavity cool
down and subsequent testing of HB650 cavities.

CONCLUSION

Figure 9: Inside of the upgraded STC cryostat: prepared for
commissioning 0-cavity cool down.
magnetic shields. While installing components of the STC
upgrade, we pay attention to magnetic hygiene, carefully
measuring magnetization of installed parts and hardware
and demagnetizing, when needed. Preliminary measurements of residual magnetic field inside STC vacuum vessel
without endcup magnetic cones installed, show that field at
the cryostat axis between cavity support posts varies in the
range 15–40 mG, with higher values above posts, closer to
the unshielded ends of the cryostat and smaller values in the
middle of the cryostat. We plan to perform more accurate
evaluation of residual magnetic field inside STC cryostat
with endcup shielding installed after 0-cavity cool down.
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We present upgrade of the Fermilab STC horizontal testing facility which enables us to test and characterize fully
integrated 650 MHz cavities for PIP-II project. We complete
installation of the STC upgrade and prepare cryostat for commissioning and 0-cavity cool down. We describe various
problems encountered during installation of the STC upgrade project. Finally, we discuss mitigation of environmental issues relevant to testing of high-Q0 narrow bandwidth
cavities, such as HB650.
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STATUS OF CRYOMODULE TESTING AT CMTB FOR CW R&D
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Abstract
The CryoModule Test Bench (CMTB) is a facility to perform tests on superconducting accelerating modules. The
120 kW Inductive Output Tube (IOT) installed in the facility allows driving the eight superconducting cavities inside
the module under test in a vector-sum or single cavity control fashion with average Continuous Wave (CW) gradients
higher than 20 MV/m. The scope of these tests is to evaluate
the feasibility of upgrading the European X-ray Free Electron Laser (EuXFEL) to CW operation mode. Following the
successful tests done on a prototype module XM-3, the initial performance results on production module XM50 will be
presented in this paper. Because of EuXFEL requirements,
XM50.1 is equipped with modified couplers that allow a
variable Loaded Quality factor (𝑄𝐿 ) to values higher than
4×107 . A cost relevant open question is the maximum 𝑄𝐿
that can be operated at, while maintaining the system within
the EuXFEL field stability specifications of 0.01 % in amplitude and 0.01 deg in phase. Because of this, the LLRF
system capability of rejecting microphonics and RF disturbances, as well as Lorentz Force Detuning (LFD) related
effects in open and closed loop is of prime interest.

is even more interesting, as the results can directly apply the
EuXFEL.

CRYOMODULE MODIFICATION
The series XFEL cryomodule XM50 which had been
set aside during the XFEL installation (due to problems
during the first string assembly), was reassembled and is
now referred to as XM50.1.
As for the XFEL pre-series cryomodule XM-3, all 8 couplers of XM50.1 were modified by inserting a modified
iso-vac flange, shown in blue in Fig. 1, moving the warm
part of the coupler 5 mm further away from the 70K window. The motorized coupler allows for an additional 5 mm
displacement [4].

INTRODUCTION
The continuous wave (CW) upgrade scenario of the European X-ray free electron laser (EuXFEL) relies on operating the series cryomodules designed for pulse operation
in CW [1]. Only the first 17 cryomodules would be modified to provide the higher helium flux required to cool down
the higher dynamic load inherent to CW operations. The 2phase pipe in the cryomodules of the rest of the linac (80-90
cryomodules) remains unchanged from the pulsed operation
design. A fundamental question is how these cryomodules
will perform in CW. What is the expected dynamic load? Can
we optimize the cool down procedure to maximize the cavities 𝑄0 ? Is operation at 1.8K instead of 2K a viable option?
What range of 𝑄𝐿 can we achieve with the current couplers?
Pushing towards higher 𝑄𝐿 certainly helps with lowering the
required input power but can then the field stability requirements of 0.01% and 0.01deg . in amplitude and phase be
maintained? A series of R&D tests is on-going at DESY to
provide an answer to theses technical questions, essential for
the design and overall cost of the upgrade [2]. Until now, all
CW tests were performed on XM-3, a prototype cryomodule
which is not approved for EuXFEL installation. This module
provided valuable insight on the potential of a CW EuXFEL,
and interesting results regarding the use of large grain SRF
cavities [3]. Testing a series production cryomodule (XM50)
∗
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Figure 1: Unmodified XFEL power coupler (top) and with
the modified iso-vac flange (bottom), shifting outwards the
warm part of the coupler.
By stretching outwards the warm part of the coupler, this
modified flange effectively pulls the coupling antenna further
away from the cavity central axis, hence shifting the 𝑄𝐿
range towards higher values. The stretching of the bellows
puts an upper bound on this modification.

PULSED TESTS AT AMTF
As for the series EuXFEL cryomodules, XM50.1 was first
tested in pulsed mode at the Accelerating Module Test Facility (AMTF). This horizontal cryomodule test is essential:
it validates the assembly work, proves the leak tightness
in warm and cold conditions, checks higher order mode
rejection, static and dynamic heat load and allows to assess the maximum operational gradient, either limited by
power, break down or field emission. The performance of
the reassembled cryomodule is reported in [5]. Further RF
control tests are also performed to evaluate some of the metrics important for CW operation: frequency tuner sensitivity,
THP092
1129

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP092

external coupling range, piezo sensitivity, Lorentz force detuning coefficients and compensation and frequency of the
sub-fundamental modes (8𝜋/9 and 7𝜋/9).
Table 1: Frequency Tuner Sensitivity [-Hz/step]
C1

C2

C3

C4

C5

C6

C7

C8

0.45

0.47

0.48

0.48

0.45

0.47

0.46

0.48

Table 1 lists the tuning coefficients measured over a kHz
range around resonance. The sensitivity matches perfectly
the expected value for standard EuXFEL cryomodules. It
also worth mentioning that very little backlash was observed
(< 50 Hz), as illustrated in Fig. 2.

Figure 2: Frequency tuner scan for cavity 3 of XM50.1.
The 𝑄𝐿 range is measured by running the motorized couplers from negative to positive end-switch. At the first measurement, some couplers did not achieve the expected maximum 𝑄𝐿 . The negative end-switches were then carefully
adjusted to extend the motor excursion. The results are
summarized in Table 2. After end-switch adjustment, all
couplers can reach 𝑄𝐿 ≥ 4 × 107 .

Table 3: Piezos Total Tuning Range [Hz]
C1

C2

C3

C4

C5

C6

C7

C8

987

1055

1077

973

901

902

1046

977

905

1025

953

973

936

932

981

950

test, the module was warmed up and transported to the CryoModule Test Bench (CMTB) for CW operation.

PRELIMINARY TESTS
Investigation of IOT Start up Transients
The inductive output tube (IOT) at CMTB is the second prototype developed in collaboration with CPI for the
1.3 GHz CW tests at DESY. While the IOT has demonstrated
80 kW output power, it is presently limited to 35 kW maximum output power. This lower power is not a limitation since
for the current high 𝑄𝐿 power tests, 2 kW per cavity suffice
to reach the target CW gradient of 18 MV/m. However investigations are on-going to recover the IOT maximum output
power. Another effect is being studied related to transients
appearing on the amplitude and phase of the IOT output signal during ramp up. While these transients are not a problem
for CW operation, they need to be understood (and possibly
mitigated) for long pulse operation (i.e. pulses of 100 msec
and longer with duty ratios up to 60%). Figure 3 illustrates
this phenomenon showing the amplitude transients as a function of the RF duty cycle. A similar behavior is observable
on the phase.

Table 2: Coupler Tuning Range [×106 ]
C1

C2

C3

C4

C5

C6

C7

C8

min

2.2

1.2

1.9

1.0

1.5

1.1

1.4

1.9

max

41

115

45

116

32

99

36

39

max∗

64

104

60

93

46

74

58

51

The piezo-electric fast tuners are also checked for tuning range (1 kHz expected) and polarity (i.e. positive bias
induces a positive detuning). The results for XM50.1 are
summarized in Table 3, for both piezos at each cavity displayed as two rows. The total range corresponds to a ±65 V
DC bias.
Also on the lower side for cavity 1, the measured
piezo tuning range is within the acceptance threshold
(1 kHz ± 100 Hz). After successful completion of the pulsed
THP092
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Figure 3: IOT amplitude transient as a function of duty
cycle.
These effects are most likely related to a thermal effect at
the cathode. Increasing the operation duty cycle minimizes
the amplitude of transients oscillations. A discussion with
the vendor is on-going to understand how to mitigate the
issue.
SRF Technology - Cryomodule
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Demonstration of the IOT Linearizer Module
To linearize the IOT, a pre-distorter block was implemented inside the LLRF main controller firmware. After
characterization, the IOT non linearity can be rectified in
amplitude and phase. The results of IOT linearization are
shown in Fig. 4. A linearity improvement factor of 100 in
amplitude and 50 in phase is obtained. The benefits are a
linear actuator chain, improving the system robustness and
simplifying controls and setup.

Figure 5: Background microphonics measured with piezos
installed on all eight cavities of XM50.1, once installed at
CTMB.

Figure 4: IOT amplitude (top) and phase (bottom) linearized
using the pre-distortion module in the LLRF main controller
firmware.

CW TESTS AT CMTB
The background microphonic spectrum at CMTB was
measured using the piezo sensors mounted on all eight cavities of XM50.1 (see Fig. 5). The dominant frequency is
49 Hz, “well known” at CMTB, coming from vacuum pumps.
Other harmonics of the 49 Hz are also visible. Around
200 Hz, the cavity fundamental mechanical mode is excited
from the background noise.
Figure 6 illustrates the long term behavior of the background microphonics spectrum over 6 hours during day time
for cavity 4 of XM50.1. The frequency content from cavity
to cavity differs, even if some frequencies like the 49 Hz is
visible on all spectra. This is a strong indication that any
noise cancellation technique requires to be adjustable and
customized to individual cavities. The need for automation
and configuration scripts is evident for a CW XFEL.
SRF Technology - Cryomodule
module testing and infrastructure

Figure 6: Long term measurement of the background microphonics spectrum of XM50.1 cavity 4.
For each cavity, a frequency sweep on one piezo was used
to mechanically excite the cavity. The transfer functions of
the piezo sensor identifying the main resonant modes are
shown in Fig. 7. Commonly observed mechanical modes
are consistently found for all cavities around 200, 280 and
390 Hz, in agreement with other published results [2, 6].

OUTLOOK
Technical problems at CMTB delayed the IOT operation
on the module, so that RF related results could not be reported in this contribution. Fortunately, XM50.1 will stay
at CMTB for several months allowing to continue the R&D
effort towards a CW upgrade of the European XFEL. Developing new diagnostics for online 𝑄𝐿 and detuning measurement is of particular interest. Microphonics measurement
and compensation is another very interesting topic. OperTHP092
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Abstract
The LASA vertical test facility is equipped for the cold test
of ESS medium-beta 704.42 MHz cavities, with and without
He tank, and is integrated with several diagnostic tools allowing a careful analysis of cavity performance limitations.
This paper reports the latest tests on ESS cavities - both
prototypes and series - and a discussion on the experimental
results. The recent instrumental upgrades implemented in
the facility - and the ones foreseen for the future in view
of a further improvement of cavity performances - are also
pointed out.

≥ 500 MHz. The connections of the cryostat vacuum system
subcooling pumps can be seen coming out from the cover
and then on the bunker wall. All signal cables are connected
to the top flange of the insert. After the cavity is inserted
inside, the cryostat is pumped down to high vacuum so to
perform a leak check before the helium transfer.

INTRODUCTION
The series production cavities of the medium beta section
of ESS are tested after the tank integration at the DESY
AMTF facility, which allows the validation of two cavities
at a time [1]. The time evolution of the cooldown procedure at AMTF is very similar to the one typically used for
cryomodules. Cavities can be let 12 h at 100 K to test possible Q-disease effects and there is also the possibility of
performing a fast cooldown from 100 K to 4.2 K.
However, some of the series cavities along the production may exhibit an irregular behavior (geometrical defects
on surface, welding imperfections, pitting,...) that would
deserve a careful control before the tank integration. For
instance, if some defect on cavity inner surface is noticed
by the optical inspection, there is the risk of a premature
thermal breakdown mechanism occurring before the ESS
qualification values for Q and accelerating field are reached.
In these cases, a more in-depth vertical cold test procedure
could give useful information about how to recover a possible performance limitation. Aiming to do this, we upgraded
the vertical test facility at INFN-LASA for the test of ESS
704.42 MHz medium beta cavities. In summary, LASA vertical test facility allows to test the ESS cavities at different
temperatures (up to 1.6 K) with dedicated diagnostic tools. A
first description of LASA facility is presented in [2] and [3].
We report here briefly a general description of the facility
and deepen the most recent upgrades and the foreseen
infrastructure modifications that will be undertaken in order
to improve the cavity performances.

THE VERTICAL TEST FACILITY
The LASA vertical cryostat is shown in Fig. 1 on the left.
Its diameter is 0.7 m and can host cavities with frequencies
∗

michele.bertucci@mi.infn.it

Figure 1: Left: upper part the vertical cryostat. Right: top
view of the cryostat internal surface.
Cryogenic operation starts with filling the cryostat with
liquid helium, transferred from 450 liter dewars. In order
to reach a liquid He level 20 cm above the cavity top flange,
2300 liters has to be transferred inside the cryostat. This
grants at least 8 hours of RF measurements at 2 K. The
cooldown rate is approximately 0.5 K min−1 when crossing
the critical temperature 𝑇𝑐 = 9.2 K.
Also visible in Fig. 1 is the mu-metal magnetic shield,
which surrounds the cryostat and reduces the absolute value
of the residual magnetic field to < 8 mG in the cavity region.
The residual magnetic field inside cryostat has been mapped
by means of a triaxial fluxgate magnetometer in the position
corresponding to the cavity. Figure 2 shows the value of
magnetic field magnitude as function of depth, in 4 different
angles at the position of cavity equators.
The cavity is fed by a 650 W UHF power amplifier. The
power is coupled to the cavity by a coaxial antenna (High
Q Antenna) of nominal 𝑄𝐼 = 1010 . We choose to limit the
amplifier output power to 250 W, as a redundant safety margin, being this power more than enough to our test purposes.
To sample the cavity transmitted power, a pick-up antenna
(𝑄𝑒𝑥𝑡 = 3 ⋅ 1011 ) is installed on the cavity beam tube opposite to the main coupler. Transmitted power signal is then
extracted from the cryostat through high screened cryogenic
coaxial cables. The cavity accelerating field 𝐸𝑎𝑐𝑐 and the
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Cavity Diagnostics
The cavity diagnostics setup has been extensively described in [3]. In brief, thermal breakdown events are detected by means of fast thermometry and second sound. Cernox and CCS fast-thermometry sensors are placed in proximity of critical zones. Other thermal sensors (also PT100s and
PT1000s) are placed in the cryostat to monitor its thermal
behavior during cooldown. In addition, a Lakeshore DT-670
silicon diode temperature sensor is employed to follow the
cooling down of the cavities. The Second Sound system for
the 3D mapping of the cavity quenches consist of 20 OST
installed on the frame surrounding the cavity.

Figure 2: Magnetic field magnitude inside the LASA cryostat. 0 point correspond to cryostat bottom. Green dots mark
the position of ESS medium beta cavity equators.
quality factor 𝑄0 are measured by the accurate reading of the
input (𝑃𝑖 ), reflected (𝑃𝑟 ), and transmitted (𝑃𝑡 ) power both in
CW and pulsed mode. The cavity transmitted and reflected
power are demodulated, when in transient mode, so to get
the (loaded) discharge time. This allows the calculation of
the input port coupling factor 𝛽𝑖 , then the evaluation of cavity 𝑄0 at low field, and the determination of the calibration
constant that allows the calculation of 𝐸𝑎𝑐𝑐 from 𝑃𝑡 during
the power rise. Due to its high 𝑄0 and hence very tight
bandwidth (less than 1 Hz), the cavity must be inserted in
a Phase Locked Loop (PLL) to be tested. All the readout
instrumentation is interfaced to a LabVIEW control program
that also allows to set the pulse timings and the calibration
constants for correct signal readouts. The program allows to
acquire data for the different measurement sections (𝑅𝑠 vs. T,
power rises) [4]. A block diagram of the cavity measurement
system is shown in Fig. 3.

Figure 3: Diagram of the RF system used for the ESS cavity
test.

ESS medium beta cavities revealed to be particularly
prone to field emission events. Therefore we intensified our
efforts to have a more wide understanding of the dynamics
of field emission and the subsequent X-ray generation. External radiation dose is continuously measured every second
by means of a proportional counter (Thermo Electron FH
40-G), which can measure doses up to 1 Sv h−1 but has poor
sensitivity for X-ray energies higher than 1.3 MeV. For this
reason a NaI(Tl) scintillator detector (Ortec 905-3) is also
employed, with the purpose of covering the high energy zone
of radiation and to measure the X-ray spectrum. The spectra
are continuously acquired every second and registered by
means of a dedicated VI developed in LabVIEW. In this way
the spectrum end-point (i.e. the electron impact energy) can
be calculated as function of instantaneous accelerating field.
The external dose and spectrum measurement can offer
only a partial reconstruction of what is occurring inside the
cryostat. The radiation generated on cavity surface by means
of electron Bremsstrahlung undergoes a series of interactions and attenuation processes which also depend on the
impact energy (for instance, above 8 MeV nuclear reactions
triggering neutron production can also occur). As an attempt of numerically reconstruct the energy transfer from
an internal source to an external radiation detector, figure 4
shows the calculation performed by means of FLUKA of the
energy deposition of an electron source (10 MeV, 107 electrons per second, corresponding to a 1.6 ⋅ 10−5 J per second)
hitting the cavity beam tube flange. The internal structure
of the cryostat is reconstructed and a detector equivalent
volume (NaI) is placed at its true position outside the cryostat cover. According to these simulations, 2 ⋅ 10−8 J are
adsorbed per second without Pb screening, that would result
in complete detector saturation, and 2 ⋅ 10−11 J per second by
assuming 10 cm of Pb screening. This means that detector
is experiencing the total energy reduced by a factor 106 .
The internal radiation is measured by means of an array of
28 photodiodes (Hamamatsu S6775), uniformly distributed
around the cavity irises and beam tubes. Amplifier boards
are placed nearby the diode so to minimize pick-up noise
from cables. All the electronics is suitable in the cryogenic
context (CMOS based op-amps, metal film capacitors,…).
The signals are extracted from cryostat, collected by a NI
DAQ unit and registered by a labVIEW VI.
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Figure 4: Energy deposition generated by 107 electrons at
10 MeV hitting cavity beam tube flange.
Figure 5 shows a ESS medium beta cavity mounted on
the vertical insert with all diagnostics installed. On the right,
the details of a OST and a photodiode sensor are shown.
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concentric with the existing one that is installed outside the
vessel. Magnetostatic calculations indicate a reduction of
magnetic field to less than the half of current value by employing this double-shield configuration. A complete compensation of remnant longitudinal field component might be
achieved through Helmholtz coils around the cavity. Such
solution is now under study.
From the cooldown rate side, we are currently limited to
0.5 K min−1 A fluxgate sensor is installed on cavity surface
for monitor the flux expulsion at 9.2 K, but no jump at 9.2 K
in the response of fluxgate has been so far observed. From
measures of Cernox sensors installed in correspondence of
cavity top and bottom sides, the thermal gradient at the transition is only 0.5 K m−1 . An increase of both this parameters
is necessary for minimize the flux trapping sensitivity [5].
Aiming to obtain this, the cryostat and the process lines will
be redesigned in order to allow for a short transient of high
mass flow and gas throughput.
Besides improving the cooldown dynamics, we are studying a new configuration for the cryostat pumping elements
and the vacuum chain so to push the power limits for cavity
CW operation at 2 K from the current value of 40 W up to
70 W, and a direct line for cryostat filling at 2 K that will
allow to extend the cavity testing time [6].

VERTICAL TEST OF CAVITY M006

Figure 5: Left: a ESS cavity fully equipped with diagnostics.
Top right: OST sensor (detail). Bottom right: photodiode
sensor at top beam tube flange (detail).

Plan for Future Infrastructure Upgrades
In view of forthcoming LASA-INFN activities for PIP-II,
aiming at reaching higher Q w.r.t ESS, we are planning a
series of infrastructure upgrades, whose purpose is to minimize the trapped flux contribution to the residual resistance.
When working with low frequency cavity, like 650 MHz of
PIP-II low beta section and 704.42 MHz of ESS medium beta
section, the residual resistance term overwhelms the BCS
contribution, already at 2 K. The goal of a Q-improvement
therefore requires a reduction of the residual magnetic field
and an increase of the cooldown rate.
A cylindrical cryoperm shield is under procurement. It
is expected to be placed inside the cryostat and it will be

As an example, we present here the case of cavity M006.
In this instance, some suspect features appeared on the inner
cavity surface after the bulk BCP treatment. Fig. 6 shows
the image acquired with the optical inspection device at
equator 6, angle 260°. Several defects, of mm size, are
clearly visible near the welding. As reported in [7], these
defects are pits with a depth of the order of 0.1 mm, so it has
been impossible to remove them even after several hours of
mechanical grinding.
Given the high risk of poor cavity performance, we decided to test the cavity without tank at LASA vertical test
facility, so to exploit all the available diagnostic tools for
understanding the limiting mechanisms in case of premature
cavity quench.

Vertical Test Results
The cavity surface resistance 𝑅𝑠 (𝑇 ) = 𝑅𝐵𝐶𝑆 (𝑇 ) + 𝑅0 has
been measured during the cooldown. SUPERFIT code [8]
has been employed to separate the 𝑅𝐵𝐶𝑆 (𝑇 ) (BCS resistance) and 𝑅𝑟𝑒𝑠 (residual resistance) contributions. Reduced
band gap 𝑘 Δ𝑇 , electron mean free path l𝑒 and residual resis𝐵 𝑐
tance 𝑅0 were treated as free parameters, while 𝑇𝑐 = 9.25 K,
𝜆𝑙 = 32 nm and 𝜉0 = 39 nm were used as fixed parameters
for critical temperature, London penetration depth and coherence length, respectively. The result of the fit is shown in
Fig. 7. Fitted values for reduced bandgap, electron mean free
path and residual resistance are shown in the insert. Assuming the worst case scenario of complete flux trapping and a
typical value of 𝑆 ≈ 0.25 nΩ mG−1 for sensitivity to trapped
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code [11]. The radiation level is moderate (less than
0.1 mSv h−1 )
• X-ray radiation starts at around 13 MV m−1 and reach
a maximum value of ≈ 2 mSv h−1 at the quench field
of 17.9 MV m−1 , following the typical dependence of
Fowler-Nordheim Law. The dose level at quench field
is very close to the value measured before conditioning.

Figure 6: Image of cavity M006 inner surface after bulk
BCP and heat treatment.
flux of 700 MHz cavities at low field [9], the residual field
of 8 mG contributes with only 2 nΩ to residual resistance.

Figure 8: Plot of 𝑄0 vs 𝐸𝑎𝑐𝑐 and radiation vs 𝐸𝑎𝑐𝑐 for the
first vertical test of cavity M006 (top) and after conditioning
(bottom).
Figure 7: Measured and fitted surface resistance as function
of bath temperature.
The first cavity test at 2 K is reported on the top graph
of Fig. 8. A premature drop of Q value takes place starting
from 7 MV m−1 , accompanied by a sudden rise of radiation.
A maximum value of 23 mSv h−1 has been reached at around
10-11 MV m−1 . At the same field level, the 𝑄0 reaches its
minimum value of 3.8 ⋅ 109 . The trend changes when the
field is increased further. Radiation level decreases and 𝑄0
rises again. Eventually cavity quenches at the maximum
field of 17.9 MV m−1 with a 𝑄0 = 1 ⋅ 1010 and a moderate
radiation level of 2 mSv h−1 .
A conditioning procedure for the cavity has been then
performed, by keeping its field level at 9 MV m−1 for 1 hour,
and then the test has been repeated. The bottom graph of 8
shows the results of the test after conditioning. Now, the Q
vs 𝐸𝑎𝑐𝑐 curve displays a more straightforward behavior, but
the quench field level and Q-value at quench are unchanged.
Now, two separate zones of field emission can be noticed.
• A multipacting barrier appears in the 9-11 MV m−1
interval. Multipacting at the same field level has been
already noticed in the prototype tests [10], in agreement
with the result of simulations performed with FishPACT

Results From Cavity Diagnostics
Figure 9 shows the photodiode readout during the power
rise. During the multipacting barrier crossing, sensors
iris1-0° and iris2-270° produce the highest signals. This
means that main impact point for electrons generated by MP
is on iris 2. Weaker signals detected by other sensors are due
to secondary radiation generated by impact on cryostat walls
through Compton scattering. At higher fields, the stronger
signals come from iris3-270° and iris4-90° sensors. This
means that the origin of X-ray radiation in the two cases (MP
and high field FE) is from different points of cavity inner
surface.
The X-ray spectrum has been continuously acquired during the test with the scintillator detector. Figure 10 shows
the energy end-point evolution as function of time when
crossing the multipacting barrier, compared with the instantaneous value of accelerating field. As for the proportional
counter, radiation starts to be detected at around 9 MV m−1
near the MP barrer. It is worth to notice that end-point energy
nearly doubles its value (from 1 to 2 MeV while crossing
the barrier, with the acc. field slightly increasing from 9 to
11 MV m−1 In the next future, a model for simulating the
impact energy of electron emitted at the suspected location
will be implemented.
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Figure 9: Photodiodes readout during the M006 power rise. The accelerating field versus time is also reported.
value of 1.5 mSv h−1 . Being this intermediate acceptance
test successfully passed, the cavity has been inserted again
inside the production cycle. The final test at DESY’s AMTF
facility for the cavity with tank is foreseen in the following
weeks.
In the mean time, cavity M013 is expected to be tested
at LASA facility in order to check the quality of the heat
treatment of the recently re-qualified furnace at Zanon S.p.A.
and the prototype large grain cavity MB003LG is foreseen
to be tested for the first time by the early September.
Figure 10: Plot of Energy end-point [MeV] and accelerating
field [MV m−1 ] as function of time.
Second sound has been acquired at the breakdown field.
The reconstruction by trilateration algorithm confirmed the
surface region shown in Fig. 6 as the origin of quench. Due
to the limited 10 mm resolution of second sound technique,
it is not possible to distinguish which one of the defects
marked in red is the one triggering the thermal breakdown.
The quench is not likely to be generated by field emission
heating because the signals of photodiodes near the hot spot
(namely the one installed on upper beam tube and iris 1)
are low with respect to the one coming from iris 3 and 4.
However, field emission occurs at the same time of thermal
breakdown generated by the defects in cell 6.

CONCLUSIONS
The INFN-LASA facility for the cold test of ESS mediumbeta cavities is here described. Such infrastructure allows
to test cavities with and without tank, and is equipped with
several diagnostic tools for monitoring field emission and
thermal breakdown events. Cavity M006, which displayed
some surface defect after the BCP treatment, has been tested
in this facility before the tank integration so to check any
possible performance limitation. The cavity actually displayed high levels of field emission and quenched at a field
lower than the average value of series production [4], but
above the specification value of ESS medium beta cavities.
After the conditioning procedure, the level of radiation at
the nominal field of 16.9 MV m−1 reduced to the moderate
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DIRECT MEASUREMENT OF THERMOELECTRIC CURRENTS
DURING COOL DOWN
A. E. Ivanov∗ , A Macpherson, F. Gerigk, CERN, Geneva, Switzerland
Abstract
In recent years there has been much discussion on thermoelectric effects and their role in flux expulsion during
cool down of SRF cavities. Magnetic field is often measured
to asses both flux expulsion as the cavity undergoes superconducting transition, and thermoelectric currents due to
spatial thermal gradients. As a complementary view, in this
paper we show direct measurement of the thermoelectric
current independent from the expulsion measurement of the
magnetic field. In our setup the azimuthally symmetric cavity is vertically installed and the thermal gradient is along
the symmetry axis allowing to describe the cool down behavior of the thermoelectric current using simple coupled
simulations.

the cavity. The support frame together with the flanges and
the vacuum line are all made of stainless steel and are in
Cryostat
A 1). Thus,
a direct electrical contact with the cavity (Figure
exterior
the configuration of the typical experiment is effectively a
Conduct.
bi-metal structure where a thermoelectric current
loop can
wire (Cu)
form through the metal frame (and cryostat) at its multiple
points of contact with the cavity.

a b

Top
flange

Frame

EXPERIMENT
At the vertical testing facilities available at CERN the
cavity is typically supported by a frame made of stainless
steel alloy 316LN which is then mounted to the lid of the
cryostat. Since cooling is applied from the bottom a temperature gradient is established along the vertical axis of
∗

anton.ivanov@cern.ch
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Temperature
sensor
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INTRODUCTION
Typically, during cool down the cavity is exposed to a significant thermal gradient to maximize the amount of expelled
ambient magnetic field. However, in bi-metal structures, the
presence of such a gradient may also become a thermoelectric (TC) source of currents. In turn the induced magnetic
field may be trapped which, depending on the cavity geometry and conditions of cool down, can have an impact on the
residual surface resistance. The significance of this effect
has been previously studied in the context of both horizontal/vertical cavity orientation in the helium tank with major
work found in e.g. [1–3].
In SRF cavity studies performed at CERN we are generally
interested in two cases where TC effects are relevant: cavity
tests where TC currents exist between a Nb cavity and its
surroundings (e.g. the supporting frame) and TC effects
intrinsic to the cavity structure itself, such as in cavities
based on niobium film and copper substrate. In this study we
first report the result from a TC current measurement during
a cold test of a 5-cell 704 MHz niobium elliptical cavity. The
test was performed in one of our vertical cryostats where
TC current was directly measured during the process of
cool down. In the second part of the study we simulate
the experiment where the thermal distribution is coupled
together with the Seebeck effect and the resulting TC current
is obtained as a function of the thermal gradient.
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Figure 1: Scheme of the mounted cavity shown as typically
tested in the vertical cryostat. All non-Nb components are
depicted in color. The ones shown in green could not be
electrically decoupled for the measurement reported in this
study.

Setup
To be able to verify the possibility of a thermoelectric
effect in our vertical setup we choose to directly measure
TC current. It is hence needed to engineer the setup so that
the total current is collected outside of the cryostat where
it can be measured. This is done by electrically decoupling
the cavity from the frame and the vacuum line by using
appropriate isolating spacers. Since the circuit needs to
close, we instead connect conducting wires made of copper
which are attached to the flanges at the two ends of the
cavity (Figure 2). The wires are then led to the top of the
cryostat and are fixed to a feed-through connector so that an
ammeter can be connected outside. We note that while it is
impossible to decouple all the flanges attached at the various
openings of the cavity they do not participate in the closed
loop for the TC current. However, this is not true for the
top and bottom flanges as well as for part of the supporting
frame at the bottom (as shown in Figure 1 the bottom plate
could not be decoupled). Since these elements are at the TC
junctions we need to include them in the analysis. We also
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For our direct measurement this result means that no additional thermoelectric current will be generated by measuring
outside of the cryostat. The Seebeck voltage contributions
generated in the wires in the region between the top of the
cavity and the warm side of the cryostat will cancel since
both wires are made of identical material. In order to accurately represent the temperature distribution in our simulations we try to keep the wires well-aligned along the vertical
axis.
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T

Figure 2: Simplified scheme of the TC current loop considered in the experiment. The segments f , e and d, c represent
the stainless steel components which could not be electrically decoupled. Two of the temperature sensors are attached
to the cavity ends (at the junctions with the flanges) and one
is separately attached to the bottom steel plate itself (point
c). In this way we are able to correlate in real time the
temperature measured at the bi-metal junctions to the TC
current. Three orthogonal magnetic fluxgates allow B-field
measurement to be performed at the middle of the cavity.
note that special care is taken to decouple the heaters used to
evaporate the liquid as the applied dc current can influence
the measurement.
Thermoelectric effects manifest in coupling between heat
and charge transport. In our case they can be accounted
via Seebeck coefficient which is in the order of µV/K and
gives the amount of voltage built-up between the two ends
of a material exposed to a temperature gradient. For the
open circuit case (ammeter disconnected) the thermoelectric
voltage measured at points a, b consists of the contributions
in the separate segments as labeled on Figure 2. Without
loss of generality, by neglecting the temperature dependence
of the Seebeck coefficient, we can write:
Va − Vb =SC ∆T f a + SS ∆Te f + SN ∆Tde
+ SS ∆Tcd + SC ∆Tbc ,

(1)

where the temperature difference ∆T is indexed according
to the junction points shown in Figure 2 and SC , SN , SS are
accordingly the Seebeck coefficients of copper, niobium and
stainless steel. Since the stainless steel flanges are much
shorter relative to the cavity height we will simplify by assuming: T f ≈ Te and Td ≈ Tc . Outside of the cryostat we are
at room temperature hence Ta = Tb . Therefore, the voltage
difference reduces to:
∆V = (Td − Te )(SC − SN ).

(2)
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Figure 3: Thermoelectric current, temperature and temperature difference at the junctions shown as measured during
cool down: Te , Td and Tmid are the temperatures measured
at the top and bottom ends and at the middle of the cavity;
Correspondingly ∆T = Te −Td and ∆T = Td −Tc are defined
along the cavity height and along the stainless steel flange
found at the cavity bottom. The top arrow indicates the
superconducting transition, as obtained from the magnetic
flux-expulsion at the middle of the cavity.

Results
In Figure 3 we report the result for the TC current obtained from the initial cool down. As expected, when the
temperature at both cavity ends is identical the measured
current is close to zero. In the process of cooling temperature gradient starts forming and TC current builds-up. The
maximum strength is found when the temperature difference
along the cavity (Te − Td ) is maximum. After this point
the cavity volume starts thermalizing and the temperature
measured in the middle starts rapidly falling. At t ≈ 155
min the cavity undergoes transition which we also verify
by Meissner flux expulsion (shown in Figure 5). However
in this region the TC current is still somewhat unaffected
and starts decreasing once the top of the cavity thermalizes –
the region where the temperature gradient diminishes. An
interesting feature is the peak observed at the beginning of
the cool down, before the current changes sign, which results
in a hysteresis behavior of the TC current as seen in Figure 4.
We attribute that to the flange attached to the bottom end of
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Figure 4: Measured TC current as function of the temperature difference along the cavity. Region A and B indicate
correspondingly the rise of the TC current and its decay
after maximum gradient is reached in the process of cool
down. The missing points at the time of acquisition are
shown interpolated.
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Figure 5: Magnetic field as measured during cool down.
All three components are obtained near the equator at the
middle cell of the cavity as shown in Figure 2. The top arrow
indicates the superconducting transition, as obtained from
the temperature measurement.

the cavity – as it is made of stainless steel a thermo-couple
is still locally formed. Moreover, the difference in heat diffusivity with respect to Nb and the presence of mechanical
contact mean that in the process of cool down non-negligible
temperature gradient may in fact form. Indeed this can be
confirmed in Figure 3 since the position of the temperature
sensors allowed us to directly measure the gradient across
the bottom flange.
For the magnetic field measurement we have three independently driven coils which allow us to control the field
inside the cryostat: the transverse component of the ambient
field could be reduced to ≈ 50 nT while the vertical was
kept around 5 µT. In this way the magnetic field which is
expelled and the one attributed to the TC effect are mutually
orthogonal and can be observed reliably. To evaluate the

magnetic field, for the vertically oriented TC current we
can apply infinite wire approximation hence the field has
radial dependence and is proportional to the enclosed current: for a magnitude of 300 µA the azimuthally oriented
magnetic field, evaluated at the outside surface of the cavity
equator with a radius of ≈ 0.194 m, is therefore ≈ 0.3 nT.
This means that the magnetic field contribution of the TC
current is negligible which in our case is because the current
is measured outside of the cryostat and is subject to a relatively large resistance. The magnetic field measurement is
reported in Figure 5. Although weak expulsion is expected
for this particular cavity, the superconducting transition is
still well visible from the vertical component. Given the
low amplitude of the measured TC current the fluctuation
of the transverse magnetic components cannot be attributed
to the thermoelectric effect. Finally we note that the signals
from the transverse components exhibit the expulsion too
(the jump seen at t ≈ 155 min) showing that the sensors
were slightly misaligned.

SIMULATION
A simple way to model the thermal part of the problem
is to consider that heat transport is by diffusion only. Time
scale for diffusion allows us to assume that every measurement point corresponds to a stationary temperature gradient
for which a steady-state TC current forms. Since cooling
is applied from the bottom, the azimuthal symmetry of the
problem allows us to simulate the steady TC current in 2D
(Figure 6). In this case the gradient is established in the
vertical direction so that the domains representing the cavity
and the conducting wire are subject to the temperature distribution similarly to the experiment. The additional domains
included at the bottom (Td ), at the middle junction (Te ) and
at the top (room temperature) serve as boundary conditions.
We model them with electrical conductivity: σ → ∞ and
Seebeck coefficient: K = 0, so that they do not influence
the current magnitude. In this way we are able to simulate
the temperature at the junctions as measured in the experiment and, at the same time, obtain the current found in the
closed loop. The material constant data is taken from [4] for
niobium and from [5], [6] for copper. Due to lack of material data the stainless steel domains could not be included
which makes the results valid only for the region where no
temperature gradient exists across the bottom flange.

Results
The above-described simulation allows us to model the
dynamics of the steady TC current as function of the temperature gradient along the cavity height. In Figure 7 we show
the simulated result obtained by varying Te while keeping
Td at 5 K which is similar to the experiment. As the temperature difference decreases the TC current decreases too,
where the simulation is found to describe well the steeper
slope part of region B in Figure 4. However in the range
∆T < 55 K the current predicted by the simulation is significantly less than the experimentally observed for which
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there is additional temperature gradient across the top flange.
Effectively, this would be a source of Seebeck voltage which
is not accounted for in the simulation. In the future experiments it is therefore justified to also measure the gradient
across the top flange.
Finally it is worth noting that having a relatively large
dynamic range for the temperature in our cryostat often can
make it challenging for the convergence. Therefore the simple simulation used is found to be an important advantage.

SUMMARY

Figure 6: Scheme of the 2D simulation used to model the
closed TC loop from the experiment. The temperature distribution is shown for: Td = 10 K, Te = 60 K and room
temperature at the top of the cryostat.

In this paper we show a proof of concept for a direct
measurement of thermoelectric current in the process of
cooling a vertically installed cavity. The experiment shines
light on how the dynamics of cool down across different
materials plays a role in the formation of TC current. The
complementary simulation suggests that steady current and
heat diffusion are in principle sufficient to represent the
problem where in our case confirmation is found for larger
temperature gradients. As measuring and decoupling the
magnetic field attributed solely to the TC current is difficult,
this experiment is found useful as it provides a reliable way
to observe the TC current and, at the same time requires
minimum modification of the setup. The simulation study
provides guidelines for future work related to TC effects in
cavities based on niobium film and copper substrate.
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Abstract
CEA-Saclay has developed and manufactured 11 elliptical cavities for the European Spallation Source (ESS). A
reliable manufacturing and preparation sequence
(bulk buffer chemical polishing, heat treatment, flash
buffer chemical polishing) has been developed. Latest
results on the high beta model are reported and compared
to the one of other cavities that have followed the same
preparation. The five cavities presented here overpass the
target perfor-mance values set by ESS.

INTRODUCTION
The European Spallation Source (ESS) elliptical superconducting Linac consists of two types of 704.42 MHz
cavities, medium and high beta, to accelerate the beam
from 216 MeV up to the final energy at 2 GeV. The
me-dium and high-beta parts of the Linac are composed
of 36 and 84 elliptical cavities, with geometrical beta
values of 0.67 and 0.86 respectively. CEA Saclay is in
charge of the cavity prototypes that is designing,
manufacturing, testing and integrating them into
demonstrator cryomodules. 6 medium beta and 5 high
beta cavities have been manufac-tured. Herein, our latest
results especially on high beta cav-ities are reported.

CAVITIES REQUIREMENTS
In this section, some relevant RF parameters and requirements for medium and high beta elliptical cavity section
will be presented. More details are available elsewhere
[1–5]. Two types of elliptical cavities were developed
in CEA-Saclay, one called medium beta has a
geometrical beta of 0.67 while the second, a high beta has
a geometrical beta of 0.86. Some relevant parameters
concerning cavity design and expected performance are
listed in Table 1.
The two cavity models integrated with the helium tank
are shown in Fig. 1. A mid-section view is used to appreciate the inner geometry.
One of the concern during design was to avoid higher
order modes (HOMs) to be closer than 5 MHz to the main
accelerator harmonics (“machine lines”). Both design
proved to be reliable with respect to this potential issue. In
Fig. 2 are shown a family of TM HOMs close to the
4 th main harmonic for the 5 high beta cavity prototypes.
Ac-cording to the design, an offset of 11 MHz is
expected. The manufacturing process ensures their correct
position on the spectrum. It shall be pointed out that
Fig. 2 presents the cavities spectrum just after welding,
that is no other plastic deformation was applied to the
cavity (tuning) at this stage.
___________________________________________

† enrico.cenni@cea.fr

Figure 1: High beta (top) and medium beta (bottom) mid
cross section.
Table 1: Design Parameters and Expected Performance
Design parameters
Geometrical beta - geom
Nominal gradient Eacc [MV/m]
Q0 at nominal gradient
Cavity dynamic RF heat load
[W]
Epk/Eacc
Bpk/Eacc [mT/(MV/m)]
Epk@nominal Eacc [MV/m]
Bpk@nominal Eacc [mT]
R/Q []
G []
TM HOMs[6]

Medium High
beta
beta
0.67
0.86
16.7
19.9
> 5 x109
4.9

6.5

2.36
2.2
4.79
4.3
39
44
80
85
367
435
241
196.6
>5 MHz from machine line

MANUFACTURING AND PREPARATION
To achieve these results, a careful analysis on half cell
shape was carried out and a shape tolerance of 0.4 mm
(±0.2 mm with respect to ideal shape) was applied on all
the RF surfaces. Finally, in agreement with the manufacturer, a straightforward acceptance criteria for each end
cell and dumbbell was applied. Taking into account that
for the high beta the closest HOMs have the strongest
field in the end cell, a stricter criteria was chosen for the
end group cell in comparison to the central one. The cell
measurements were performed by means of coordinatesmeasuring machine (CMM), 400 contact points were
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and use it to deduce the frequency tuning before tank
integra-tion and final BCP.
Final BCP are of paramount importance in order to obtain cavities with good performance. One of the challenge
encountered with high and medium beta prototypes was
re-lated to the volume of acid needed to treat the cavity
with respect to quantity contained in the acid tank. Both
cavity type can contain about 70 L of acid, and the
chemical reac-tion develop about 2 kW of heat, so
keeping the acid at low temperature during the treatment
could be demanding. A well-designed acid cooling
system and a high-capacity acid tank are mandatory to
obtain reliable etching rate and good quality surface
finishing.
Table 3: -mode frequency sensitivity to BCP
Cavity number
Figure 2: High beta prototypes HOMs spectra close the 4th
machine harmonic (1408.84 MHz black dashed line), S21
[dB] parameter with respect to the frequency shift distance
to the machine line. According to the design, an offset more
than 10 MHz to the closest mode respect to the main harmonic is expected. Requirements impose to have them
at least 5 MHz away (red lines).
inspected on each cell. An end cell was considered
acceptable if more than 90% of the points were within
tolerance, while for central cells this limit was lowered
to 85%. Similar procedures were applied for medium
beta prototypes.
The workflow for high beta is summarized in Table 2.
Table 2: Manufacturing and Preparation Workflow
for High Beta Cavities
Phase
End cell/central cell
forming and measure
(CMM)
Bulk BCP
Heat treatment
Tuning and field flatness
Flash BCP
Vertical test
Tank integration
Flash BCP
Vertical test

Parameters
90%/85% (points within
0.2 mm)
(100+100) µm etching
650 °Cx10 h
>95%
15-20 µm (T<1 5°C)
Q0>5x109@19.9 MV/m
Ar filled cavity
15-20 µm (T<15 °C)
Q0>5x109@19.9 MV/m

Bulk BCP
After cavity electron beam welding and leak checking, a
bulk etching by means of buffer chemical polishing (BCP)
was performed. BCP was applied twice on each cavity and
removed on average 100µm of Niobium. Due to the highly
asymmetrical nature of this chemical polishing the cavity
orientation was flipped at each step. The bulk BCP was
per-formed with a mixture of HF:HNO3:H3PO4 with
volume proportion of 1:1:2.4.
From this first set of BCP, it was possible to establish
the frequency shift induced by material removal (Table 3)

Sensitivity
[kHz/µm]
-3.82
-3.75
-4.43
-4.04
-4.77*
-4.16

HB01
HB02
HB03
HB04
HB05
Average
Simulation with uniform
-3.99
removal
*Acid feeding issue lead to slow down and circulation
stop.
It should be noted that the HB05 sensitivity is an
outlier with respect to the others. The reason could be
linked to an issue occurred on the acid pumping system,
the pump re-duced the acid flow and then stopped for
about 10 minutes leading to an uneven etching profile,
this can justify the extra frequency shift, if HB05 is
excluded from statistics the average sensitivity is
closer to the computed (-4.01 kHz/µm). Similar data
were collected for the six me-dium beta prototypes giving
an average frequency sensitiv-ity about -3 kHz/µm. This
compares to -2.97 kHz/µm sim-ulated assuming uniform
removal.

Heat Treatment
After bulk BCP, high temperature heat treatment (HT)
was performed to remove hydrogen and relax mechanical
stress induced by electron beam welding. Cavities were
kept at 650 °C for 10 hours. The cavity support was
made of In-conel® and high purity alumina for the part in
direct con-tact with the cavity external surface. The first
heat treat-ment was performed with the cavity supported
on all 5 cells and with the support jigs fixed on the oven
frame. This set up proved to be not the optimal one due
the over con-strained configuration. Hence, for the
remaining four cavi-ties we decide to support only 3 cells
and to not fix the sup-port jigs. A summary of the heat
treatment parameters can be found in Table 4 and
in reference [7].
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Heating rate [°C/min]
Dwell temperature [°C]
Dwell time [h]
Max pressure [mbar]
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Value
5x10-7
3
650
10
5x10-5

Figure 3: High beta cavity installed into the IPNO oven
for heat treatment, on the foreground some niobium
sample used for SIMS and RRR analysis.
During heat treatment, the total pressure and the partial
pressures of residual gasses were monitored.
Hydrogen partial pressure drops about two order of
magnitude during heat treatment, Fig. 3 shows a high beta
cavity in the heat treatment oven along with niobium
samples.
After heat treatment, -mode frequency was
measured for each cavity and compared to its previous
value. The re-sults are summarized in Table 5. It
should be noted that HB01 have a different frequency
shift with respect to oth-ers probably due to the different
support set up in the oven.

temperature was below 15°C. This last BCPs were performed
with fresh acid or with a dissolved niobium
concentration below 4 g/L.

VERTICAL TESTS
Two vertical tests are usually planned for each
cavity, one with the cavity without helium tank and a
second after the tank integration. During this second
test, the field probe, which will be used in the
cryomodule, is installed on the cavity to measure its
specific quality factor (Qt). During the first test, a field
probe less coupled to the cavity was used to avoid extra
power losses during the cavity per-formance assessment.
A typical order of magnitude for Q t is 1/100 with
respect to unloaded Q (Q0) for the first test and 1/10 for
the final one.
The vertical cryostat is protected from earth magnetic
field by a µ-metal magnetic shield and 3 set of
solenoid coils, allowing a remnant magnetic field at the
cavity equa-tors less than 1 µT.
The cooldown rate from room temperature to 4.2 K is
about 4 K/min to minimize the effect of hydride
formation on cavity quality factor. RF measurements
were performed by means of phase locked loop (PLL)
and the power rise measurements performed at 2 K.
In Fig. 4 are shown the latest results concerning the
high beta cavities integrated in the helium tank, the measured performance are above ESS requirements, Q0>5x109
with an accelerating field of 19.9 MV/m.
Cavity HB02T was affected by strong field
emission, nevertheless the Q0 below 18MV/m was about
the same as the other 2 cavities and we started to observe
a significant Q0 slope between 18 MV/m and 23 MV/m. A
more detailed analysis concerning field emission will be
presented in the following reference [8].
11

10

HB02T
HB04T
HB05T
ESS spec.

Flash BCP
After heat treatment and tank welding, two small BCPs
were performed and followed by a test in the vertical cryostat. For these, a different mixture of acid was used:
1:1:2 (HF:HNO3:H3PO4) and kept around 5 °C before
starting the chemical polishing. During the chemical
etching, it was maintained between 5-6 °C, while the outlet

Q

Cavity number
-mode shift [kHz]
HB01*
-162
HB02
123
HB03
145
HB04
118
HB05
143
*Oven supports set up were different with respect to the
others HT.

0

Table 5: -mode Frequency Shift After Heat Treatment
10

10

9

10

0

2

4

6

8

10 12 14 16 18 20 22 24
E [MV/m]
acc

Figure 4: Q0 with respect to accelerating gradient for the
first 3 high beta prototypes integrated in the helium tank.
The cavities were cooled down from 4.2 K to 1.6 K by
reducing the cryostat pressure down to about 8 mbar. During this phase it was possible to obtain the cavity surface
resistance by means of decay time measurements, while
starting form an the accelerating field at about 1 MV/m.
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1/T [1/K]

0.6

0.7

Figure 5: Surface resistance at 1MV/m for high and medium beta prototypes.
In Fig. 5 are shown the results from the first 3 high beta
prototypes (HB02T, HB03T, HB05T) along with the first 2
medium beta prototypes (MP01T, MP02T). Such comparison are necessary since the two set of cavities had the same
kind of surface treatment. Data were fitted with equation
(1) in order to extrapolate niobium gap energy and residual
resistance, results are summarized in Table 6.
∆
𝐴
𝑅 = ×𝑒 +𝑅
(1)
𝑇
Table 6: Surface Resistance Fitting Parameters
Cavity number

R0 [nΩ]

MP01T
MP02T
HB02T
HB04T
HB05T

9.2
8.9
7.0
7.4
6.7

Gap (Δ·kb)
[meV]
1.70
1.71
1.66
1.68
1.65

Finally, in Fig. 6 are shown the Q0 measurements with
respect to the peak magnetic field for each type of cavity.
11

10

0
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MP02T
HB02T
HB04T
HB05T

10

10

9

10

0

20

40

B

pk

60
[mT]

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP096

1000

Q

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

80

100

Figure 6: Q0 with respect to surface peak magnetic field
Bpk[mT].

SUMMARY
CEA-Saclay developed and manufactured 11 elliptical
cavities for ESS. One of our main goal was to find a reliable manufacturing and preparation sequence to meet the

cavity performance target set by ESS. It consists of bulk
buffered chemical polishing, heat treatment and flash buffered chemical polishing. Here, latest results concerning the
high beta model were presented. These results were compared to the ones of other cavities that have followed the
same preparation. Table 7 shows the unloaded Q at low
field (1 MV/m), the Q0 at nominal field (ESS requirements), the maximum accelerating field achieved along
with the origin of the limit (Power limited, administrative
limit or quench) and finally the Q0 at the maximum accelerating field. Administrative limit was imposed in order to
limit the possibility of damage due field emitter bursts.
The five cavities presented here overpass the ESS requirements.
Table 7: Vertical Cryostat Tests Summary
Cavity
number

Q0/1010

Q0/1010

Max Eacc

Q0/1010

[1MV/m]

[nom.Eacc]

[MV/m]

Max Eacc

MP01T

1.7

1.2

MP02T

1.7

1.2

HB02T

2.5

1.6

HB04T

2.5

1.9

HB05T

2.57

1.9

17.7
(Admin)

21.5
(Power)

22.7
(Power)

21.4
(Quench)

24.6
(Power)

1.12
0.84
1.03
1.8
1.2
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FIELD EMISSION STUDIES ON ESS ELLIPTICAL PROTOTYPE CAVITIES AT CEA SACLAY
Enrico Cenni†, Matthieu Baudrier, Guillaume Devanz, Luc Maurice, Olivier Piquet, Dominique
Roudier, CEA Université Paris-Saclay, Gif-sur-Yvette, France.
Abstract
For the development of efficient superconducting cavities, field emission is an important parasitic phenomena to
monitor. A diagnostic system composed of Geiger-Mueller
(G-M) probes, NaI(Tl) scintillators and PIN diodes has
been installed on vertical and cryomodule test stand. Collected data is analysed and confronted to particle tracking
simulation. Such systematic analysis allows the identification of the most probable location origin of the field emission.

INTRODUCTION
CEA Saclay is in charge of the superconducting elliptical
cavity prototypes for the European Spallation Source
(ESS). This involves the design, the manufacturing, the
testing and the integration of the cavity into demonstrator
cryomodules. A set of 6 medium beta and 5 high beta cavities have been manufactured. As part of these activities,
we are interested in field emission issue as one of the limiting factors for cavity performances. Data on cavities operated in vertical cryostat and inside cryomodules are currently being collected, analysed by means of particle tracking simulation and compared to radiation dose monitoring
and scintillators. Herein, our latest results on vertical tests
and medium beta cryomodule demonstrator tests (MECCTD) are reported.

Table 1: Design Parameters and Performance Requirements
Design parameters
Geometrical beta - geom
Nominal gradient Eacc
[MV/m]
Q0 at nominal gradient
Epk/Eacc
Bpk/Eacc [mT/(MV/m)]
Epk@nominal Eacc [MV/m]
Bpk@nominal Eacc [mT]

Medium
beta
0.67

High
beta
0.86

16.7

19.9

> 5 x109
2.36
2.2
4.79
4.3
39
44
80
85

Where A and B are constant, φ is the material work function, Esurf is the electric field on the surface and  is the
geometrical enhancing factor due to surface asperity.

DESCRIPTION OF THE CAVITIES
In this section, some relevant RF parameters and requirements for medium and high beta elliptical cavity section
will be presented. More details are available elsewhere [13]. Two types of elliptical cavities were developed in CEASaclay. One called medium beta has a geometrical beta of
0.67 while the second has a geometrical beta of 0.86 and is
called high beta. Some relevant parameters concerning
cavity design and expected performance are listed in Table 1.
The two cavity models integrated with the helium tank
are shown in Fig. 1. A mid-section view is used to appreciate the inner geometry
The two most relevant quantities concerning field emission are the ratio Epk/Eacc and the accelerating field required
during operation. This is due to the strong dependence of
field emission current and surface electric field as demonstrated by Fowler and Nordheim [4] with equation (1).
𝐽=

(

)

.

𝑒

[

]

(1)

Figure 1: High beta (top) and medium beta (bottom) mid
cross section.

X-RAY DIAGNOSTIC SYSTEM
CEA Saclay is in charge of the assembly of all ESS elliptical cavities cryomodule and to assess the performance
of two prototypes MECCTD, the high beta cryomodule demonstrator (HECCTD) and six from series (three from
each model). In the last years we are steadily increasing the
diagnostic during our tests in the vertical cryostat and more
recently in the cryomodule test stand. Three types of devices are used: Geiger-Mueller (G-M) probes, NaI(Tl)
scintillators and PIN diodes.

Vertical Cryostat

Cavities - Fabrication

In the vertical cryostat, data are collected during cavity
test through the three types of devices: a G-M probe and
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NaI(Tl) scintillators are installed on the test stand top plate
and a set of PIN diodes cover the cavity beam pipes, as
shown in Figs. 2 and 3. Two sets of 16 PIN diodes were
installed on the beam pipe flange at the cavity ends. The
model and acquisition electronics can be found elsewhere
[5–7].

Radiation dose monitor placed under the powered cavity

Figure 4: Medium beta cryomodule prototype (MECCTD)
cavity are numbered from right to left (CAV1-CAV4),
NaI(Tl) scintillator (red box) and a dose rate G-M detector
(yellow box).

Figure 2: High beta cavity installed in vertical test stand.

Figure 5: NaI(Tl) scintillator set up during cryomodule test,
shielding and collimator aperture are shown respectively
on the bottom-left and top-right corner of the figure.

DATA ANALYSIS AND SIMULATION

Figure 3: PIN diodes installed on the beam pipe flange coupler side (left) and tuner side (right).

Cryomodule
In the cryomodule, data are collected via a G-M probe
and NaI(Tl) scintillators.
The limited number of detectors, whose location can be
seen in Fig. 4, were used during the first cryomodule test.
A NaI(Tl) scintillator was located just below the beam axis
on one side of the cryomodule (red square in Fig. 4) and
one G-M detector was positioned below the powered cavity at the beginning of each test (only one cavity was operated at the time).
Figure 5 presents the scintillator set up: a lead shielding
was built around it in order to limit pile up events during
operation and a 3mm aperture (top right corner in Fig. 5)
was used as collimator.

In this section two case studies will be presented: one
concerning a high beta vertical test and another concerning
a medium beta test in the MECCTD. The analysis is performed by means of particle tracking code [8], electrons
are followed from the emitter (typically on the cavity iris)
to the landing point. A set of 50 emitters, 1 mm distant from
one another, are placed on each iris. The RF phase is
scanned with 1° step.
The electron energy at the impact, their impact angle and
position are recorded along with the RF phase and the departure point. The data are then post-processed by a set of
Gnuplot scripts.

Vertical test
Figure 6 presents the results obtained from the cavity test
in the vertical cryostat. It can be noted that despite the high
radiation dose rate, the cavity quality factor starts to have
a sensible slope above 18 MV/m, while field emission already started around 11 MV/m.
The data collected by the scintillator while the cavity
was kept at 13 MV/m in the -mode is shown in Fig. 7.
This value was chosen in order to reduce the detector pileup and dead time. It can been seen that the end point energy

THP097

Cavities - Fabrication

1148

cavity test diagnostics

11

0

6

10

5

10

4

2

1000

10

BOTTOM FLANGE

Dose rate: 24 mSv/h

100

1.5

µSv/h

Q

10

TOP FLANGE

HB02T Final
ESS spec.

10

JACoW Publishing

doi:10.18429/JACoW-SRF2019-THP097

10

PIN voltgage [V]

10

SRF2019, Dresden, Germany

1

0.5

Figure 6: HB02T Q0 with respect to the accelerating field
along with radiation dose measurements performed with
G-M detector.
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Figure 7: Data collected with the scintillator detector during the cavity power rise, the electric field was kept at
13 MV/m in the -mode.
of the bremsstrahlung spectrum is approximately between
8 and 9 MeV.
The data collected by the PIN diodes are shown in Fig. 8.
These were recorded when the detected dose rate was about
24 mSv/h and electric field in the cavity about 19 MV/m.
The red columns represent the signal from the PIN diodes on the cavity top flange while the black columns are
the signal from the bottom flange. It should be pointed out
that a peak appears on the meridian corresponding to the
PIN number 5 (both top and bottom), this PIN is located on
the main coupler port meridian.
All these collected information by the different detectors
are then used as input to evaluate the simulation results.
Figure 9 shows the impact location for a set of emitters located on the 4th iris, Z axis represent electron energy impact
and colours are proportion to the amount of current of each
trajectory (green corresponds to low current and red to
high).

Figure 9: High beta cavity particle tracking, emitters are
located on the 4th iris (from left), Eacc=13MV/m, trajectories are calculated at each 1° phase step. X-Y axis are used
for cavity geometry and impact location, Z axis is used for
impact energy and colours from green to red are used in
proportion with the electron current computed by Eq. (1)
(green=low current, red=high current).

Figure 10: Energy spectra from particle tracking on high
beta cavity with emitters located on 4th iris and accelerating
field of 13 MV/m, red and green bins represent trajectories
that end on the cavity beam pipes while blue bins represent
impact location inside the cavity. Binning is done every
100 keV and the counting is proportional to Eq. (1).
The particle tracking simulation (Fig. 10) showed that
emitters located on the 4th iris can emit electrons to both
beampipe flanges (top and bottom). Approximately 90% of
the emitted electrons remain inside the cavity and impact
the surface with energy around 1-2 MeV. Only 10% of the

Cavities - Fabrication

THP097

cavity test diagnostics

1149

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

emitted electrons escape (8.5% from one side and 1.5%
from the other) with impact energy up to 9 MeV.
The comparison of the test data and simulation allows an
estimation of the location of the emitters. This latter is
around the 4th iris on the main coupler meridian. To obtain
a more precise location, it will be necessary to improve our
detection capability, especially to capture the radiation produced by the impact of the electrons trapped inside the cavity.

Cryomodule
In this section, the data from a medium beta cavity
(CAV3) tested in the cryomodule prototype (MECCTD)
will be discussed. In Fig. 11 is shown the cavity accelerating field (purple line) along with the radiation dose rate
(brown line). The cavity accelerating field was maintained
at 16.7 MV/m with the nominal RF pulse length (3.6 ms)
and repetition rate (14 Hz), during this phase the radiation
dose oscillate between 2 mSv/h and 3 mSv/h.
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of about 6 MeV, with a peak about 5 MeV, while the electrons coming from the 4th iris have a maximum energy
about 7.5 MeV with a peak around 6.5 MeV.
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Figure 12: Data collected with the scintillator detector during the CAV3 operation, the electric field was kept at
16.7 MV/m with an RF pulse of 3.6 ms length and 14 Hz
repetition rate.

SUMMARY AND OUTLOOK

Figure 11: CAV3 during MECCTD, accelerating field
(purple), radiation dose rate (brown) with respect to time.
The radiation dose rate detected for each cavity at
16.7 MV/m with the nominal RF pulse is given in Table 2.
Each cavity has a radiation dose of some mSv/h, which is
higher to the same measure performed during the test in the
vertical cryostat. The origin of this deterioration is under
investigation.

CEA Saclay is continuously improving the detection capability for both vertical and cryomodule test stand. X-ray
data collected during cavity vertical cryostat and cryomodule test were presented and analysed by means of particle
tracking simulation. A systematic analysis was carried out
allowing to identify the most probable location for the
origin of the field emission.
In the future, more detectors will be added to gain a more
detailed view of the radiation distribution around the cavities and hence a more precise location of field emission
sources.

Table 2: Radiation Dose Rate at Nominal RF Pulse and Accelerating Field
Cavity number
Dose rate [mSv/h]
CAV 1
~7
CAV 2
~5
CAV 3
2-3
CAV 4
~3
The data collected with the scintillator positioned at one
end of the cryomodule (see Figs. 4 and 5) are shown on
Fig. 12. The end point energy of the bremsstrahlung spectrum is about 6 MeV.
The same procedure as the one used in the previous section was implemented to interpret the cryomodule test data.
The impact locations are shown in Fig. 13. They correspond to emitters located on the 2nd and 4th iris (from left)
in a medium beta cavity.
Both emitter locations appear compatible with the
bremsstrahlung detected with the scintillator. Figure 14
presents the energy spectra computed from both locations.
Electrons coming from the 2nd iris have a maximum energy

Figure 13: Medium beta cavity particle tracking, emitters
are located on the 2nd iris (top) and 4th iris (bottom),
Eacc=17MV/m, trajectories are calculated at each 1° phase
step. X-Y axis are used for cavity geometry and impact location, Z axis is used for impact energy and colours from
green to red are used in proportion with the electron current
computed by Eq. (1).
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Figure 14: Histogram for impact energy computed for electron trajectories generated from the 2nd iris (top) and 4th iris
(bottom). Binning is done every 100 keV the counting is
proportional to Eq. (1), red and green bins represent trajectories that end on the cavity beam pipes while blue bins
represent impact location inside the cavity.
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THE ESS DATABASE FOR ELLIPTICAL CAVITIES
P. Pierini†, C. G. Maiano, European Spallation Source ERIC, 22484 Lund, Sweden
Muyuan Wang, IHEP, 100049 Beijing, P. R. China
A. Bosotti, D. Sertore, INFN/LASA, 20090 Segrate, Italy
E. Cenni, CEA-IRFU, 91192 Gif-sur-Yvette, France
Abstract
The large in kind scope of the elliptical superconducting
RF linac of the ESS implies the handling of the handover
conditions between the cavities fabrication and testing
phases performed at INFN and STFC, to the assembly of
cryomodules at CEA, and later to ESS in Lund. The performance qualification at the module test stand, and later
the commissioning and operation phases, require the availability of the cavity performance and frequency data under
all environmental conditions during preparation (e.g. temperature, vacuum in beam line/He vessel/vacuum vessel,
tuner state). Availability of the data needs to be guaranteed
for the long term maintainability of the accelerator. For
these reasons a cavity database has been set up at ESS, integrating the data contained in the handover documentation
from the in kind partners and extending it during the activities at ESS after receiving the modules. The database was
used to analyse the preparation steps of the prototype demonstrator cryomodule for the tests at ESS, by benchmarking with the data collected during the tests at CEA, and is
currently used during the series cavities handover phases.

Data transfer During Cavity/module Lifecycle
The main phases of the cavity and module lifecycle are
resumed in Table 1, with the list of data required to provide
for storage in the ESS Cavity DB.
Table 1: Data Required for the DB at Handover Phases
Phase
Cavity fabrication
Outgoing from cavity
partners to CEA

MOTIVATION FOR A DATABASE
Cavities for the ESS superconducting accelerator are
provided by the project in kind partners. Cavities for the
medium beta elliptical section are procured by
INFN/LASA and those for the high beta section by
STFC/Daresbury. Both partners rely on experienced industrial vendors for the fabrication and treatment processes.
The medium beta series cavity production is well advanced
[1, 2], and the high beta series is in its starting phase [3].
Cryomodule assembly is performed at CEA Saclay, which
receives the RF resonators from the cavity in kind contributors after the successful qualification in near-critical RF
coupling conditions in a vertical cryostat at 2 K.
ESS is responsible for the cavity acceptance according
to the project specifications, after fabrication and testing,
to supervise the handover conditions between partners, and
to authorize the cavities for the installation into the module
string. Conditions have been agreed between ESS, the cavity producers and CEA, documenting the mechanical interfaces and describing the shipment configurations and vacuum requirements during handover, and any discrepancy is
addressed with Non Conformity Reports. (NCRs), discussed and resolved on a case-by-case base. In addition to
the mechanical interfaces, the cavity frequency is controlled at several points in the lifecycle, and the measured
data transferred to ESS, to be stored in the database.
___________________________________________
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Incoming inspection at
CEA

Module assembly
Module outgoing inspection from CEA
Module incoming inspection at ESS

Data
 Reference cavity bandwidth at warm, in free
conditions, in air
 Field flatness profile
 Warm HOM spectra
 Cold bandwidth
 Cold HOM spectra during vertical test
 Q vs Eacc curve from
vertical test
 Cavity bandwidth before
shipment to CEA, in vacuum and with tuner fixing clamps
 Calibrated transmission
of  mode
 Cavity bandwidth at reception
 Calibrated transmission
of  mode
 Cavity bandwidth with
tuner and coupler installed, in vacuum, warm
 Cavity bandwidth at reception

Handover Frequency Related Criteria
Data produced in the first phase is used for the acceptance of the cavity before its installation in a module at
CEA, in addition to the interface verification. In particular,
the following conditions should be satisfied:
 the cavity  mode frequency needs to fulfil the agreed
range at warm in free condition, in air, to guarantee the
achievement of the correct minimal mechanical preload on the tuner and to avoid occurrence of plastic
deformations during tuning,
 the performances shown by the Q vs E curve needs to
exceed the gradient and Q requirements of the ESS design,
Cavities - Fabrication
quality assurance
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 any dangerous trapped monopolar HOM mode lies at
distances in excess of 5 MHz from integers of the
beam frequency,
 the field flatness exceeds the agreed specifications.
As the cavity transport fixtures may induce an elastic frequency offset with respect to its natural frequency, the control performed during the transport from the in kind to CEA
for assembly in the module is limited to verify that:
 the frequency of the operating  mode does not deviate
more than an agreed maximal deviation between the
outgoing and incoming inspections,
 the mean spectral error (mse) [4] between the outgoing
and incoming inspection does not exceed the agreed
specification,
 the calibrated transmission is within a nominal agreed
range, indicating no detachment of the high Q antennas during transport.
The frequency and mean spectral error deviation controls are applied also to the verification of the cryomodule
transports. Whenever a cavity (or module) fails to meet the
agreed handover conditions, NCRs are raised, in order to
proceed with the work or identify proper compensating actions (e.g. reprocess with HPR a cavity in case of strong
field emission limitations).

Measurements at ESS
Once the module reaches ESS, all measurements of the
cavity properties during the preparation stages for module
testing (starting with the incoming reception) are performed with automated tools that directly store the data in
the database. These measurements include bandwidth
checks under different environmental conditions (as cavity
temperature and pressure in the isolation vacuum or helium
vessel circuit), fundamental mode tracking under transient
condition (e.g. pumping or cooldown/warmup) and control
of tuner/piezo functionality for subsystem verification. A
set of applications allows to perform checks of the cavity
behaviour with respect to the expected effect due to the
change in the environmental condition (e.g. pressure sensitivity, temperature effects, tuning sensitivity).

ESS CAVITY DATABASE
The database is built on the Measurement&Calibration
Database (M&CDB) offered by the ESS Integrated Control
System services. The M&CDB is an owncloud service
meant to store and index binary datafiles in the Hierarchical Data Format (HDF) [5]. The choice of this format
allows the use of metadata tags to perform data aggregation. In particular, this allows the mandatory tagging of the
measurement data to the ESS Enterprise Asset Management tool tracking the inventory of accelerator components
installed in the linac. Helper applications allow to perform
the transfer of the data received from the IK during the cavity and module handover stages in Table 1. The data is
transferred into a staging area, then converted to HDF files.
The database applications, including most of the VNA
based measurement tools, are available as a set of Python
scripts publicly available on the ESS Gitlab [6].
Cavities - Fabrication
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Structure of the Database
The data flow and organization are graphically represented in Figure 1.

Figure 1: ESS Database data flow and structure.

Workflow for the Series Cavities
The lifecycle of the series cavities in the ESS Cavity Database starts when cavities are ready to be delivered for
module installation, after the vertical testing and preparation for shipment, and is currently tracking the medium
beta cavity production. Provisions for starting to track the
high beta structures are in place and the activity will start
with the delivery of the first series cavities.
At the cavity handover the institution responsible of the
cavity delivery makes available, from their quality management system, the datasets listed in Table 1. ESS transfers the data, normalizes them as HDF datasets in the DB
and perform the verification of the cavity handover (according to the procedure described above). Currently, the
data handover is performed using the Alfresco system set
up by INFN for the medium beta cavity production followup [1]. A similar mechanism will be available with STFC
for the high beta cavities.
As the cavity reaches CEA, the data for the incoming
inspection is again transferred to ESS and stored into the
DB, using the same mechanism, and the handover conditions verified.
Cavity data according to the list in Table 1 will also be
available in the documentation set provided at the module
handover from CEA, and will be transferred to the DB and
verified.
As soon as the module is received at ESS all data taken
with the automatic measurement tools is immediately
stored in the M&CDB in HDF native format, and is instantly available for the verification activities.
The component for the prototype medium beta cryomodule (M-ECCTD) did not follow the workflow foreseen for
the series production and, as part of the DB deployment
process, were made available by INFN and CEA and were
used to populate, with an ad-hoc procedure, the cavity database, in order to have it available for the TS2 commissioning phase with this module.

DATABASE APPLICATIONS
A number of applications and modules have been developed to browse, compare and assess the data in the DB or
to populate it directly at ESS with further measurement activities. All measurement data is incapsulated in a hierarchy of classes, for reusability across applications.
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All the applications are developed as Python scripts and
are platform-independent, and are available on Gitlab at
ESS [6].
Table 2 describes briefly the available applications in the
DB framework, with a brief description of their scope.
Table 2: ESS Application Framework Components
Component
CavityReception

ModuleReception

BWExplorer

VTExplorer

bwClasses

PyMeasure

PyMeasureHOM

PyTrack

VNAClasses
THP099
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Scope
Transfers to the DB the cavity data downloaded from the
cavity in kind quality management system. Performs
checks of the completeness
of the incoming data package. Data is transformed to
HDF files and stored in the
DB.
Transfers the Cavity data provided from CEA with the
module handover documentation. Data is transformed to
HDF files and stored in the
DB.
Allows to browse, compare
and analyse the cavity data
available from the HDF files
contained in the Measurement DB. Generate historical
plots (e.g. frequency of 
mode along lifecycle).
Browses and analyses the
vertical performance data
available from the HDF contained in the Measurement
DB, either one by one or in
summary plots.
Measurement data encapsulation in object classes and
serialization to and from
files.
VNA measurement of cavity
transmission properties (S21)
in the fundamental bandwidth, with mode identification and analysis. Stores
HDF files into the Measurement DB.
VNA measurement of cavity
transmission properties (S21)
to detect HOM modes close
to the integer beam lines.
VNA tracking of the cavity
fundamental mode under
changing environmental conditions (e.g. temperature,
pressure).
VNA management classes.
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DATABASE IMPLEMENTATION STATUS
Series Cavities Frequency Analysis
As of writing, the first four medium beta series cavities
have been handed over from INFN to CEA and are presently integrates into the first cryomodule, which will be delivered to ESS in fall 2019 after testing at CEA.
Figure 2 shows the BWExplorer application view of the
available measurements of cavity M001. When one of the
available measurements is selected from the listbox, the
measured spectrum is shown in the bottom part of the application window, along with the metadata providing information on the measurement conditions.

Figure 2: Explorer application to browse data for the first
medium beta cavity of the series production.
The explorer application allows the access, whenever
available, to extended datasets related to measurement of
field flatness along the cavity after fabrication, transmission of all bandwidth modes and HOM spectra, and allows
to show trends across the measurement present in the DB
for the cavity, as shown in Figs. 3-5.

Figure 3: HOM spectrum at cold for M001, showing no
mode within 5 MHz of the 5th beam harmonic.
Cavities - Fabrication
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Figure 4: Field flatness of M001 after fabrication.
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Figure 6: MSE with reference the spectrum at cold in VT.

M-ECCTD Prototype Data

Figure 6 shows the mse value for all available measurements, taking the reference spectrum at cold. Measurement
#1 is taken before the final BCP (when field flatness is
measured), #2 is the reference warm spectrum, #3 is the
spectrum during VT and #4 and #5 are the outgoing and
incoming measurement between INFN and CEA, respectively. Compliance to handover condition is satisfied.

String assembly, tuner assembly and string leak checks

2K
Cold test of module

INFN/CEA

Fabrication

4K

CEA/ESS

Figure 5: Calibrated transmission of M001 (outgoing
measurement from INFN to CEA).

The cavities assembled in the M-ECCTD prototype were
provided by CEA and INFN as part of the development effort for the ESS components and did not follow the tracking procedures established for the series components.
However, during the module preparation, a large amount
of measurements were taken at INFN and CEA to supervise
the string preparation and the module assembly procedures. This data has been made available from INFN and
CEA for transfer into the ESS cavity database, so that the
preparation and testing experience of this module can serve
as an important benchmark during the testing phase at ESS,
for the commissioning of the Test Stand 2 and the supervision of the testing procedures.
Figure 7 shows the fundamental mode frequency data for
the LASA MB001 prototype which is installed in the MECCTD. It starts from the measurements at the end of the
cavity production to the string assembly phases (with installation of the tuner components, vacuum pumpdown and
venting in the cavity string and in the module isolation vacuum) and ending with the cold test operations, the incoming reception at ESS and the handling at the Test Stand 2
during isolation vacuum tests. Key phases are highlighted
to explain the main observed variations in the cavity frequency during the module preparation and handling.

ESS activities

Figure 7: Frequency evolution of MB001 during cavity handover, module installation, test at CEA and handling at ESS.
Cavities - Fabrication
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The analysis of the behaviour of the four cavities in the
M-ECCTD module allows to derive the expected sensitivity of the cavity frequency with respect to the change in the
environmental conditions during module preparation and
handling. The main outcome of this analysis is presented
in Table 3 and will be used during the ESS operations.
Table 3: Expected Frequency Variations for Environmental Conditions Changes during Module Handling
Condition
String:VAC, VV/Tank: PA, RT to 4.2 K
String:VAC, VV/Tank: PA, RT to 2 K
4.2 K to 2 K (1 bar to 30 mbar)
String from PA to VAC (VV/Tank PA)
VV from PA to VAC (String VAC, Tank PA)

Value
[kHz]
117218
109514
-767
18411
9918

Series Cavities Qualification Data
The cavity qualification data during the vertical tests performed by the in kind partners is transferred and stored in
the cavity DB during the handover for the installation in
the module. Figure 8 shows the. VTExplorer application
used for displaying the available measurements in the DB.
The transferred data contains also important calibration
constants determined during the cold test in near critical
RF coupling conditions (the Qext of the transmitted antenna
and the antenna calibration coefficient).

Figure 9: Bandwidth analysis of the fundamental mode, for
loaded Q measurement.

CONCLUSION
A database has been set up for the assessment of the ESS
elliptical cavities handover conditions between partners
and will be an important asset for the testing, commissioning and operation of the ESS linac. A variety of browsing,
comparison and assessment tools have been built to help
during the module lifecycle phases and to monitor the component behaviour with respect to expectations during the
preparation for the testing processes at ESS. The database
is in place and is currently being populated with the series
cavity production data. The large amount of data available
from the prototype medium beta elliptical cryomodule,
gathered during the INFN and CEA testing, has been fed to
the database in order to assist in the testing operation that
soon will start at the ESS Test Stand 2 in Lund. The database fulfils the ESS requirement to safely store important
data on the accelerator component, that will be needed for
fault finding, maintenance and operation of the facility.
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INSIGHT INTO DESY’S TEST LABORATORY FOR NIOBIUM RAW
MATERIAL AND SEMI-FINISHED PRODUCTS
J. Iversen*, A. Brinkmann, A. Ermakov, A. Muhs, J. Ziegler, DESY, Hamburg, Germany
Abstract
DESY has started setting up a test laboratory for niobium
more than 20 years ago. The initial application was to assure required surface quality of niobium sheets before its
forming to half cells for the 1.3GHz SRF TESLA shape
cavities. As a first test equipment DESY developed a basic
eddy current test device which was refined continuously.
Since that time the laboratory grew with the requirements
on R&D activities for niobium raw material and its semifinished products.
To be able to assure the quality of niobium products needed
for the European XFEL series cavity production, the lab’s
infrastructure was updated significantly. Now the capabilities of the test laboratory cover the investigation of the
fundamental physical properties of various materials including for example mechanical properties, surface, microstructure and chemical composition analysis.
The Quality Assurance for the European XFEL was performed successfully on an outstanding level and in the
meantime the laboratory was used for several other projects like LCLS-II and ESS.
We present DESYs test infrastructure as well as applied
methods for the Quality Assurance and R&D activities and
we report about experiences.

INTRODUCTION OF THE EXISTING
TEST INFRASTRUCTURE
The test laboratory was created to provide the ability to
qualify the material in scope of European XFEL and other
projects. The qualification implies itself the destructive and
non-destructive investigation of fundamental physical
properties of various materials not only for SRF application but also for related material structures including joining seams.

Eddy Current Testing at DESY
For a detection of surface imperfections and defects in
the niobium sheets like foreign material inclusions,
scratches, pits, etc. we are operating two industrial eddy
current scanning devices.
The method was initially developed for SRF applications
by DESY together with the Bundesanstalt fuer Materialforschung (BAM) and the industry in the early 2000 [1]. A
lab device was used successfully to assure the quality of
niobium sheets for cavities which are operated in DESYs
FLASH accelerator until today. To be able to fulfil the requirements on the large series production of niobium sheets
for the European XFEL, two industrial fabricated machines
(Fig. 1) have been ordered and operated successfully.
For the European XFEL more than 15,500 sheets were
inspected.
___________________________________________
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Figure 1: Eddy current scanning devices. Turn table and
eddy current sensor in a safety chamber on the left, control
equipment on the right.

Purity Analysis / Analysis of the Chemical
Composition
Element composition analysis The suspicious areas
on the Nb sheets detected by eddy current scanning are to
be analysed subsequently by using the available X-Ray fluorescence element analyser (Fischerscope XDAL).
Analysis of gases contents and sulfur For an analysis
of the purity of the niobium and other related compounds
we are using two analysers from companies LECO and
HORIBA with good experiences.
With these devices we are able to perform the so called
“COHNS” measurements. Contents of carbon, oxygen, hydrogen, nitrogen-gases and sulfur can be measured by ‘hot
extraction method’ with accuracy down to 0.1ppm.
RRR measurement Controlling the residual resistivity ratio (RRR) of high purity niobium products is the key
issue for the fabrication of superconducting accelerating
cavities and to fulfil the electrical requirements [2].
Our test equipment for measuring the RRR value was set
up for many years; it was upgraded to the highest technical
standard and is used for external services and DESYs R&D
issues continuously. The measuring of RRR values is carried out mostly by temperature extrapolation method with
accuracy about 3%. If required, the measurements can be
performed with higher accuracy down to 1% by the magnetic field extrapolation method.

Test of Mechanical Properties
The laboratory is equipped with several devices to analyse the mechanical properties of metallic products.
Destructive A new tensile testing machine from company ZwickRoell® is available since a couple of month. It
can be operated with a maximum test load of 20kN.
Two hardness test devices are available (Fig. 2). The
Vickers-Method can be applied with a load range 5-50000
gf: HV0.005 - HV50.
THP100
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Figure 2: Hardness test device (Zwick/Roell®), sample and
test head on the right.
Non-destructive An ultrasonic measuring device is
available for sheet’s thickness measurements, for thickness
measurements of coated layers and for checking sheets and
plates for potential laminations caused by the rolling process.

Surface Analysis
Surface roughness Roughness measurements can be
performed on flat surfaces within a range of 350µm with
accuracy down to ~ 0.08µm.
Surface profile Figure 3 shows the result of the topography of a hole that was localized roughly by eddy current
scanning on a half-cell sheet. The suspicious area is
observed by a 3D microscope (Keyence®) equipped with a
2.11 million pixel camera and a magnification up to 1000x.

Figure 3: Result image of the topography of a defect, the
diagram on the bottom shows the depth profile of the
defect.
Such a 3-D profile measurement is important to be
able to demonstrate that a defect is out of the specified
surface condition and the affected sheet has to be rejected
for re-work or replacement by its manufacturer.
Metallography By using a microscope with an
extra bright 100W halogen light source and a
magnification up to 1000x we are able to observe the
microstructure (Fig. 4). Grain sizes can be measured by
adequate accuracy to con-firm that their sizes are within
the specified range and to ensure that the products can be
used for fabricating cavities without any restriction.
THP100
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Figure 4: Olympus microscope and grain image, below a
measured grain size sample.

APPLIED METHODS FOR THE QUALITY
ASSURANCE
DESY has developed and applied methods to assure the
quality of semi-finished products of niobium and niobium
titanium alloy for the fabrication of more than 800 1.3GHz
superconducting cavities for the European XFEL. Almost
25000 semi-finished products of 12 different kinds have
been quality tested.
The applied methods were subdivided in several
phases:
 Qualification of potential vendor for sheets for the cell
fabrication of cavities by testing production sample
material, single-cell cavity RF tests and nine-cell cavity RF tests [3].
 Vendor qualification for the supply of products which
are connected to the pressure bearing part of the cavity
according to the European Pressure Equipment Directive [4]. Very important was the survey of the companies’ quality management system, the examination
of the production documentation method as well as the
method to guarantee the traceability from the raw material to the final product.
 None-destructive and destructive tests on semi-finished products after delivery taken randomly from the
delivery batches at DESYs laboratory.

Quality Testing of Sheets for Cavity Cell
Fabrication
The 1.3GHz SRF TESLA shape cavity is fabricated by
using 12 different kinds of semi-finished products. The
type with the absolute highest amount and quality requirements is the sheet for the half cell of the cavity production.
If just one out of eighteen sheets doesn’t fulfil the specified
requirements, the risk is very high that the whole cavity
will not perform sufficiently at the end of all fabrication
Cavities - Fabrication
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and treatment cycles which is very time consuming and
cost-intensive.
Serialized testing process DESY has developed a
quality testing process (see Fig. 5) that fulfils the requirements on a mass production as well as it ensures that only
qualified sheets will be used for the fabrication of cavities.
This process includes the examination for surface imperfections and potential foreign material inclusions. The test
procedure is carried out on 100% of the sheets.
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•

The second side of the sheet has to be eddy current
scanned if at the first side any conspicuousness
was detected. The sheet is qualified when the
eddy current scanning of the second side gives no
hint for a defect.
• If suspicious areas were detected by eddy current
signals at both sides, the sheet must be investigated by subsequent defect analysis to be able to
decide if the sheet can be accepted or must be rejected finally.
Subsequent defect analysis is done by non-destructive
investigation by means of optical microscopy, 3D profilometry, surface roughness measurement and element
analysis if necessary.

Figure 6: Simplified testing process flow.

Figure 5: Work flow of the quality test process of sheets
for cell fabrication.
The high number of products to be processed required
also the development of a full process controlled documentation method which was realized by using DESY’s Engineering Data Management System (EDMS) [5].
The EDMS controls work status of each single sheet
through the testing process. The traceability from the sheet
back to the raw material and its test results via the annealing lot is guaranteed. A paperless procure was realized.
Figure 6 describes the processes on a more simplified
way. The eddy current scanning (ECS) is the central test
method which detects suspicious areas of a potential defect.
After a detailed visual examination, the operators decide
which side of the sheet should undergo the eddy current
scanning examination first.
• A sheet is qualified when the eddy current scanning of the first side of a sheet gives no hint for a
defect.
Cavities - Fabrication
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Mechanical and electrical properties Additional
tests to examine the mechanical and electrical properties of
the sheet have been performed independent from the manufacturers’ tests. Samples are taken from the sheet corners
randomly from each annealing lot. By these tests the test
result of the material properties and the correctness of the
measurements performed and reported by the inspection
certificate of the manufacturer should be confirmed.

EXPERIENCES
Based on the experience gained at the initial stage of the
European XFEL project, a feedback to the manufacturer
gave a significant improvement in the quality of the material produced later. A close contact to the niobium vendor
before start of the production and within the running production phase is an indispensable tool of the quality management and one of the key requirements for a successful
fabrication of high quality products.
It is undisputed that the Quality Assurance of high RRR
niobium semi-finished products is essential and a main
keystone to realize high gradients in superconducting RF
cavities.
Since the successful activities for the European XFEL
project DESY was asked to provide the quality assurance
for half-cell sheets as service provision for other projects
THP100
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too. In some cases DESY operated as sub-contractor for
cavity manufacturing companies.
Table 1 summarizes the number of sheets which have
been tested since 2010 in relation to its project affiliation.
Not taken into consideration are tested sheets which had to
be/have to be re-inspected after its rejection.
Table 1: Overview of Tested Sheets
Number of
sheets
15753
9158
428
924
24
368

Project affiliation
European XFEL
LCLS-II
ESS (m-beta)
ESS (h-beta)
PIP-II (prototypes)
SNS PPU

Testing period
2010-2014
2015-2018
2018
2018-2019
2019 July
2019 Q3

All test devices for the half-cell sheet inspection process
are adapted to the sheet size for the European XFEL. These
sheets have the dimension of 265x265x2.8mm.
Because of the different sheets dimension for other applications (see Table 2) the devices had to be modified. The
biggest adaptions are necessary for the eddy current scanning devices which have to be realized for each sheet size
change. New clamping tables are to be designed and fabricated. Parameter adaptions have to be carried out in the
machine control software for the scanning speed, for the
surface to be scanned and for the vertical axis movement
that must fit to the sheet’s thickness.
Table 2: Difference in Sheet Sizes
Project
affiliation
European
XFEL
LCLS-II
ESS
ESS
PIP-II
SNS PPU

Application

Sheet sizes
[mm]

1.3GHz Cavity
(Tesla shape)
1.3GHz Cavity
(Tesla shape)
704 MHz
medium beta cavity
704 MHz
high beta cavity
650MHz prototype
cavities
805MHz High Beta
(0.81) cavities

265x265x2.8
265x265x2.8
460x460x4.3
D500x3.9
OD470xID72x4.4
D410x4

RESULTS
We are describing here exemplary the results of the sheet
inspection for the ESS project DESY finished recently, see
Figs. 7 and 8 [6].

Some Statistics
1406 sheets/discs have been inspected by DESY excluding the re-inspection of rejected sheets. Around 92% could
THP100
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be accepted by eddy current scanning; almost 85% could
be accepted by scanning of just one side.
On 7.8% (109 pcs) we detected suspicions areas by eddy
current scanning on both sides of the sheets/discs. A detailed defect analysis was carried out subsequently. The
surface in those areas in which were given strong eddy current signals was investigated by 3D-microskopy and element analysis mainly.
Finally 2.7% (36 pcs) had to be rejected; due to surface
imperfections; foreign material (iron) was observed at two
sheets.

Figure 7: Inspection results of ESS square sheets.

Figure 8: Inspection results of ESS round discs.

Rejected Sheets
The rate of sheets to be rejected is within the same range
DESY had to reject during the inspection of half-cell sheets
for the European XFEL [7]. This is in particular remarkable
by taking into consideration the much bigger surface of the
sheets for the ESS project.

CONCLUSION
The laboratory is operated to assure the quality of high
purity niobium products for various SRF accelerator applications.
DESY implemented successfully an inspection process
which fulfills the requirements on a series cavity production on an almost industrial way.
The test infrastructure is continuously upgraded for
keeping it at the newest technical standards.
The diversity of lab‘s equipment gives the way in order
to investigate the different physical properties also on alloys based on stainless steels, copper, aluminium etc.
Cavities - Fabrication
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The qualification of complex structures including joining seams can also be carried out.
Meanwhile the laboratory with its manifold possibilities
is used also for many other applications at DESY outside
the SRF field.
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Abstract
A newly built cleanroom is under commissioning at the
Helmholtz-Institute Mainz (HIM). In its ISO-class 6 area
vacuum components and cavities can be cleaned in different ultrasonic baths and in a dedicated conductance rinsing
bath. In the ISO-class 4 area a large vacuum oven offers
the possibility for comprehensive drying. A high pressure
rinsing cabinet (HPR) has been installed between the two
cleanroom areas to be loaded and unloaded from both
sides. Complete cold-strings have to be mounted in the
ISO-class 4 area and to be rolled out of the cleanroom on a
rail system installed on the floor. All installations and tools
have been integrated to treat and assemble superconducting
217 MHz multigap crossbar cavities for the Helmholtz
Linear Accelerator (HELIAC), which is under development by HIM and GSI. Those crossbar H-mode (CH) cavities have a diameter of 650 mm and a weight of up to
100 kg. The cleanroom will be also used for the Mainz Energy-Recovering Superconducting Accelerator (MESA)
project, processing the TESLA/XFEL type 9-cell cavities
and other beamline components. This paper introduces the
cleanroom and its installations and presents some particle
measurements at rest and from tools during operation.

9-cell cavities. Its 2 cryo-modules each equipped with two
of those cavities are currently tested at HIM for acceptance
on site [19, 20]. The dimensions of the cleanroom and its
installations and tools were chosen to serve both projects.

CLEANROOM LAYOUT
The cleanroom is divided in an ISO-class 6 (CR 1) and
an ISO-class 4 (CR 2) area. Pictures of both rooms can be
seen in Figs. 1 and 2. Together with its greyroom and air
locks, the cleanroom covers an area of 155 m2. A facility
for ultrahigh purity water is located at the basement of the
HIM building. It produces, when needed, up to 2.5 m3 deionized (DI) water per hour with a conductivity of less than
1 µS/cm. 5200 l of this DI water are stored in a buffer tank.
For all applications performed in the cleanroom an additional purification process lowers the conductivity down to
0.056 µS/cm, a 0.2 µm particle filter ensures for sufficiently high quality of the water.

INTRODUCTION
On the campus of the Johannes Gutenberg University in
Mainz (JGU) a new building of the Helmholtz Institute
Mainz (HIM) started its regular operation in January 2017.
It comprises a cleanroom (CR) [1], which is foreseen as
part of the infrastructure for the SRF projects at GSI in
Darmstadt and JGU in Mainz. The HElmholtz LInear ACcelerator (HELIAC) [2-5] will use 217 MHz superconducting crossbar H-mode (CH) cavities [6-9] and is currently
under development at HIM and GSI. The GSI UNILAC,
recently upgraded for FAIR short pulse operation with high
intense heavy ion [10-13] and proton beams [14,15] does
not satisfy the requirements for the SHE- and other high
duty factor user-programs [16,17] anymore. Therefore HELIAC will be an additional stand-alone Linac fulfilling
those needs. Its first cavity was already successfully tested,
accelerating different mass to charge ratio ion beams in
2017 [18]. The Mainz Energy-Recovering Superconducting Accelerator (MESA) uses 1.3 GHz TESLA/XFEL type
___________________________________________
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Figure 1: Fisheye perspective of CR 1 (ISO-6). In the middle part the US and C-rinse baths are shown, on the left:
Personnel air lock, roll-up door and part of the HPR.

Figure 2: Photo of CR 2 (ISO-4): the HPR with its lever for
the movable wand (on top) is shown. The door of the vacuum oven and a lift trolley is shown as well.
All rooms and locks of the cleanroom together with data
of their ISO-class, size, overpressure and changes of their
air per hour are listed in Table 1. Figure 3 shows a sketch
of the cleanroom with its major installations. The typical
Cavities - Fabrication
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transfer paths for objects are illustrated. The personnel enter CR 1 room through an air lock, where cleanroom
clothes have to be put on. Objects, such as RF-cavities, will
be brought in by a different air lock via the grey room. In
this air lock wet pre-cleaning with a high pressure DI water
cleaner (car wash) is possible. To enter CR 2 every person
has to go through the next air lock including an air shower.
In CR 1 components and tools will be prepared and
cleaned before they get transferred to CR 2. Therefore, the
main feature inside the ISO-6 zone is a large ultrasonic bath
(USB) and a conductance rinse bath (C-rinse). The USB
has an immersion depth of approximately 1.4 m and a usable width of 750 mm × 750 mm. Ultrahigh purity water
can be used together with a soapy detergent to remove any
grease. During the process the water can be heated up to
80°C, while the liquid is pumped in a cycle through a particle filter removing all residual (pollute) particles, e.g.
metal shavings. A lifter unit, capable for a load of 300 kg
allows to move objects to the C-rinse of the same size, and

after that to an unload/load position. After cleaning, objects
can be brought through a lock into CR 2 for drying. RFcavities can be loaded from CR 1 into a high pressure rinsing cabinet and can be unloaded in CR 2 (ISO 4) side after
the rinsing process. Thus the HPR serves also as an air lock
between the two cleanrooms. Inside the cabinet the cavity
is fixed on a rotating table, while the HPR wand is moving
up and down spraying ultrahigh purity water at 100 bar on
the inner surfaces. Cavities of up to 1.3 m in length (and
even longer if using a shorter table) and up to 1.3 m in diameter can be treated. Wet objects are left in the laminar
flow of the ISO-class 4 for drying, alternatively a large
vacuum oven in CR 2 can be used to perform an efficient
drying procedure of the surfaces. Its usable inner dimensions are 0.9 × 0.9 × 1.5 m3, applying oil free vacuum
pumps and filtered nitrogen for ventilation. During a 120°C
bake out the cavity and furnace volume can be pumped separately on demand.

Table 1: Different Cleanroom Sections with Main Parameters as ISO-class, Size, Overpressure and the Changes of Air
per Hour (φ). Their Purposes and Features are also listed. The Greyrooms fulfill ISO 8 Margins in Terms of Particle
Concentrations at Rest.
Room
Greyroom 1
Personnel air lock
Material air lock
Cleanroom 1
Personnel air lock
Material lock
Cleanroom 2
HPR cabinet
Greyroom 2

ISO
(8)
6
6
6
4
6
4
4
(8)

A [m2]
18
4.3
3.2
42
1.3
2.1
43
1.9
18

𝑷 − 𝑷𝟎 [Pa]

10
30
30
45
45-75
75
75
≥ 75
10

φ [1/h]
100
60
60
300
300
-

Main purpose / features
Access to car wash, power supplies (USB)
Locker room, CR-clothes, hand-disinfection
High pressure DI water cleaner (car wash)
Cleaning, preparation / large USB and C-rinse
Air shower before entering CR 2
Roll-up door + curtain between CR 1 and CR 2
cold-string assembly / 160°C CR vacuum oven
Accessible from CR 1 and CR 2
Infrastructure (Oven and HPR), power supplies

Figure 3: Sketch of the HIM-cleanroom. The ISO-class 6, -class 4 and greyroom areas are shown, as well as the different
features such as air locks for personnel and objects, large ultrasonic (USB) and conductance rinsing (C-Rinse) baths with
their crane, a high pressure rinsing (HPR) cabinet, vacuum oven and mounting rail for cold-string assembly and transportation. Typical transfer paths for objects and material (blue arrows) are depicted.
Cavities - Fabrication
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The final assembly of cold strings has to be executed in
CR 2. All parts of the cold-string will be mounted on support tables, which are sitting on a rail system in the cleanroom floor. Once the beam vacuum is closed, the entire
string can be rolled back in CR 1 and at last outside of
cleanroom. Prior to this, leak tests can be performed in the
CR 1 or 2.

PARTICLE MEASUREMENTS
The cleanroom without equipment and machines was already put into operation in November 2015. In summer
2017 the CR was shut down, several walls and part of its
roof and ceiling were opened to bring in the large USB, the
C-rinse together with its lever system, the HPR cabinet and
its 100 bar water pumping unit and the large vacuum oven
with its accessory. Bringing in all new devices, the reconstruction of the cleanroom walls, additional feed-throughs
and attachments generated a lot of additional contaminations. After this and before recommissioning of the cleanroom, the vendor provided for major cleaning of all surfaces. Following this, the cleanroom was re-classified by
the same vendor in 2018. It was observed, that the particle
concentrations were higher compared to the first commissioning in 2015. While CR 2 met the ISO-4 criteria, CR 1
was not ISO-class 6 conform to new ISO 14644-1:2015
norm anymore. The upper limit for particles/m3 (≥ 5 µm)
has been significantly exceeded at one single measuring
point. For cleanroom classifications the particle counters
are placed on evenly spread positions. Exemplary, Fig. 4
shows a comparison of particle concentrations in CR 1
(ISO 6). It compares the results at the points of measurements with the highest particle concentration per cubic meter. As shown (2019 measurement) the particle concentration went down significantly, since all rooms were regularly cleaned. To the best of our present knowledge a
weekly cleaning of the floors and working surfaces and a
monthly cleaning including walls, ceilings and other hard
reachable places is sufficient to keep the particle concentration low (even if this is not industry standard for ISOclass 6 and 4). Once per year also the ground underneath
the double floor has to be cleaned.
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Roll-up Door
Due to limited space, the access door for material between cleanroom 1 and 2 is not built as an air lock. Instead
of this, a roll-up door serves as a barrier to the ISO 6 and
vertical blinds to the ISO 4 CR enclosing an area of just 2.1
m2 as a lock (see Figs. 1 and 2). For this, if the roll-up door
is opened, the pressures of both rooms are instantly equalized. In any case this causes a turbulences, when the air
from the ISO 4 is streaming over, also the vertical blinds
are flapping. For further investigations of particle concentrations in the CR the door was opened and closed every
two minutes (the door was open for 15 seconds). While
counting particles the probe was 65 cm above the floor*
(see Fig. 5). One measuring point was just in front of the
door in CR 1 (ISO 6) and the other was on the inside of the
lock (ISO 4). The results are depicted in Fig. 6. Even in
operation the inside of the lock meets the ISO-class 4 criteria. In comparison to a measurement at rest the particle
concentration on the ISO 6 side (CR 1) is much higher, but
still within the norm margins.

Figure 5: Closed (left) and opened (right) rool-up door
with the particle counter placed in front of it in CR 1.

Figure 6: Measured particle concentrations during roll-up
door operation inside the lock (ISO 4) and on ISO 6 side.

Cleanroom Lift Trolleys

Figure 4: Particle concentrations at the “worst” spot of
CR 1 during classification measurements after the CR was
built (2015), altered (2018) and today (2019).
THP101
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Each room is equipped with a dedicated cleanroom lifter
to transport cavities and other heavy objects. In Fig. 7 the
lifter is shown; all surfaces are built from stainless steel or
transparent plastic with rounded edges for eased wiping.
___________________________________________

*

Particle counter: AeroTrak® Modell 9310
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The motor is covered at the top, driving the mechanism
which rolls up or off a washable polyester belt. This allows
to move a rotatable along its pole carrying objects of up to
200 kg. It was designed to hand over cavities to the crane
of the ultrasonic bath, the HPR and the vacuum oven vertically and to place them horizontally for cold-string assembly. Most of the particles which are produced by the
roll-up mechanism are guided by the covers along the pole
down to the floor.

HPR AT HIM-CLEANROOM
The HPR is accessible from two sides so it acts as an air
lock for cavities which are brought in after ultrasonic
cleaning and conductance rinse from the ISO-class 6 cleanroom (see Fig. 1). After HPR unloading is possible from
the ISO-class 4 CR (see Fig. 2). The HPR wand is not
fixed. It moves up and down during a rinsing program,
moved by a lever on top of the cabinet in the ISO-class 4
(CR 2) room, entering it through a little hole. To avoid particles moving through that hole into the cabinet, two additional FFUs on top of the cabinet provide an overpressure
on its inside. While the wand is moving up and down, the
cavity is rotated on a table. This design was chosen in order
to rinse CH-cavities off axis. Due to its complex geometrical structure, not all surfaces in a CH structure (see Fig.
8), can be polished reliably when only spraying along the
beam axis.

Figure 7: The photo on the left shows the trolley, while on
the right the lift trolley during testing of the cleanroom infrastructure with a 3 GHz cavity [21] from TU Darmstadt
is depicted; handing over a cavity in its frame to the lifter
system of the ultrasonic bath.
For a first investigation the probe of a particle counter
was placed just beneath the pole. During the measurement
the fork was moved up and down with maximum speed but
without any object on it. More than 8000 particles ≥ 0.3 µm
were counted per square foot. Therefore, we disassembled
all cover sheets from the trolley and wiped all surfaces and
the belt again. Those measures ensured a dramatic improvement (see Table 2). The lift trolley has proven itself to
be a perfect tool for the handling of SRF cavities inside the
HIM cleanrooms.
Table 2: Particle Measurement with CR Lift Trolley During
Constant Operation. The probe was placed just beneath the
pole. Slower Movement of the Fork Improves the Particle
Concentrations
Particles / ft3 ≥ x µm
0.3

0.5

1

5

10

8195

1500

364

3

1

After cleaning

62

9

2

0

0

Slow movement

30

3

0

0

0

First test
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Figure 8: Sectional view of a 217 MHz CH cavity [22] for
HELIAC; 10 cm off beam axis two openings from each
side for additional rinsing of the four sector quadrants are
available.
Typically, CH-cavities are equipped with two openings
from each side (10 cm off beam axis) to rinse all four sector
quadrants (Fig. 8). As a consequence for advanced off axis
rinsing the cavity needs to be put 10 cm off centre on the
rotating table. Thus the axis of rotation is fixed at the centre
of the favoured quadrant, while the high pressure nozzle
moves up and down. In Fig. 9 the rotation process is shown
schematically: For rinsing of each quadrant, the cavity has
to be relocated on the table and once it has to be turned
around. Through the openings on the opposite side the water can flow out during the rinsing process. So far, only
rinsing along beam axis has been performed on CH-cavities and led to a significant performance improvement [6].
In the future it is envisaged that all CH-cavities will be
rinsed along beam axis and in each of their four sector
quadrants. The effect on the cavity performance after those
treatments is part of further investigations.
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RF TESTING AT HIM-LAB
Next to the cleanroom, in the same hall, a concrete
shielded area for RF testing of superconducting cavities is
located. Its inner dimensions of 4 × 13 m2 offers adequate
space for cryo-modules and further instrumentation. Liquid
helium is supplied by a cryogenic transfer line from the liquefier of the JGU Institute for Nuclear Physics [23]. While
HELIAC cavities will be operated at 4 Kelvin, a sub atmospheric compressor station can be used to lower the pressure
of the helium bath down to 16 mbar in order to lower the
temperature down to 1.8 K. At the moment, two cryo-modules with 1.3 GHz cavities for the MESA project are tested
there [20]. After this testing the next two CH-cavities for
HELIAC will be tested in a short horizontal test cryo-module, the demonstrator module which has been used for the
first beam testing at GSI in Darmstadt. The shielded area is
also allocated for future RF testing of the fully mounted
HELIAC cryo-modules before they will be transported to
the new HELIAC-bunker at GSI.
Figure 9: Schematic illustration of the high pressure rinsing
process at one sector quadrant of a CH-cavity.

CONCLUSION
After installation of large ultrasonic bath and a conductance rinse bath, a HPR cabinet and a large vacuum oven
the SRF cleanroom at HIM has been successfully re-classified. It could be shown, that particle concentrations went
down due to regularly cleaning. The particle production of
different tools in operation has been carefully investigated.
So far, the results are very promising - further investigations have to be conducted in order to reduce all sources of
particle contamination down to a minimum.
In the next months ahead, additional devices will be constructed and tested in order to prepare the cleanroom and
its tools for the next cavity treatments. Assembly procedures have to be investigated as well.
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Abstract
To explore the fundamental properties of superconducting
materials used in modern particle accelerators, high precision surface-resistance measurements in a dedicated testing
equipment are of key importance. The quadrupole resonator,
originally developed at CERN, and then successfully modified at the Helmholtz-Zentrum Berlin, is ideally suited for
characterization of samples at temperatures of 1.8 K to more
than 20 K, RF fields of up to 120 mT and frequencies of
433 MHz, 866 MHz and 1.3 GHz. In the past years, this
set-up has been subject of intensive research on both its capabilities and limitations. Yet, one of the main challenges is
the accuracy of the surface resistance measurement, which is
determined by both the uncertainty in the RF measurement
and manufacturing imperfections related to the production
tolerances such as quenching and chemical polishing processes, etc. In this contribution, we focus on the influence
of key geometrical parameters on three operating modes of
the quadrupole resonator especially on the third mode since
the surface-resistance measurements show some unexpected
behavior for this frequency.

INTRODUCTION
In modern particle accelerators, superconducting radio
frequency (SRF) cavities are applied to provide large accelerating gradients to high current beams while demanding
moderate power requirements. Since power consumption
and maximum accelerating gradient are mainly determined
by the material properties, the surface resistance and the critical RF-field, the physical features of those materials used
for building cavities are of key importance. Particularly,
systematic research on superconductors requires conducting
precision measurements of the RF properties as a function
of an applied magnetic field, the operating temperature and
the frequency, respectively.
The quadrupole resonator (QPR), originally developed at
CERN [1], and then successfully modified at the HelmholtzZentrum Berlin, is dedicated for the characterization of samples at temperatures of 1.8 K to more than 20 K, RF fields
of up to 120 mT and frequencies of 433 MHz, 866 MHz and
1.3 GHz [2, 3]. This device is treated as a case study in our
∗
†

Work supported by the German Federal Ministry for Research and Education BMBF under contract 05H18HRRB1.
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research. Its cross sectional view is schematically shown
in Fig. 1. The structure consists of a pillbox-like niobium
cavity with four vertical niobium rods, collinearly arranged
inside the resonator. The rods are welded to the top-plate
of the cavity. At their lower end, they are bent into semiannular pole shoes and positioned a short distance over the
sample surface. Furthermore, at the bottom of the cylinder,
the calorimetry chamber is mounted as inner conductor of a
coaxial structure, which is additionally thermally decoupled
from the resonator. It is equipped with a resistive DC heater
and sensors placed on the bottom of the disc-shaped sample.
This design provides focusing of the RF magnetic field into
the area of the sample. The resulting power dissipation can
then be measured by temperature probes inside the calorimetry chamber. As a result, the surface resistance RS is studied
by means of the so-called "RF-DC-compensation" method
proposed in [1].
Ports
(vacuum/
antenna)

Nb walls

Nb rods

rrods

angleTiltSpleOy
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Figure 1: Schematic view of the Quadrupole Resonator (left)
and a parameterized model of the pole shoes (right).

Measurement Principle and Uncertainties
To measure the surface resistance of a sample, the QPR utilizes the "RF-DC-compensation" method mentioned above.
First, the sample is heated to a desired temperature of interest Tint using the DC heater, which operates in a feedback loop with a proportional–integral–derivative (PID) controller. This allows for determining the heater power PDC1
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required for temperature stabilization. Next, the RF is turned
on, which results in increasing the heat load on the sample.
Then, the temperature controller reduces the power in order
to reach the thermal equilibrium for the initial temperature
Tint . In steady state, the reduced heater power PDC2 is determined and recorded. Hence, the RF dissipated power on
the sample surface ΩS is defined by the difference in the DC
heater power and it is given by
∫
1
2
®
RS ( p) | H(p)|
dx
PRF ( p) = [PDC1 (·) − PDC2 (·)] =
2 ΩS
(1)
with the magnetic field H® and certain model parameters p.
Moreover, assuming that the surface resistance RS is independent of H® and homogeneously distributed across ΩS ,
it can be pulled outside of the integral in (1) and then be
approximated by
RS ( p) ≈

2 [PDC1 ( p) − PDC2 ( p)]
,
∫
® p)| 2 d x
| H(
Ω

(2)

S

where the integral term appearing in the denominator is not
experimentally accessible. But it can be numerically computed as a product of a simulation constant c and the stored
energy U in the cavity. The latter quantity is measured using
a pickup antenna. For details, we refer to [4]. Consequently,
the varied sources of uncertainties are associated with the
above described measurement methodology.
Summarising, the accuracy of the surface resistance measurement is mainly determined by the uncertainty in
• the RF measurement methodology such as cable calibration errors, power meter tolerances,
• manufacturing imperfections, which affect both material and geometrical parameters,
• modelling issues such as error propagation, number
representation, model calibration using measurement
quantities, etc.
The associated uncertainties have impact not only on the
measurement methodology, but also on the stability and
operational conditions of the QPR.
Thus, we investigate the uncertainty propagation in the
three-dimensional (3D) model of the QPR. Special focus
is put on the influence of the geometrical parameters on
reliable operation of the QPR under working conditions.

PROBLEM FORMULATION
To study the impact of geometrical parameters on the
functioning of the QPR in terms of objective functions, we
consider a hyperbolic partial differential equation (PDE)
with random input parameters. Thereby, the input variations, which reflect the manufacturing imperfections arisen
from the industrial processes are modeled by the Polynomial Chaos expansion (PCE) technique. The resulting
stochastic model is solved using the stochastic collocation
method [5, 6].
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Stochastic Forward Problem
The mathematical model of the QPR can be described in
terms of a hyperbolic boundary value problem on the spatial
domain D, which is schematically shown in Fig. 1. More
precisely, it is defined by the Helmholtz equation [2]
® − ω2 (θ) µ(θ) ϵ(θ)H(θ)
®
∇ × ∇ × H(θ)
= 0,

(3a)

®
n · H(θ)
= 0,

(3b)

endowed with the so-called perfect boundary condition.
Here, θ is defined as θ := (r, f , p) ∈ D × F × Π where D,
F and Π refer to a computational domain in R3 , f ∈ F in
some frequency range F ⊆ R and Π a multidimensional parameter domain, respectively. Moreover, assuming that the
corresponding model is characterized by linear and isotropic
(deterministic) materials, σ and µ denote the electric conductivity and the magnetic permeability. The complex elecσ
tric permittivity is expressed by ϵ := ϵ + jω
with the real
√
permittivity ϵ and j = −1.

Parametrization of Random Inputs
In the stochastic model (3a)–(3b), we assume that certain
input parameters suffer from uncertainty due to manufacturing imperfections, see, e.g., [7, 8]. First, we introduce
ξ1 . . . , ξQ , (Q = 10) normally distributed random variables
to represent 10 variations of geometric parameters. Then,
due to the infinite support of the normal density function
and manufacturing constraints these ξi are transformed to a
bounded domain as follows
pi (ξi ) := δi · Υ(ξi ),

for i = 1, . . . , Q,

Υ(·) := arctan(·),

where δi denotes fixed perturbation magnitudes. This yields
the definition of a random vector p = p(ξ) ∈ RQ with image
space Γ ∈ RQ and with corresponding probability density
function (PDF) ρ. As a result, the numerical computation
can be conducted in (Γ, B Q , ρd p) with the 10-dimensional
Borel space B 10 and a probability measure ρd p.
In the end, given an integrable function f , the corresponding expected value is defined as
∫
E[ f ( p(ξ))] :=
f (p) ρ( p) dp,
Γ

which induces an inner product of two square integrable
functions f and g
⟨ f ( p), g(p)⟩ρ := E ( f ( p)g( p))
and a corresponding Lρ2 norm ⟨·, ·⟩ρ [9]. Likewise, the variance of f ( p) is given by
Var[ f ( p)] = E[ f ( p)2 ] − E[ f ( p)]2 .

(4)

Pseudo-spectral Approach
Now, for the uncertainty quantification of (3a)–(3b), first
we introduce the truncated PCE [9] for f ∈ Lρ2 in the following form
e
f ( p) ≈

M
Õ

fm Φm ( p),

(5)

m=0
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where fm are a priori unknown coefficient functions to be
determined by means of the pseudo-spectral approach and
Φm : RQ → R denote a respective basis of multivariate
polynomials, which correspond to the distribution of random
input parameters. For instance, the application of the uniform distribution implies the Legendre polynomials, while
the Hermite polynomials correspond to Gaussian-type PDF,
respectively.
In our work, for the calculation of fm in equation (5) the
pseudo-spectral approach is used [5]. According to this
method, the provided solutions at quadrature points is projected on the basis polynomials using
D
E
fm = e
f (p), Φm (p) .
(6)
ρ

In particular, to approximate the probabilistic integrals of
(6), the Stroud formulas with a constant weight function [5]
are applied. This yields the multi-dimensional quadrature
rule with associated weights wk and points p k (k = 1, . . . , K)
in the following form
fm ≈

K
Õ





wk e
f p (k) Φm p (k) .

(7)

k=1

This type of quadrature methods is exact for multivariate
polynomials up to the degree dPC . For dPC = 3 it needs
K = 2Q = 20, while for dPC = 5, it requires K = 2Q2 +
1 = 201 deterministic runs of a respective model. This
approach is highly efficient in particular for large numbers
of parameters [9] but their accuracy is fixed and cannot be
improved. Finally, when using quadrature rules, the expected
value and the variance are approximated by
h
i
E e
f ( p) ≈ f0,
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M
i
h
Õ
| fm | 2,
Var e
f ( p) ≈

(8)

NUMERICAL RESULT AND DISCUSSION
In our study, to assess the influence of the particular random parameters within the design of the QPR, the following
stochastic objective functions are considered
- operating frequencies to elaborate their deviation :
f1,1 ( p) = 0.429[GHz],
f1,2 ( p) = 0.866[GHz],
f1,3 ( p) = 1.311[GHz],
- the focusing factor to investigate the focus of the magnetic
fields onto the sample:
∫
2
1
®
dx,
(11b)
f2,k ( p) =
H(p)
2U ΩS
- the homogeneity factor to measure the homogeneity of the
magnetic field on the sample :
f3,k ( p) = ⟨H 2 ( p)⟩ΩS /ĤΩ2 S ( p),

Variance-based and Local Sensitivity Analysis
The Sobol decomposition yields the normalized variancebased sensitivity coefficients in the form [10, 11]
Õ
Vj
Sj =
with V j :=
| fi | 2 j = 1, . . . , Q, (9)
Var( f )
i ∈I
j

with sets I j := { j ∈ N : Φ j ( p) is not constant in p j } and
Var( f ) denotes the total variance. Note that 0 ≤ S j ≤ 1,
where a value close to 1 means a large contribution to the
variance and vice versa.
Furthermore, differentiating (5) with respect to p j allows
for determining ∂ f˜/∂p j at any value of p defined as
∂ f˜
∂p j

=
p j =p j

N
Õ
i=0

fi

∂Φi ∂ p
,
∂p j ∂ξ j

j = 1, . . . , Q.

(10)

The p j -th mean sensitivity is obtained by integrating over
the whole parameter space [9].
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(11c)

- the operating range to increase the maximum attainable
field on the sample:
f4,k ( p) = ĤΩS (p)/ĤΩR ( p),

(11d)

- the risk of field emission to investigate the limitation caused
by high electric fields:
f5,k ( p) = ĤΩS ( p)/ÊΩR ( p),

(11e)

- the dimensionless factor to study measurement bias by
calculating the ratio of the losses on the sample to the surface
integral of the square of the magnetic field that penetrates
into the coaxial gap around the calorimetry chamber:

m=1

using Φ0 = 1 [5]. Based on (5), also other quantities such as
the local sensitivity and the variance-based global sensitivity
can easily be calculated [10].

(11a)

∫
ΩS

f6,k ( p) = ∫

ΩF

2

® p) dx
H(
2

(11f)

® p) dx
H(

with the subscript k = 1, 2, 3 used for particular operating
®ˆ Ê = | E®ˆ | and ⟨·⟩ denote the peak
frequencies. Ĥ = | H|,
magnetic field and the peak electric field calculated either
on the surface of the sample ΩS or on the surface of the rods
ΩR , and the average operator, respectively. ΩF refers to the
region of the flange (calculated at the coaxial gap, 70 mm
below the surface of the sample) and U is the stored energy
in the QPR. A detailed description of the parameters is given
in [2].
For the uncertainty quantification, we assume that certain geometrical parameters suffer from uncertainty due to
manufacture imperfections, see, e.g., , [7, 8]. These input
variations are modeled using Hermite polynomials of order
dPC = 3. More specifically, in our work we consider Q = 10
normally distributed geometrical variables, which detailed
description is summarized in the Table 1. For all uncertain
geometrical parameters, the lower δL j and upper bounds
δU j are specified by x j ∓ 3 · γ j for ( j = 1, . . . , Q). Since
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γj

p1 (gap)
p2 (rrods)
p3 (rloop)
p4 (dloop)
p5 (wloop)
p6 (rcoil)
p7 (angleBentRight)
p8 (angleBentLeft)
p9 (angleTiltSpleOx)
p10 (angleTiltSpleOy)

0.54 [mm]
13.40 [mm]
4.73 [mm]
5.20 [mm]
39.76 [mm]
22.41 [mm]
0.0 [deg]
0.0 [deg]
0.0 [deg]
0.0 [deg]

0.054 [mm]
1.34 [mm]
0.4725 [mm]
0.52 [mm]
3.976 [mm]
2.241 [mm]
0.33 [deg]
0.33 [deg]
0.33 [deg]
0.33 [deg]

normalized variance-based coefficients

the Stroud-3 formula is applied to determine the polynomial
coefficients, it requires K = 20 deterministic simulations of
the finite elements model. For this purpose, CST STUDIO
SUITE® has been used. For some input variables that largely
break the symmetry of the structure (e.g. large values of p7
and p8 ), the operating mode divided into two modes of the
same type. The energy of each mode was more concentrated
around one of the pair of rods. In such cases where two
modes with a field pattern similar to the operating mode existed, the one with higher value of f2 was considered as the
operating mode. The results for the global sensitivity analysis conducted for the operating frequencies of the QPR are
shown in Figs. 2,3 and 4. Finally, a detailed analysis of the
QPR design versus uncertain geometrical parameters is summarized in Tables 2, 3 and 4. Additionally, we computed
approximations of the PDF for the chosen random functionals (11a), (11c) and (11f) for the Gaussian input variables ξ
using the response surface models (5), see Figs. 5–7.

normalized variance-based coefficients

xj

1.2
1
0.8
0.6
0.4
0.2
0
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Figure 2: Result of the global sensitivity analysis for the first
mode.

CONCLUSION
In our study, we have successfully conducted the UQ
analysis considering three operating frequencies in order to
investigate the impact of uncertain geometrical parameters
related to manufacturing tolerances/imperfections onto the
design of the QPR. Specifically, a variance-based sensitivity
analysis seems to be a very promising and useful tool. It
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Figure 4: Result of the global sensitivity analysis for the
third mode.
Table 2: Mean Values and Standard Deviations of Objective
Functions for the First Mode
q




Symbol
E f j ( p)
Var f j ( p)
f1
f2
f3
f4
f5
f6

1.2

1,2

Figure 3: Result of the global sensitivity analysis for the
second mode.
normalized variance-based coefficients

Table 1: Mean Values x j and Standard Deviations γ j of
Random Input Variables
Name
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0.422136 [GHz]
6.2040e+07 [A2 /J]
0.1297 [1/1]
0.8454[1/1]
8.9747 [mT/(MV/m)]
2.1080e+06 [1/1]

8.5744 [MHz]
2.5793e+07 [A2 /J]
0.0194 [1/1]
0.0401 [1/1]
1.6767 [mT/(MV/m)]
1.5469e+06 [1/1]

Table 3: Mean Values and Standard Deviations of Objective
Functions for the Second Mode
q




Symbol
E f j ( p)
Var f j ( p)
f1
f2
f3
f4
f5
f6

0.8543 [GHz]
5.3379e+07 [A2 /J]
0.1236 [1/1]
0.8232 [1/1]
5.4384 [mT/(MV/m)]
1.0125e+06 [1/1]

11.139 [MHz]
2.4072e+07 [A2 /J]
0.0205 [1/1]
0.0709 [1/1]
0.7539 [mT/(MV/m)]
8.9645e+05 [1/1]

allows for determining the most influential input parameters,
which are predominately responsible for the variation of ob-
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Table 4: Mean Values and Standard Deviations of Objective
Functions for the Third Mode
q




Symbol
E f j ( p)
Var f j ( p)

3

jective functions. Results of this decomposition are shown
in Figs. 2, 3 and 4. This knowledge is essential during the
optimization of the QPR under uncertainties. Though we
considered the preliminary robustly optimized structure of
the QPR [8], the influence of the bending angle seems to
be crucial for the functioning of the QPR. The small value
of f6 for the third mode (in comparison with the other two
operating modes) is an indication that the field of this mode
penetrates deeper into the coaxial gap around the calorimetry chamber. This allows for explaining the problems with
the measurement bias of the surface resistance at the third
mode. In order to further investigate this phenomenon and
the influence of the bending of the rods during operation
of the cavity, the electromagnetic-stress coupled problem
needs to be formulated and solved. This will be considered
as a future research direction.

2
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1.3003 [GHz]
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2 GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
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Abstract
The superconducting (SC) heavy ion HElmholtz LInear ACcelerator (HELIAC) is under development at GSI
in Darmstadt in cooperation with Helmholtz Institute Mainz
(HIM) and Goethe-University Frankfurt (GUF). A novel
design is used for the accelerating cavities, namely SC continuous wave (CW) multigap Crossbar H-Mode cavities. For
this a dedicated beam dynamics layout - the EQUidistant
mUltigap Structure (EQUUS) - has been carried out a couple
of years ago and is under further development. In December
2018 the GSI High Charge State Injector (HLI) delivered
heavy ion beam to the already commissioned first of series
superconducting RF cavity. Proper 6D-matching to the CH
cavity demands sufficient beam characterisation. Slit-grid
emittance measurements provided for the transverse phase
space determination. By measuring the longitudinal projection of the bunch with a Feschenko Monitor (Beam Shape
Monitor), the bunch profile was obtained. With a dedicated
algorithm, the full longitudinal phase space at the HLI-exit
could be reconstructed from a set of BSM measurements.
The basic reconstruction method, all relevant BSM measurements and the resulting phase space reconstruction will be
presented.

INTRODUCTION
For the Super Heavy Elements (SHE) research collision
experiments with medium to heavy ions on heavy targets are
used to cause fusion-evaporation reactions. Extremely small
cross-sections make a long beam time crucial for these type
of experiments [1,2]. Whilst the GSI Universal Linear Accelerator (UNILAC) [3–7] is upgraded as an exclusive injector
for the Facility for Antiproton and Ion Research (FAIR) [6,7],
a new superconducting continuous wave (CW) heavy ion
linear accelerator (Linac) is built at GSI to keep the SHE
research competitive. This project is carried out by the GSI
and the HIM [8, 9] under key support of the GUF [10, 11]
and in collaboration with the Moscow Engineering Physics
Institute (MEPhI) and the Moscow Institute for Theoretical
and Experimental Physics (KI-ITEP) [12, 13]. For different
modern facilities worldwide, the operation of CW Linacs
is crucial, as for the Spallation Neutron Source (SNS) in
the U.S. [14], or medium energy applications in isotope
∗
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generation, material science and boron-neutron capture therapy [15]. Therefore, the progress in SRF in particular for
superconducting multi gap cavities [16] and its operation is
a decisive contribution to global accelerator development.

Helmholtz Linear Accelerator
A new warm injector will provide for a 1.4 MeV/u CW
heavy ion beam to the main superconducting HELIAC [17].
It comprises a radio frequency quadrupole (RFQ) and an
interdigital H-Mode cavity (IH) together with two rebuncher
cavities. Four cryomodules with compact SC CH cavities,
SC solenoids and SC rebunchers [11] form the SC HELIAC
section. Key features of the accelerator are a variable output
energy (see Table 1) and the capability to provide for CW
operation, while keeping the momentum spread low.
Table 1: HELIAC Design Specifications [17]
Value
Mass/charge
Frequency
Maximum beam current
Injection energy
Variable output energy
Output energy spread

≤6
216.816 MHz
1 mA
1.4 MeV/u
3.5 MeV/u to 7.3 MeV/u
±3 keV/u

The HELIAC stays in line with diverse ambitious Linac
projects at GSI, namely the FAIR proton Linac [18], the
UNILAC proton beam delivery [19–21], the linear heavy
ion decelerator HITRAP (Heavy Ion TRAP) [22] and the
LIGHT (Laser Ion Generation, Handling and Transport)
facility for laser acceleration of protons and heavy ions [23].

Demonstrator Environment
The novel CH design was tested and validated by two
measurement campaigns in 2017 and 2018, where CH0 as
a first of series was tested extensively [17, 24, 25]. Beam
from HLI has been delivered to CH0 (installed in a test cryomodule) [26]. The IH-DTL as main part of the HLI is designed with the KOmbinierte NUll Grad Struktur (KONUS)
beam dynamics concept [27, 28], which introduces a nonlinear transformation to the bunch shape in the longitudinal
phase plane. This arises from using different RF phases in
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Figure 1: Beam line 2018. QT: Quadrupole Triplet, QD: Quadrupole Duplet, R: Rebuncher, X|Y: Beam Steerer, G:
SEM-Grid, T: Beam Current Transformer, P: Phase Probe, BSM: Bunch Shape Monitor, EMI=Emittance Meter [17].
each acceleration gap instead of applying −30 degree constantly. For longitudinal and transversal matching of the
beam to the demonstrator cryomodule, two rebunchers, two
quadrupole duplets and a quadrupole triplet are mounted,
as well as three beam steerers for alignment (see Fig. 1).
Phase probe sensors were used to determine the beam energy by Time Of Flight (ToF) measurements. The beam
profile and position could be measured with Secondary Electron EMission (SEM) grids. For longitudinal bunch shape
measurements [29] a Feschenko-Monitor [30] was used.

Principle of Tomographic Reconstruction

Negative Least Squares (NNLS) [35] is used to solve the
reconstruction problem the longitudinal phase plane.

METHODS
To infer the unknown bunch shape in the longitudinal
phase plane, different projections must be obtained. The two
rebunchers were used to provide diverse bunch shapes at the
Bunch Shape Monitor (BSM) therefore.

Bunch Shape Monitor
The Feschenko Monitor mounted behind the Demonstrator was used for the series of measurements, which were used
as input for the reconstruction algorithm. The device provides for measurements of the longitudinal bunch shape of
heavy ions and offers a high signal to noise ratio and a phase
resolution of up to 1 degree with respect to 108.408 MHz.
A detailed description of the Feschenko Monitor is given
in [30].

Reconstruction
Figure 2: Example of reconstruction setup for a linear transformation between image and histogram. The observed
histograms fi (x ′) constrain the shape of the reconstructed
object [31].
The distribution f (x, y) (see Fig. 2) has to be recalculated
from a set of projections fi (x ′). The tomographic reconstruction method also appears in medical diagnostics, where
it is used for body imaging. A wide range of reconstruction algorithms already exists for clinical purpose, but they
are commonly formulated using linear mappings between
f (x, y) and fi (x ′) (see Fig. 2), or explicitly base on rotation
transformations. For accelerator applications, it is generally
not possible to rotate the beam. Optical elements in the beam
line are used to alter the bunch shape, which in most cases is
characterized by shearing. When the bunch transormation
can be expressed in this way, it is possible to preprocess the
data into a sinogram to be used as input for common reconstruction algorithms. In some cases, the bunch transfer is not
linear, therefore it is not useful to use sinograms. Suitable
algorithms have to be adjusted to this scenarios. The Algebraic Reconstruction Technique (ART) [32] and the Maximum Entropy Tomography Reconstruction (MENT) [33]
already have been used for longitudinal phase space reconstruction [33,34]. A different approach has been investigated
for the HELIAC. Instead of using ART or MENT, a Non
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For the reconstruction, the relation from the input coordinates at the beginning of the beam line (i.e. exit of
the HLI) to the coordinates at the Feschenko Monitor must
be known. The beamline could be described by using the
particle tracking code DYNAMION [36], which allows to
monitor individual particles along their trajectory. Disposing a grid as input distribution and tracking it through the
beamline, the mapping from HLI to BSM f®i ( x®in ) could be
described for each buncher setting i, as well as the projection
to the longitudinal spatial axis Ai (ϕ, X®in ) for a set of input
coordinates X®in . For a given particle output phase ϕ, a set
of input coordinates x®in,i exists: x®in,i (ϕ) is ambiguous. In
order to determine the boundaries, which are used for NNLS
reconstruction, the back tracking function x®in,i (ϕ) can be
used to select the area of interest for reconstruction. All
phases ϕ, where the signal is below a certain threshold, are
selected and tracked back for each histogram. Two areas can
be distinguished: areas with signal and areas without signal.
By summing up these areas of every histogram, an image can
be produced, describing the amount of histograms holding
signal/no signal: Ni ( x®in ) = |{ϕi ( x®in )| A(ϕi ( x®in )) , 0}|.
Furthermore, the mapping Ai (ϕ, X®in ) can be expressed in
terms of a matrix multiplication A®i = Bi · X® for discrete
values f®i (ϕ, p), which are assembled into X. With this discretization, also nonlinear mappings can be expressed in
terms of Bi , which is useful to determine the input distribution X® with given measurements A®i . Therefore, all mappings
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and all measurements can be stacked up into one equation
® Also, a negative particle count for the input
A® = B · X.
distribution is not considered. Therefore the task can be
expressed as Non Negative Least Squares problem:
® 2 subject to X® ≥ 0
argminX® ||B X® − A||
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bunch in the longitudinal phase space. These limits can
be used as constraints of the NNLS solver. This two step
procedure enhances the analysis performance and increases
the reliability by using two methods. Resulting from the back

(1)

The mapping B of the artificial input distribution X® to all
measured histograms A® should show minimal difference.

RESULTS
Measurements
All elements in the matching line, excluding the rebunchers, were set to a state of minimal beam loss for a wide range
of rebuncher focusing strengths. 100 BSM-measurements
have been conducted with Ar9+ beam from the HLI. Combinations of different rebuncher voltages (R1,R2) were applied, providing for a detailed transition from defocusing
to overfocusing. Exemplary measurements are presented in
Fig. 3. As one can see from the histograms, the beam shape

Figure 4: By back projecting the histograms to the input
plane, areas can be marked where signal is absent and vice
versa.
projection properties, a signal of 0 % can not be achieved
by overlapping projections from different "directions". For
the yellow area (100 % in Fig. 4) the RMS-emittance could
be evaluated for ϵRMS = 18 keV/u deg . This emittance is
in good agreement with the former simulations of the HLI,
which yielded an RMS emittance of 13.5 keV/u deg [37].
The reconstructed emittance is slightly increased, as the
shape reconstruction does not distinguish between low and
high signal strengths. By using the limits shown in Fig. 4,
the NNLS solver was applied to reconstruct the exact bunch
shape and density distribution with the derived boundary
values. The NNLS solver reveals a more complicated shape
(see Fig. 5).

Figure 3: Bunch shape samples for two different rebuncher
settings measured with the BSM (108 MHz).
is non-symmetrical due to the KONUS beam dynamics of
the HLI-IH-DTL. This makes the use of an advanced reconstruction technique necessary, which considers a non elliptic
shape.
Conservative preprocessing was applied to the measurement data. 6 % of the amplitudes were cut to remove unwanted background. The histograms were recentered to their
center of mass. In good accordance to the measurements the
transmission was assumed to be 100 %.
The measurements of the BSM are presented, so that the
head of the bunch is displayed on the right side, the tail on
the left (Phase ∝ +z). In the following, the phase planes are
displayed to the same convention.

Reconstruction
As described in the previous section, the back projection
of the histograms can be used to determine the area of the
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Figure 5: Reconstructed phase space with the NNLS solver
(108 MHz).
The full emittance is ϵRMS = 27.3 keV/u deg . In the cen-
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Figure 6: Brilliance analysis of the reconstructed distribution. Samples of the fitted ellipses around a fraction of the density
distribution (left) and relation of the emittance on the fraction of particles (right).
ter of the distribution, a remarkably small spot with high intensity can be recognized. The analysis of the reconstructed
emittance is presented in Fig. 6. Selected ellipses surrounding a fraction of the particles are displayed. The 100 %
emittance of the bunch is dominated by marginal particles
(5 % of the particle distribution), while most of the particles
are concentrated in the center. The reconstructed emittance
coincide with the assumptions for the design of the accelerator. Recently, the BSM was mounted and commissioned
at a different position (at the exit of the injector HLI) and
a dedicated measurement campaign is foreseen to compare
new measurements to the reconstruction result.

CONCLUSION & OUTLOOK
A sufficient amount of data has been collected to perform
the reconstruction of the longitudinal phase space. The
longitudinal bunch shape and its density distribution could
be reconstructed with the NNLS algorithm using results
of the beam dynamics code DYNAMION. From now on
the matching of the beam to the Demonstrator and to the
HELIAC can be investigated with a higher level of detail to
further improve the performance of the system. It is foreseen
to cross check the reconstruction results by comparing the
reconstructed and measured longitudinal bunch projection
at the exit of the HLI. For the design beam current of 1 mA,
additional considerations of space charge must be taken into
account for future measurements.
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NUMERICAL ESTIMATION OF BEAM BREAK-UP INSTABILITY IN
TESLA CAVITIES*
V. N. Volkov†, V. M. Petrov, BINP SB RAS, Novosibirsk, Russia
Abstract
In this article the numerically estimated BBU instability
behaviors of a 9 cell superconducting TESLA cavity are
presented for first two pass-band trapped dipole modes (18
in all). The given BBU threshold current values are
calculated by the method of beam energy gain averaging
on phases of dipole mode fields. BBU instability behaviors
in cases of applying the cavities in Linacs as well in Energy
Recovery Linacs (ERLs) are considered. The BBU
influence on beam emittance degradation is demonstrated.
Examples for suppression of beam BBU oscillations by a
solenoid focusing and applying of an external RF generator
with a feedback are visualized.

INTRODUCTION
The method of BBU instability threshold current
calculations by averaging of beam energy gain or loss on
all RF phases of dipole mode fields is described in [1]. The
energy gain or loss is calculated with help of ASTRA cod [2]
by tracking particles along the axis of the cavity enclosing
dipole mode field. Due to RF transversal oscillations
appeared the particles hits to the longitudinal electric
dipole RF field near the axis and so gets some energy gain
or loss. The beam current IQ at which BBU instability
begins with unit value of the dipole mode quality factor
(Q=1) is named “Threshold current” [1]:
𝐼 =𝐼∙𝑄 =−

∙

(1)

Here ω is angular frequency of the dipole mode, EBBU is
energy gain/loss in Volts averaged on RF phases, Q is
loaded quality factor of the dipole mode, I is the beam
current value at which BBU instability begins. The beam
always be stable if it get an energy gain only (EBBU >0, i.e.
IQ <0), and it can be instable if it get enough value of
energy loss, i.e. EBBU <0 and I > IQ/Q >0

DIPOLE MODES IN TESLA CAVITY
Two trapped dipole mode pass-bands (18 in all) are
formed from H110 and E110 dipole modes (see Fig. 1).
The dipole mode fields are calculated by CLANS2 cod
[3]. The pass-bend frequencies are presented in Fig. 2.
The number of initial beam energies Eb = 0.5, 1, 2, 4, 8,
16, 32 MeV is accepted. The threshold current values are
normalized to the value of γ/β2 (“normalized threshold
current” [1]), i.e. IQD = IQ∙β2/ϒ that presented in Table 1.
There are two conclusions. First is that only half of all
___________________________________________
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mods be stable absolutely (IQD<0) and other mods becomes
instable at the beam current value overriding the threshold
current values. Second is that all normalized dipole
threshold current values (if beam energy increases)
converges to some constant values not depending on the
beam characteristics. This indicates the fundamentality of
dipole mode “threshold current” effect.
These also true for a single cell TESLA cavity. It`s
normalized threshold currents depending on beam energy
are presented in Fig. 3. There is interesting that the dipole
threshold current of the single cell (200 kA) is more by 300
times than the smallest one of the 9 cell tesla cavity. The
role of the cell quantity for BBU is presented below.
The light lines in Table 1 are the #6 mode that is most
stable one and #7 that is the most instable one. Their
threshold current of 700 A denotes that BBU instability
will be appeared for the beam current of
I>700·3.34/109=2.3 mkA at Q=109 and beam energy of
Eb=1 MeV (γ/β2=3.34). To guarantee of BBU stability at
the beam current of 100 mA the quality factor must be less
than 25,000.

Figure 1: a) H110 and b) E110 trapped dipole modes in a
single cell TESLA type cavity.

Figure 2: Trapped dipole Figure 3: Normalized
mode pass-bend frequen- threshold currents of the
single cell TESLA type
cies in TESLA cavities.
cavity versus beam energy.
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Table 1: Normalized BBU Threshold Currents (IQD , кА) of Trapped Dipole Modes in TESLA Cavities
Eb, MeV
γ/β2
1636.80
1644.09
1656.13
1673.17
1694.27
1718.62
1744.93
1771.26
1797.69
1809.75
1839.88
1855.31
1866.85
1875.30
1881.27
1885.06
1887.35
1888.43

0.25
2.71
18.7
-9.68
4.06
1.08
-9.86
34.6
85.1
-75.14
44.8
-37.8
-500
654
-98.0
162
-40.9
45.1
-6.19
-8.58

0.5
2.66
53.1
-9.88
5.70
-1.09
2.40
1.04
-12.2
31.3
34.6
-20.5
68.5
-26.5
75.6
-8.76
-1.67
-12.6
4.39
-58.1

1
3.34
-77.3
22.6
-7.66
5.18
-0.77
1.69
1.03
-11.9
30.9
-74.8
-18.9
16.9
-2.8
-1.4
6.5
4.57
-24.5
81.7

BBU INSTABILITY FOR ERL
There are two beams with identical currents and different
energies propagates through ERL cavity simultaneously.
We considered the field of main mode are E0=10, 30, 50
MV/m. The beam with initial energy of 6 MeV is
accelerated and 50 MeV beam is decelerated. These beams
have different BBU threshold currents of IQ1(6) and IQ2(50)
(see Table 2) but the common BBU threshold current
IQ(6+50) is defined in Ref. [1] as
1⁄𝐼 = 1⁄𝐼

+ 1⁄𝐼 ,

(2)

Table 2: BBU Threshold Currents (in kA) in ERL TESLA
Cavities. Dipole mode numbers are the same as in Table 1
N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

IQ1(6)
E0: 10
2696
-720
529.7
-369.3
-115.6
-17.1
11.5
71.5
460.3
-125.6
269.3
-81.9
-4583
-29.5
369
48.2
-415.4
935

IQ2(50)
10
14880
-3336
2698
-1415
-755.1
-79.3
68.3
321.1
1136
-876.2
2227
-352.5
-14280
-144.4
3502
263.8
-1923
5320
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10
2275
-592.5
442.3
-293.1
-100.3
-14.1
9.9
58.5
327.4
-109.9
240
-66.5
-3469
-24.5
333.4
40.7
-341.8
794.5

IQ(6+50)
30
2910
-785.5
547
-363.4
-145
-19.5
13
80.2
856.5
-130.2
290.8
-92.3
-595
-34
356.6
56.1
-485.7
989

50
3327
-881
619.5
-380.1
-173
-22.1
15.5
94.5
759.5
-147.8
373.2
-104.9
-7425
-38.9
652
66.5
-575.5
1132

2
5.13
1527
-259
-35.6
15.6
-1.86
-1.43
0.66
84.4
7.67
-8.54
184
-15.6
-1.29
-3.46
2.53
469
314
860

4
8.94
197
-45.3
53.1
-34.3
-4.23
-0.95
0.68
5.29
10.0
-8.32
27.6
-5.19
-1.19
-15.5
2.71
-24.2
54.8
-2.60

8
16.72
166
-38.0
32.4
-18.1
-6.50
-0.88
0.705
3.84
12.3
-8.73
22.7
-4.14
-1.19
212
2.85
-20.3
46.8
-241

16
32.34
160
-36.5
29.4
-16.1
-7.6
-0.87
0.71
3.55
13.3
-8.91
21.8
-3.91
-1.19
41.6
2.9
-19.6
45.2
-228

32
63.6
158
-36.2
28.7
-15.6
-7.96
-0.86
0.72
3.47
13.6
-8.96
21.5
-3.85
-1.19
34.2
2.91
-19.5
44.7
-225

The initial phase of main mode for 50 MeV beam and
time delay for 6 MeV beam was chosen such that the first
beam was maximally accelerated and second one
maximally decelerated. The phase of dipole mode field was
varied for averaging of the energy gain or loss that
appeared in the cavity due to this mode.
From three columns with E0=10 MV/m there is followed
that Eq. (2) holds with high accuracy.

COMPARISON OF #6, #7 DIPOLE MODES
For visual comparison there is chosen the most stable #6
dipole mode and most instable #7 one. The beam with
initial energy of 2 MeV propagates through two axially
oriented TESLA cavities with identical dipole modes having
the maximum axis rf field of B=0.25 mT (U6=0.245 mJ ,
U7=0.239 mJ). Between the cavities there is a double
solenoid with inverse fields which does not change the
polarization of transversal oscillations. Al fields for the
solenoid and for the dipole modes are linear on radius, so
these calculations are true for small oscillation amplitudes
only.
As shown in Fig. 4 the beam energy is changed
periodically with double frequency.
0

ΔE, keV

N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

№7
− 0.5
−1
− 1.5

0

100

200

300

Phi, deg
Figure 4: Beam energy depending on RF phase of #7 dipole
mode at the first cavity exit.
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Figure 6: Beam amplitude modulation envelope of stable
#6 mode and instable #7 one.
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0.07

− 50
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Figure 5: Beam average energy loss and excitation phase
of #7 modes depending on the solenoid strength.
Let us remind that the excited dipole mode field energy
is expressed in terms of the oscillation amplitude (A) as
follows [1]:
𝟏⁄ 𝟐

=

The same suppression effect is obtained in the
combination of #7+#6 excited modes without of the
external generator where #6 frequency is tuned of equal to
#7 one.

150

− 4.0

𝑼 𝑡

JACoW Publishing
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The average energy change is dual one ΔЕ=EBBU+EMOD,
where EBBU is the energy gain or loss due to BBU effect,
EMOD is the one due to excitation of the dipole mode by
transversely modulated beam. Solenoid focusing strength
is chosen such that ΔЕ energy loss to be minimal. The
mode RF phase of second cavity is such that the ΔЕ loss to
be maximal, i.e. it is the field that may be excited by the
beam oneself (see “Beam excited” on Figures). This phase
and ΔЕ depends on the solenoid strength, this are shown in
Fig. 5 for #7 mode. Figure 5 shows that the excitation of
dipole modes can be minimized by proper solenoid
focusing. By the same way the BBU instability growth rate
in Linacs can be reduced substantially as it is shown in [1]:
the less dipole field or beam oscillations the less BBU
growth rate.

ΔE, keV
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⁄

⁄

⁄

× 1 − 𝑒𝑥𝑝 𝐼𝑄 ⁄𝐼 − 1

, (3)

Beam energy changing is shown in Fig. 7 and beam
emittance variations are in Fig. 8. Beam oscillations in
transversal phase space (x, x’=dx/dz) have view of an ideal
ellipsis as shown in Fig. 9. The emittance or area of this
ellipsis is preserved on a drift space (without cavities). We
see the emittance heavily deteriorates by instable modes
(see Fig. 8) but recovers fully after the BBU suppression
procedure.
Beam energy losses (ΔE=EBBU1+EBBU2+EMOD2)
depending on RF #7 dipole field in second cavity is shown
in Fig. 10. As can be seen the energy loss due to the
excitation (EMOD2) is linear dependent on the dipole field
but the BBU loss (EBBU2) has the quadratic dependency as
it predicts in Ref. [1].

where RII/Q is the transverse impedance of the dipole mode
in units of Ohm/m2.
At the initial moment of a stepped excitation
𝑼 𝑡→0

𝟏⁄ 𝟐

= ∙ 𝐼𝜔𝑡

𝑅 ⁄𝑄 ⁄𝜔,

(4)

and in a stationary case with I lower than the threshold
𝑼 𝑡→∞

𝟏⁄ 𝟐

=

⁄
⁄

⁄

.

(5)

The beam modulated amplitude envelops are shown in
Figs. 6a, 6b. If the second cavity is absent then this is
signed by “Drift” label. The excited stable #6 mode damps
the oscillation (see Fig. 6a, “Beam excited” part) but the
instable #7 one rocks the oscillation (see Fig. 6b). The
“BBU suppression” part signs the excitation of second
cavity by external RF generator having a special feedback
such that the BBU oscillations are damped completely. It
is interesting; the generator phase has the counter phase
value relative to the “Beam excited” one with unstable #7
mode but is the one-phase with the phase of stable #6
mode.
THP104
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Figure 7: Beam energy loses in #6 and #7 dipole modes.

Figure 8: Beam traces space emittance variations.
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BBU INSTABILITY VS CELL QUANTITY

Figure 10: Beam energy
losses depending on RF
field amplitude of dipole
#7 mode in second cavity.

ACCUMULATIVE BBU INSTABILITY
Let consider a Linac with identical cavities and
solenoide focusing lenses between earch cavities (see
Fig.11). The accumulative BBU instability can be analyzed
in terms of the oscillation amplitudes by the Fig.11a, b with
the switched off solenoides as following.
A transverse displacement of the particle beam or any
dipole mode field fluctuation in the first cavity deflects the
beam sideways. This beam excites the same dipole mode
in the second cavity (see Eq.3) more strongly due to the
increased oscillating amplitude. This dipole mode further
deflects the beam more heavily, reinforcing the mode itself.
As a result there is exponential growth of the beam
oscillations that takes place even with stable modes.
To suppress this instability there have to switch on
solenoids that must focus the oscillations exactly to the
following cavity as by the method shown in Figs. 6. It`s
focusing accuracy is independent on dipole mode types and
can be used for all dipole modes simultaneously. The
oscillations will be damped as it shown in Fig. 11b even if
without of an external generator equipped by the feedback
for the case with stable dipole modes.
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−
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−
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b) Scaled picture
0

10
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Figure 9: Beam oscillation in
transversal phase space with
#7 dipole modes. The same
form is for #6 modes.

Numerical calculations of BBU instability threshold
currents also has made in [4] for the E110 type dipole
4140÷4280 MHz pass-band modes of normal conducting
multi-cell accelerating cavities such as SLAC traveling
wave structure 2856 MHz with three different cell
quantities: N = 9, 27, and 89 cells. The calculated minimal
values of threshold currents for the beam energy of 300
keV are presented in Fig. 12. This dependency is following
to the formula IQ=718/N2, kA. It is interesting that there is
enough to have the average beam current of about 8 mA to
reach the BBU instability growth in the 89 cell normal
conducting cavity with its quality factor of about 104. It is
really to observe this experimentally.

0.1
0.01

Y, mm

−2 0

c)
2

4

6

8

Z, m

Figure 11: Demonstration of accumulative BBU instability
suppression with the special beam focusing.
It seems that the described BBU instability suppression
method with this special focusing system is more effective
than those one having a total strong focusing system of all
beam path especially for superconducting cavities sensitive
to magnetic fields. Note that the solenoid system there can
be replaced by quadrupole one.
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10

100

Figure 12: BBU instability threshold currents vs cell
quantity of the multi-cell 2856 MHz cavity.

CONCLUSION
The assumptions for the existence of stable and instable
dipole modes at the equal percentage and for its
fundamentality are objectively confirmed by the numerical
simulations. A special focusing may be the instrument for
control under beam BBU oscillations and for BBU
instability reducing in Linacs or even for suppression it
especially with external RF generators equipped by
appropriate feedback. BBU threshold currents in ERL
cavities are always be less than those one in Linac cavities.
And BBU threshold currents of multicell cavities are
always be less than of the single cell cavity one as back
proportionally to the cell quantity squared.
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THERMAL MAPPING OF SRF CAVITIES BY SECOND SOUND
DETECTION WITH TRANSITION EDGE SENSORS AND OSCILLATING
SUPERLEAK TRANSDUCERS
G. Vandoni, T. Koettig, A. Macpherson, K. M. Turaj, L.Vega Cid, CERN, Geneva, Switzerland
H.Furci, EPFL, Lausanne, Switzerland
Abstract
The Superconducting Radio Frequency (SRF) cavity
testing facilities at CERN include four vertical cryostat
stations in SM18 and a cryostat for small cavities in the
Cryolab. A large range of structures are tested, from Nb
thin film cavities for HIE-Isolde and LHC, to bulk Nb crab
cavities for HiLumi or 704 MHz 5-cell high-gradient
cavities. To cope with different shapes and small series
tests, thermal mapping diagnostics is deployed by sensing
second sound in superfluid helium. A new type of
Transition Edge Sensors (TES) has been developed in the
last 2 years. These are miniature resistors of thin-film
superconducting alloys, micro-produced on insulating
wafers. An extensive campaign of optimization of design,
fabrication process and composition was accompanied by
qualification in a calibration cryostat. Reproducibility,
stability, then intensity, distance and angular dependence
of the response were assessed and compared to Oscillating
Superleak Transducers (OST). The TES were then installed
in a vertical cryostat for tests of a prototype crab cavity for
HiLumi. TES are now applied to quench localization on
high gradient cavities, for which the most recent results
will be presented, together with the OST results.

INTRODUCTION
Superconducting RF single cavity testing is a key
activity in the development and production of SRF cavities
at CERN. A wide variety of cavities have been tested at 4 K
and 2 K in the last years in the 4 vertical cryostats of the
SM18 facility, from 1.3 GHz elliptical cavities, to quarterwave resonators in Nb thin film on copper for HIE-Isolde
and bulk niobium crab-cavities for the High Luminosity
LHC project. A widespread diagnostics method amongst
SRF laboratories, thermal mapping is used in cavity testing
facilities to localize defects acting as quench departure
spots. For defect localization on LEP cavities, the thermal
mapping system consisted in a set of carbon resistor
thermometers, mounted on a rotating frame and kept
touching the cavity wall by springs [1]. Large arrays of
thermometers mounted on PCB boards matching the form
of the cavity are used in several laboratories for monitoring
series production of elliptical cavities [2]. Actually, contact
thermometry is adequate for thermal mapping of large
series of identical, convex, rotational symmetry cavities.
However, for a small number and large variety of cavities
with locally concave surface, it is better to resort to contactless thermal mapping, based on transmission of the local
heat pulse via the helium bath. For cavities operated and
tested in superfluid helium, the detection of second sound
has thus proven to be a suitable tool for localization of hot
THP105
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spots, once the signal on different second sound sensors has
been deconvoluted by trilateration algorithms.
In the two-fluid description of a superfluid, second
sound is the oscillation of the normal and superfluid
components in counterflow, without density change: a
thermal excitation, or entropy wave, driven by temperature
difference. This powerful mechanism of heat transfer has a
characteristic propagation velocity of 20 m/s at 1.8 K, with
velocity quickly dropping from 1.9 K to 2.18 K, but
remaining constant between 1.9 K and 1 K, before rising
exponentially at lower temperature. Second sound
propagation is commonly used in hydrodynamic
experimental studies on superfluid helium, either as
travelling or as standing wave. Second sound attenuates as
a function of the interaction forces between the two-fluid
components, allowing the study of vortex formation,
laminar-to-turbulent flow onset, etc.
Typically, second sound is detected by either very sensitive thermometry, or by filtering the superfluid component
in a semi-porous oscillating membrane in a capacitive sensor. The latter effect is used in oscillating superleak transducers, (OST) [3], commonly applied in SRF localization
of quenches [4], where the localization of the quench relies
on the measurement of the travelling time between the heat
source and each sensor. OSTs are however limited in spatial and time resolution due to their centimetre-scale size.
Thermometric detection of second sound has also been applied to quench localization [5] in SRF cavities.
Our work presents the development of new thin-film
thermometric probes, tailored to SRF needs. By their reduced dimensions and mass (see Fig. 1), these sensors,
based on thin-film superconducting alloys, are able to detect temperature variations of < 1mK with rise time < 1 s.

Figure 1: Micro photography of a thin film Transition
Edge Sensor with 225 nm Sn on 20 nm Au.
Alloying transforms the sharp superconducting to
normal conducting transition curve by lowering the
resistance versus temperature slope at the transition. The
sensors can be current-biased, thus lowering the
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superconducting transition edge to match the superfluid
bath temperature. The miniature thin-film sensors can then
be used as bolometers, sensing entropy waves in the
superfluid helium bath.
In the next sections, we present the development of Transition Edge Sensors (TES) at CERN. We then report on
how they have been successfully applied for quench localization on a double-quarter wave crab cavity.

THIN-FILM AU-SN TRANSITION
EDGE SENSORS
Superconducting alloy thin films have been studied as
second-sound sensors for photon detection since the ‘70ies
[6], where fabrication by photolithography was developed
and the combination of gold and tin identified as featuring
the best sensitivity, stability and reproducibility. Probe
design and composition optimization where further
developed in [7]. Several laboratories now prepare their
own TES in house, with design adapted to the phenomenon
under scrutiny.
We developed a fabrication process based on state-ofthe-art photolithography techniques, to obtain sensors with
an active area of the order of <1 mm2. Several sensors can
be produced on a wafer (Fig. 2) or as single sensors, which
are then installed in a holder (Fig. 3). The sensors were
then characterized in a 2 K cryostat, using point heaters as
second sound sources.

Production Procedure
The thin films are deposited on a borosilicate glass flat
wafer. The wafer is first coated with a double layer of liftoff resin and photoresist. The design of the 1 m precise
pattern of TES sensors with connection pads is drawn in
negative on the photoresist by a UV laser. Then, the pattern
is developed using a solvent, resulting in a structured
polymer layer with voids corresponding to the expected
final pattern of the thin film.

Figure 2: TES wafer used for cavity diagnostics.
The thin film is obtained by evaporating gold, then tin,
in a vacuum oven, at a rate of 0.3 nm/s, until the required
thickness is obtained. Thickness is monitored by a calibrated quartz oscillator. Lift-off of the resin is then performed in a remover solvent bath.

Figure 3: Single TES on disk support and cable pad.
The above procedure results in several sensors on a single wafer, which may then be used as an extended surface
“camera”. To have single sensors, the wafer is pre-diced
before starting the process; once the process completed, it
is easy to cut the wafer into single-sensor portions. A microscopy image of a single sensor is shown on Fig. 1, while
a wafer with 30 sensors is shown on Fig. 2 and a single
sensor assembled in a circular support is shown on Fig. 3.

Experimental Characterization
Validation and characterization of the TES is performed
in a cryogenic open bath cryostat, operated with saturated
superfluid helium. The sensor’s holder is attached to the
top-plate of the cryostat, below a set of thermal screens.
Pressure is lowered to saturated superfluid conditions by
pumping via a regulation valve controlled by a pressure
transducer with 5 Pa precision. The lowest temperature obtained with this system is 1.5 K.
To characterize the TES, on wafers with multiple sensors
or as individual sensors, the voltage-to-current characteristics is measured between 1.6 K and 2.0 K. Temperature is
first stabilized at the required value, then current is swept
slowly while reading voltage. Next, temperature is incremented, in 50 mK steps. Finite differentiation provides the
voltage to temperature sensitivity. The operational bias current at each temperature is then chosen as the one corresponding to the sensitivity peak. The best characteristics,
with a smooth S-shape and good sensitivity, was obtained
with thin film sensors produced by depositing 20 nm Au,
then 225 nm Sn. Fig. 4 displays the characteristics and sensitivity curve of one of these sensors. This composition was
finally chosen for the production of a series of TES, both
as wafers with 30 sensors and as diced, individual sensors.
Second sound detection was obtained in the same
cryostat, by biasing the TES to their optimal current, then
generating a heat pulse produced by SMD thick film
resistors and sensing the time response of the sensors [8].
Comparative measurement with OST of the response to a
heat pulse as a function of orientation angle with respect to
the normal vector of an extended flat heater were also
performed.
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TES USE IN CAVITY TEST
Two wafers with 30 TES each have been installed on one
of the vertical test stands in SM18 and operated during test
of a prototype, 400 MHz Double-Quarter Wave (DQW)
crab cavity, developed in the framework of the High
Luminosity LHC project [9]. The cryostat is a 4-metre
deep, open bath helium vessel connected to the helium
distribution system of SM18, which supplies liquid helium
and provides the pumping to saturated superfluid
conditions. Cavities under test are supported from the
cryostat insert, itself fixed to the top-plate, outfitted with
passively cooled thermal screens and cavity pumping line.
The DQW cavity is mounted in a stiffening frame and
tested in horizontal orientation; the two wafers are attached
to the insert’s assembly disks via composite stand-offs and
positioned at the centre of the cavity capacitive plates
above and below the cavity. Fig. 6 shows the upper TES
wafer facing the cavity. Due to limited feedthrough ports
availability, only 4 TES were cabled on each wafer.

Figure 4: Characteristics (upper) and sensitivity (lower
figure) of TES versus bias current, at 3 temperatures.
The TES yielded a lesser angular dependence with respect to OST, proving their superiority for quench localization from the rounded surfaces of SRF cavities (Fig. 5).

Figure 5: Normalized signal from four OSTs and four
TES, plotted as a function of the angle between the normal vectors of sensor and heater surface.
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Figure 6: Upper wafer in its support, facing the cavity.

Test Results and Hot-Spot Localization
The cavity was tested at 1.75 K - 1.8 K. In this temperature range, second sound speed is constant at 20.0±0.1 m/s.
Reporting the cavity RF performance is beyond the scope
of this work, some results are given in [10].
The 8 TES are biased with the current yielding maximum sensitivity for the bath temperature. Voltage is read
via a NI9251 acquisition card with sampling rate 50 kHz.
As RF power is supplied to the cavity, the transmitted
power signal from the pick-up antenna is also recorded
with the same DAQ system as the TES, to provide for zero
time reference and transmitted power resolved in time. A
LabView interface controls acquisition and data storage;
data buffering is triggered by any chosen RF power signal,
when a change larger than a pre-defined threshold is exceeded.
After conditioning, RF power is ramped up. The cavity
quenches at 38 W, with a pulsating quench behaviour.
Transmitted power first increases as the cavity loads up,
then after ~1 s the cavity uploads, while reflected power
increases with time constant ~10 ms, then slowly decays as
the cavity loads up again. This behaviour repeats itself,
with a frequency of 0.7 Hz; as the quench occurs, the cavity
dissipates and releases its stored energy, allowing the
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quench spot to cool and return to the superconductive state,
such that the cavity refills with energy, before quenching
again.
Any signal recorded at the TES wafer positioned below
the cavity during these repeated quenches is too small to
rise above noise. Instead, all four TES above the cavity
react with good signal-to-noise ratio to the pulsating
quench.
Cavity power balance allows to determine dissipated
power and to plot its time variation and second time
derivative (Fig. 7 above). Dissipated power Pc is
(1)

with Pt stored energy in the cavity. The time variation of
the second sound perturbation wave, q”, with uss second
sound velocity,  helium density and C heat capacity, is
proportional to the time variation of dissipated power:

sum each time lag to the average lag between the source
and all TES. With four sensors, three sets of trilateration
position definitions are possible. The three obtained
positions are shown on Fig. 8; they lie within an area of
2 cm diameter, close to the capacitive plate, in a zone of
minimal concavity radius. The exact location obtained by
trilateration appears as slightly inside the volume of the
cavity.

Discussion
The pulsating quench appears as being initiated in an
area of high electric field. This fact suggests that the origin
of the local heating is electron bombardment from fieldemitted electrons. Locating the origin of this field emission
would require electron trajectory simulations, with the hot
spot as target position.

(2)
Rather than a steeply rising second-sound signal, the
TES hence feature a response rising with the same time
profile (Fig. 7 below). The time-of-flight of the generated
entropy wave in the superfluid, from the dissipation spot to
each of the TES, is therefore deconvoluted with the time
profile of dissipated power having generated second sound.

Figure 8: Trilateration algorithm applied to four TES
results in identification of 3 candidate sources of second
sound. These are in a high electric field zone.

Figure 7: Above: Dissipated power and its time derivative,
or second sound source. Below: second sound source
signal (green, arb. units) and response of the four TES
sensors above the cavity.
Thanks to the repetition of successive quenches, a
statistical analysis on the TES data becomes possible. To
maximize trilateration precision in spite of the small
distance between the sensors, instead of using the time lag
between the source signal and each TES, we compute
arrival time differences, or lags, between the sensors and

The fact that the second sound source appears as inside
the cavity is certainly a measurement analysis artefact. Due
to the presence of the stiffening frame, second sound waves
are deviated from the source to the sensors; trilateration
calculates the shortest, non-deflected path, as having its
source at a larger distance than the cavity surface. A
complete wave-propagation model taking into account the
presence of all obstacles would be required to avoid this
type of errors.

CONCLUSIONS AND OUTLOOK
Thin-film Transition Edge Sensors developed at CERN
have demonstrated their potential for thermal mapping on
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SRF cavities by second sound detection in superfluid
helium. These thin-film alloy sensors, biased through the
edge of the superconducting to normal transition to match
helium bath temperature, are highly sensitive, feature an
excellent space and time resolution and are superior to OST
in being less sensitive to orientation mismatch. In the form
of multiple sensors on a single wafer, they have been
successfully applied to the localization of the origin of a
pulsating quench in a proof-of-principle DQW crab cavity.
Improving the method by a larger separation between
sensors than what is allowed by multiple TES on a single
wafer, single TES have subsequently been installed around
a high-gradient 5-cell 704 MHz cavity. Measurements on
this cavity are imminent. To improve localization of
quench spots, some point heaters have been installed on
fiducialized positions on the cavity. Prior to each
measurement, it becomes therefore possible to localize the
TES with respect to the cavity in an inversed trilateration.
With the data acquisition software operating, we hope to be
soon able to extend the use of TES as a powerful
diagnostics tool in SRF cavity testing at 2 K.
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[10] R. Apsimon et al., “Prediction of beam losses during crab
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AN SRF TEST STAND IN HIGH INTENSITY AND HIGH ENERGY
PROTON BEAMS
G. Vandoni, K. Artoos, V. Baglin, K. Brodzinski, R. Calaga, O. Capatina, S. Claudet, L. P. Delprat,
S. Mehanneche, E. Montesinos, C. Pasquino, J. S. Swieszek, CERN, 1211 Geneva 23, Switzerland
Abstract
In the framework of HL-LHC, a new infrastructure was
installed in 2018, to test SRF structures in the proton beams
of the SPS. Scope of the test stand is to study the operational performance of crab-cavities for HL-LHC - more
generally, SRF cavities - through a wide range of proton
beam parameters up to high energy and current, under safe
conditions for equipment and personnel. The SPS beam instrumentation is used to monitor orbit centering, RF phase
scans, bunch rotation. To minimize impact on beam time,
infrastructure and services allow for full remote control.
Critical aperture restrictions are overcome by placing the
test structure and its ancillaries on a motorized table for
lateral translation in- and out of beam. Two articulated
Y- shaped vacuum chambers connect the test cryomodule
on a beam by-pass. A new cryogenic refrigerator is installed in a split scheme, with an underground cold box fed
from a surface compressor. The two Inductive Output
Tubes (IOT) power amplifiers deliver up to 50kW cw via
coaxial transmission lines to the two cavities and charges
and circulators, the latter installed on the translation table.
Interlocks and safety equipment complete the test stand.

parameters. Beam instrumentation of the machine was to
be used to demonstrate the concept’s validity.
In HL-LHC, two different types of cavities will be
operated at the ATLAS and CMS interaction points. Two
cavities of double-quarter wave type (DQW) for vertical
crossing plane were assembled in a prototype cryomodule
[4] operating at 2 K. Each cavity had been previously cold
tested in a vertical facility, each exceeding the nominal
operation voltage of 3.4 MV. The entire cryomodule had
also been cooled down to 2 K and validated in the SM18
facility prior to installation in the test stand in the long
straight section 6 (LSS6) and BA6 point of the SPS. See
Fig. 1 for a 3D view of the test stand and Fig. 2 for the
cryomodule at the end of installation.

THE TEST STAND
Integration

INTRODUCTION
The High Luminosity LHC (HL-LHC) project [1] aims
at increasing the integrated number of collisions the LHC
provides to the experiments, to improve statistics on rare
physics events. New inner triplet quadrupole magnets will
focus beams into smaller transverse sizes at the interaction
point – which results in larger beam sizes in the triplets
themselves. To avoid parasitic collisions between the two
beams in the two-beam vacuum chamber of the triplets, a
crossing angle is introduced, which diminishes however
luminosity by decreasing bunch overlap at the interaction
point. To partially recover luminosity, crab-cavities are
introduced on either side of the interaction point, providing
a transverse momentum kick to the head and tail of each
bunch [2]. The obtained bunch rotation brings bunches to
collide head-on at the interaction point. A counter-kick is
imparted after the interaction point, such that bunches
recover their undisturbed orbit. Crab-cavities having never
been applied previously on proton beams, the project
required proton beam validation prior to launch series
production. It was decided to validate and explore
operational and technical performance in a dedicated test
stand in the high energy and intensity SPS proton beams
[3]. With up to 270 GeV and bunch intensity modulated
from 109 to 1011, the SPS provided the ideal range of

Facilities - New Proposals
compact accelerators

Figure 1: 3D integration view of the BA6 zone, with the
main elements of the crab-cavity test stand.
The choice to install the crab-cavity test stand in SPS
BA6 was determined by the need to integrate an important
infrastructure, including cryogenics, RF passive equipment
and a supporting lateral translation table. The SPS operates
conventional magnets and accelerating cavities; the SRF
proton beam test stand therefore required space to integrate
an entirely new cryogenic refrigeration system. In LSS6,
hosting extraction equipment to LHC (kickers and septa),
an enlarged tunnel section with a 15 m long drift section
was available. Nearby, at some 100 m, the large technical
alcove TA6 at the lower extremity of the access pit was
considered suitable for installation of the cryogenic cold
box and distribution ancillaries. Low radiation, proximity
to the access gallery, a large capacity freight-lift, the tunnel
vault only encumbered by obsolete service infrastructures,
completed the favourable scenario.
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Figure 2: The completed SRF SPS test stand, seen from the direction of the beam. The transfer table is in experimental
position; the articulated Y-shaped chamber and cryogenic Service Box with jumper to the DQW cryomodule prototype
are clearly visible, while the RF passive equipment is hidden behind the cryomodule.
In the surface building BA6, on which the access pit to
LSS6 opens, a large area was used for storage only, with
space under the false floor encumbered by obsolete cables.
In the short 2015-2016 end-of-the-year technical stop of
the SPS, it was easy to free all those areas and remove old
cables and pipework from tunnel and surface building, then
laser scan the entire area for a complete 3D numerical reconstruction.

Transfer Table and Vacuum
The aperture of the LHC crab-cavities being smaller than
required for beam extraction in SPS LSS6, it was decided
to install the crab cryomodule and closest ancillaries on a
transverse displacement table; the cryomodule can thus be
set in the beam orbit or parked out-of-beam. The remotely
operated, motorized transfer table designed and produced
by Added Value Solutions (Spain) supports a load of
8 tonne for a total displaced mass of 15 tonne and allows
for lateral displacement of 510 mm, in slow motion,
controlled by stepper motor resolvers and LVDTs up to a
4 µm reproducibility. The table position switches provide
doubly redundant interlocks to the SPS beam. Figure 2
shows the table in in-beam position.
A new vacuum sector was implemented in LSS6,
delimited by two gate valves. The sector is constituted by
two Y-shaped vacuum chambers, articulated by highly
flexible bellows and supported from the transfer table. One
leg of the Y-chambers features a large aperture beam pipe,
for circulating and extracted beams. The second leg is
connected to the crab-cavity cryomodule, itself
constituting a cryogenic vacuum sector, delimited by two
gate-valves. The gate valves status interlocks table
movement, to mitigate the risk of cold beam vacuum
rupture during the movement of the table. Vacuum is first
rough-pumped by mobile turbo pumping groups, while

THP106
1188

high vacuum is obtained by ionic pumps. All vacuum
chambers connected to the cryomodule sector are coated
with amorphous carbon to limit secondary electron yield
and thus mitigate vacuum pressure from electron cloud.

Cryogenics and Radio-Frequency
The specification for the cryogenic system was to
provide 48 W at 2 K refrigeration capacity, to fully cover
the estimated static and dynamic losses of the crab-cavities
with 50% contingency. New cryogenic infrastructure
connects a mobile refrigeration unit to a fixed buffering,
liquid and gas storage and cryogenic distribution system.
The split-scheme, mobile refrigeration unit is constituted
by a warm helium compressor with sonic insulation cover
and oil removal unit, installed in the surface building BA6,
connected via two high- and low-pressure helium lines to
a cold-box installed in the technical alcove at the lower
extremity of the access pit. Cold-box refrigerator capacity
is boosted to up to 7 g/s liquefaction by a liquid nitrogen
heat exchanger, supplied from a liquid nitrogen surface
tank via a 60 m long flexible cryogenic transfer line and a
phase-separator. Liquid and gaseous helium is fed to the
cryogenic circuits of the cryomodule via a large jumper
from a local Service Box (SB), installed on the transfer
table to limit cryogenic losses.
The cold-box supplies liquid and gaseous helium via a
valve-box to an 80 m long cryogenic distribution line covering the distance from the technical alcove to the test
stand. A second valve-box provides regulation and connection to the Service box, via two large flexible transfer
lines with a lateral stroke of 0.5 m. Two large pumping
units, located in the tunnel and acting on the Service-box
circuits via a warm water heat exchanger, provide 3.5 g/s
refrigeration at 2 K / 30 mbar.
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The layout and integration allow for removal of the main
equipment of the refrigeration system, i.e. cold-box and
compressor with oil removal skid, while the connecting
pipework, distribution and storage infrastructure remain in
place.
RF Power to the two crab-cavities is provided by two
Inductive Output Tube (IOT) 50 kW amplifiers, located in
the surface building BA6. High power transmission lines
with low RF losses transfer power to the underground. Two
passive RF loads and circulators are installed on the
transfer table, connected to the cavity power couplers on
the cryomodule via rectangular waveguides outfitted with
bellows. The connection between the transmission lines
and the table RF equipment is done via two V-shaped
transmission lines with rotating joints, opening and closing
the V to follow the table’s movement.
Low-level RF electronics are installed at the surface
building, in a dedicated Faraday-cage, to shield it from the
nearby IOTs. The cage shielding provides an attenuation of
80 dB minimum at 400 MHz and 1 GHz. Cavity control
with long loop delay time exceeding 2 µs between the
LLRF and the cavities was successfully achieved thanks to
this configuration. In addition to electro-magnetic insulation, the Faraday cage provides sonic insulation larger than
18 dB in the frequency range 50 Hz to 4 kHz, to protect
operators from the noisy neighbourhood of the cryogenic
compressor. Controlled ventilation provides temperature
stability to the LLRF electronics.

Other Infrastructure
New electrical distribution was required to cover the
needs of the crab-cavity test stand. A new 2 MVA 18 kV
/0.4 kV electrical transformer supplies 1100 kVA to two
400 V switchboards connected to all new client equipment.
In addition to this, a new UPS ensures 17 kW emergency
power, mainly dedicated to PLCs and controls.
The new test stand makes extensive use of the SPS
general infrastructure and services. Raw and demineralized
water are used for the cryogenic and RF power equipment
cooling. The extended compressed air circuit is used to
pilot pneumatic valves for vacuum and cryo. All safety
equipment is connected to the existing secured electrical
network.

Safety
The new cryogenic and RF test stand has introduced additional safety hazards in the LSS6 region of SPS. Electrons accelerated in the cavities generate X-rays by bremsstrahlung. Since the SPS tunnel is not partitioned by sectorization doors, it was decided to interlock the RF power
generators with the access system to the entire machine,
thus creating a new “Element Important for Safety” (EIS)
in the SPS. EIS are equipment bound to specific layouts,
procedures and documentation in the safety scheme. This
safety feature bounds powering of the cavities to no access
to the ensemble of the SPS tunnel. The important cryogenic
liquid inventory in the tunnel (300 l helium) and technical
alcove (150 l helium and 30 l nitrogen), combined with the
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risk of spilling the entire contents of the liquid nitrogen surface tank in the underground alcove, have demanded the
installation of an extended network of oxygen deficiency
hazard detectors, linked to the emergency beacons network
and tunnel evacuation control. At the upper extremity of
the vertical liquid nitrogen line, a safety orifice limits flow,
in case of accidental rupture of the low extremity of the line
and circuit. Further mitigation of cryogenic incidents was
introduced by the already cited table movement interlock
with vacuum valve closure. Strict testing procedures, specific training, access restrictions in particular during cryogenic transients, complete the safety scenario.

INSTALLATION & COMMISSIONING
Site preparation and installation were fractioned by the
beam operation calendar of the SPS. During the 14 weeks
extended year-end technical stop in winter 2016-2017, the
beam vacuum layout was modified to introduce the new
vacuum sector, with modification of all nearby vacuum
chambers and installation of new carbon coated pipes. The
two large helium pumping units were installed while the
beam line was partially dismantled and a large portion of
the tunnel floor was consolidated with a suitable resin to
accommodate the transfer table basis. With a long scaffold
covering all section of the SPS machine from the location
of the test-stand to the tunnel extremity of the TA6 gallery,
the cryogenic transfer line was installed in 6 m long segments, welded in situ then hoisted up to the tunnel vault.
Figure 3 shows the cryogenic distribution line at the crossing between the tunnel (right) and the TA6 access gallery
(left), during installation.

Figure 3: The cryogenic distribution line during installation in winter 2016-2017.
Two over-head rails, with a load capacity of 4 tonne
each, were fixed at the tunnel vault above the location of
the test stand, while a third rail of similar capacity was
mounted in the TA6 alcove to prepare installation of the
cold-box. The two low impedance coaxial transmission
lines for RF power were pulled from the surface building
through the access shaft PA6 to the test stand location.
Pipework for high- and low- pressure helium was fixed and
welded in situ all along the shaft. Most of the signal and
control cables were also pulled during the same technical
stop.

THP106
1189

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

SRF2019, Dresden, Germany

Time was allocated during the 2017 beam run of the SPS,
to terminate the preparation and installation in the surface
building: supporting structures and slabs were prepared for
the new transformer, IOT RF amplifiers, cryogenic tanks
and Faraday cage, before the IOTs were installed and Faraday cage assembled in situ. The new electrical distribution
elements were positioned; waiting for connection after the
SPS beam was stopped in December 2017.
All main equipment pieces were installed during the 8
weeks of the year-end technical stop 2017-2018. The
transfer table, designed for partial assembly in-situ, was
mounted first at the test stand location. Two distribution
valve boxes, at each extremity of the cryogenic transfer
line, were then positioned, connected and tested.
All passive proximity equipment for RF power, one
charge and one circulator per cavity, was put on the table
and rolled in position towards the tunnel wall. The Servicebox, also used for the validation tests of the cryomodule in
SM18, followed and was set on the table.
Transport of the cryomodule from the test hall SM18 to
its final location on the transfer table was monitored with
tri-axial accelerometers and inclinometers to ensure that
the transportation specification was respected. The
cryomodule was finally lifted from the transport trailer and
lowered on the table; supporting jacks were slid under the
module and attached to the table, before lowering the
cryomodule. Figure 4 fixes the moment when the
cryomodule was lowered on the transfer table.
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then transport fixtures were removed before lowering the
4 tonne cylinder to its final position. The whole cryogenic
system was subsequently connected by welding and bayonet joints to the already installed infrastructure.
Once the RF power lines connected both to the
cryomodule and to the IOT amplifiers, all systems were in
place.
Commissioning of the cryogenic system proceeded
along its layout, starting from the surface and progressively
being extended to the underground equipment. Once the
whole refrigeration and distribution system validated
without the cryomodule charge, cooldown of the pumped
cryomodule could start.
Before the SPS tunnel closure, all safety systems were
tested and validated, ending with the access system. Once
this last interlock removed, RF conditioning was performed on the cavities at 4 K.

CONCLUSIONS
The first beam, of intensity 0.2 - 0.8∙1011 protons per
bunch crossed the two crab-cavities on the 23rd May, with
the cavities operated at 4 K due to some initial difficulties
in the helium pumping units control. Nominal cryogenic
operation conditions at 2 K could be achieved in August.
It was the start of a fruitful harvest of results [6-9], the report of which is out of the scope of this paper.
An integrated, global approach to design, modelling and
installation planning was essential to the success of the
challenging task – both in space and time – asked by the
HL-LHC project to the crab-cavities project.
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Figure 4: Installation of the prototype cryomodule on the
transfer table. The two skids supporting one RF charge and
circulator for each cavity are visible on the table, to the
right.
All systems were then connected and validated progressively, including RF transmission lines, cryogenic flexibles, then the vacuum Y-chambers. Cables were connected
at the end, allowing for precise cryomodule alignment via
the frequency-scanning interferometric system [5].
The movable cryogenic plant had been designed for easy
relocation with both compressor and oil-removal skid on a
supporting frame. The skids were positioned on two supporting metallic structures fixed at the concrete slab in the
surface building. The cold-box was transported to the tunnel in horizontal orientation via the freight lift, lifted and
turned vertically with a hoist attached to the over-head rail,
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OVERVIEW OF SRF DEFLECTING AND CRABBING CAVITIES*
S. U. De Silva1†, Old Dominion University, Norfolk, VA 23529, USA
Concept of Crabbing Cavities

Abstract
Developments over the past few years on novel
superconducting deflecting and crabbing cavities have
introduced advanced rf geometries with improved
performance, in comparison to the typical squashed
elliptical cavities operating in TM110 type mode. These new
structures are compact geometries operating in either TEM
type or TE11-like mode. One of the key applications of such
cavities is the use of crabbing systems for circular colliders
in increasing the luminosity. Crabbing systems are an
essential component in future colliders with intense beams
and proposed electron-ion colliders. High luminosity
upgrade of LHC is planned to implement crabbing systems
at two interaction points. Recently, a two-cavity
cryomodule with double quarter wave crabbing cavity was
installed in SPS at CERN and successfully tested with the
proton beam. We present the details of different
superconducting deflecting and crabbing cavities and their
applications, as well as the recent results of the crabbing
systems test at SPS.

INTRODUCTION
Superconducting deflecting and crabbing cavity design
and development has seen tremendous progress due to the
requirement with tight specifications on recent applications
such as the LHC high luminosity upgrade [1] and future
electron-ion colliders [2, 3]. These types of cavities are
primarily used as deflecting cavities in separating a single
beam into two or more beams, or as crabbing cavities in
increasing the luminosity of particle colliders. In addition,
these cavities are also used in emittance exchange of beams
and in generating pulsed x-ray.

Concept of Deflecting Cavities
Complete bunch is deflected

Figure 2: Bunch collision without (left) and with (right)
crabbing cavities.
Luminosity increase in particle colliders requires
maximizing the number of interactions between the
colliding bunches. Non-overlapping bunches as shown in
Fig. 2, limit the number of interactions due to crossing
angle as given in
NN f N
1
L= 1 2 c b
(2)
2
4πσ xσ y
 σ zθ c 
1+ 

 2σ x 
where θc is the crossing angle. This limitation can be
overcome by using crabbing cavities to enable head-on
collision of bunches. The crabbing concept was first
proposed by R.B. Palmer [4], in using a rf cavity to
generate a transverse kick at the head and tail of the bunch
that forces head-on collision at the interaction point of the
colliding bunches as shown in Fig. 3. The required
transverse kick for a crabbing cavity can be calculated as

Vt =

 ϕcrab 

 2 

cE0 tan 

(3)

2π f rf β x* β xc

where where E0 is the beam energy, φcrab is the crossing
angle, β x* is the betatron function at IP, β c* is the betatron
function at the location of the crabbing cavity [5].
Head of the bunch
deflected up
Bunch is tilted

Figure 1: Deflecting cavities separate a single beam into
multiple beams.
In deflecting cavities, the separation of single beam into
multiple beams is achieved by applying a transverse
voltage to the center of the bunch as shown in Fig. 1. The
required transverse voltage is dependent on the beam
energy (E0) and the angle (θ) of separation required as
given by
Vt = E0 [eV ]θ [rad ].
(1)
___________________________________________
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Tail of the bunch
deflected down

Figure 3: Applied transverse voltage in a crabbing cavity.

TYPES OF DEFLECTING AND
CRABBING CAVITIES
Superconducting deflecting and crabbing cavities can be
categorized in two 2 categories as
i. TM110-type cavities
ii. TEM-type/TE11-like cavities
based on the electromagnetic fields profile of the cavity
geometry.
Cavities - Design
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TM110-Type Cavities
Cavities operating in TM110 mode uses the transverse
magnetic field interaction with the beam to generate
transverse kick as shown in Fig. 4. The TM110 mode is
degenerate in a cylindrical-shaped geometry; therefore, a
squashed-elliptical geometry is adapted to separate the two
polarizations.

limited, which makes the suppression of higher order
multipole components difficult.

TEM-Type/TE11-Like Cavities
In TEM-type or TE11-like deflecting and crabbing
cavities the primary contribution to the transverse kick is
given by the transverse electric field as shown in Fig. 5. In
pure cylindrical shaped TE-type cavities the net deflection
from electric field is cancelled by the net deflection from
the magnetic field as stated in Panofsky-Wenzel theorem
[6]. In order to generate a transverse deflection these
cavities require deformed shapes.

Figure 4: Squashed-elliptical crabbing cavity operating in
TM110 mode.

Deflecting
Cavities

The squashed-elliptical cavity has a lower order mode
(LOM), which is the TM010 monopole mode present in the
geometry. The narrow separation between the crabbing
mode with LOM and HOMs while maintaining high R/Q
for the crabbing mode makes the damping scheme very
complex for these cavities. The operating frequency is
inversely related to the transverse dimensions; hence these
shapes are not favourable at low operating frequencies. At
high operating frequencies TM110-type cavities can deliver
compact crabbing cavities that are capable of
accommodating large beam apertures. The degrees of
freedom in the parameter space for TM110-type cavities are
2.865 GHz
Karlsruhe/CERN Separator

1970
2007-2010

Figure 5: Cylindrical cavity with poles operating in TE11like mode.
TEM-type/TE11-like cavities are compact designs that
are favourable in low frequency operation. These designs
also have high shunt impedance and low surface peak
surface field ratios.

650 MHz TRIUMF
RF Separator

499 MHz JLab RF-Dipole Cavity

2013
2007-2011

2014

2010-2012

2013

2014

2015-2017

Crabbing Cavities

400 MHz
4-Rod Cavity

508.9 MHz KEK
Crabbing Cavity

2.815 MHz SPX
Crabbing Cavity

750 MHz
RF-Dipole Cavity

400 MHz DQW
Prototype Cavity

400 MHz DQW
PoP Cavity
400 MHz RFD
PoP Cavity
2.815 MHz QMiR
Crabbing Cavity

400 MHz RFD
Prototype Cavity

Figure 6: Sequence of superconducting deflecting and crabbing cavities that have been designed and fabricated.
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EVOLUTION OF SUPERCONDUCTING
DEFLECTING AND CRABBING
CAVITIES
Over the years, a variety of superconducting deflecting
and crabbing cavities have been designed, fabricated and
tested at cryogenic temperatures. Figure 6 shows a timeline
of such cavities designed for various deflecting and
crabbing applications. In the early days, the common
design of interest for deflecting and crabbing cavities was
the cavities operating at TM110 mode with squashed
elliptical geometry.
The 1st superconducting deflecting cavity was the
2.865 GHz rf separator with 104 cells operating in TM110
mode. The cavity was designed and fabricated at Karlsruhe
and CERN in 1970s [7]. The rf separator was in operation
from 1977 until 1981.
Similarly, the 1st superconducting crabbing cavity also
operating in TM110 mode was designed around 1970 at
KEK for the SuperB factory that was in operation from
2007 to 2010 [8]. The 508.9 MHz low operating frequency
of the KEK crabbing cavity resulted in a large cavity with
transverse dimensions of 866 mm and 483 mm. At the same
time the 2.815 GHz crabbing cavity fabricated for the
proposed short pulsed x-ray (SPX) project at ANL is a
compact design operating in TM110 mode [9].

Figure 7: Proof-of-principle 4-rod cavity (top), double
quarter wave cavity (centre), and rf-dipole cavity (bottom)
with corresponding electric and magnetic field profiles.
Lately, the necessity of compact cavities operating at low
frequencies for crabbing applications such as the LHC high
luminosity upgrade and future electron ion colliders have
led to the design of novel designs operating in either TEM
mode or TE11-like mode. Three such cavities are the 4-rod
cavity [10], double quarter wave (DQW) cavity [11], and
rf-dipole (RFD) cavity [12] that were initially proposed for
the LHC high luminosity upgrade (HL-LHC). The
fabricated proof-of-principle cavities are shown in Fig. 7.
These cavities have successfully demonstrated the concept
of rf designs, fabrication, processing, and rf performance.
The 2.815 GHz Quasi-waveguide Multicell Resonator
(QMiR) shown in Fig. 6 is a crabbing cavity designed for
FRCAA1
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the proposed SPX project at ANL [13]. The QMiR cavity
is a high frequency multi-cell cavity that operates in TE11like mode. The cavity diameter is designed to be of the size
of the beam pipe aperture. The rf preperformance of the
fabricated cavity have demonstrated that these types
cavities can be considered for high frequency applications
[14].

APPLICATIONS OF DEFLECTING AND
CRABBING CAVITIES
This section lists the recent work in the superconducting
deflecting and crabbing applications.

TRIUMF RF-Separator
The deflecting cavity shown in Fig. 8 is a 650 MHz rfseparator cavity designed and fabricated for the TRIUMF
ARIEL electron linac to split a single into two beams [15].
The transverse voltage requirement for the separator cavity
is 0.3 MV. Due to the relaxed specification in the
requirements the cavity was fabricated using reactor grade
Nb with RRR 45. The cavity was machined out of a Nb
block as shown in Fig. 8 and welded using Tungsten Inert
Gas (TIG) welding as an alternative to electron beam
welding.

Figure 8: Machined sub-assemblies (top) and fabricated
(bottom) 650 MHz rf-separator.
The rf test results are shown in Fig. 9. The cavities
achieved a transverse kick of 0.8 MV with Q0 > 2×108
exceeding the cavity specifications.

Figure 9: RF performance of the 650 MHz rf-separator
cavity.
Cavities - Design
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Crabbing Cavity Prototypes for HL-LHC
The HL-LHC upgrade requires two crabbing systems to
be installed at the two interaction points of ATLAS and
CMS. The DQW and RFD cavity types have been down
selected for vertical crabbing and horizontal crabbing
respectively [1]. The proof-of-principle cavities have been
further optimized including the fundamental power coupler
(FPC), HOM couplers, and field antenna as shown in
Fig. 10. The DQW cavity design has 3 identical HOM
couplers in addition, the pickup antenna also couples to one
of the HOMs [16]. The RFD cavity has two HOM couplers
named HHOM and VHOM that damps the horizontal
dipole modes and vertical dipole modes respectively [17].
The rf properties listed in Table 1 shows that the two
cavities operate at low peak surface fields at the nominal
operating transverse voltage of 3.4 MV. Also, these
geometries have no lower order modes with well separated
HOMs from the fundamental operating mode.

The summarized cavity processing and rf testing procedure
followed by both the cavities are listed below.
• Bulk BCP
• Heat treatment at 600 oC for 10 hours
• Light BCP
• High pressure rinse
• Cavity assembly
• Low temperature bake at 120 oC
• Cavity rf test
The rf performance of the bare DQW cavity followed by
the test results of the measurements of the cavity with a
single HOM coupler are shown in Fig. 11 [19, 20]. The low
field Q0 was 9.8×109 where the Cavity 1 and 2 reached a
maximum transverse voltage of 5.9 MV and 5.3 MV
respectively at cryogenic temperature of 1.99 K. At
nominal transverse voltage of 3.4 MV the power
dissipation of both the cavities are less than 5 W.
The DQW Cavity 2 was followed up with further tests
with a single HOM coupler installed on the cavity that was
fabricated by CERN. The HOM coupler was processed
following similar procedure carried out on the cavities,
including bulk BCP, high temperature bake, and light BCP
that improved the performance of the cavity rf test with
HOM couplers as shown in Fig. 11(b). The cavity achieved
a maximum transverse voltage of 4.7 MV and with a spacer
installed to retract the HOM coupler further increased Vt to
5.1 MV.

Figure 10: DQW (top) and RFD (bottom) crabbing cavity
designs with HOM couplers.
Table 1: RF properties of the first prototypes of the DQW
and RFD crabbing cavities shown in Fig. 10.
Parameter
Frequency
LOM
Nearest HOM
VT
EP
BP
G
[R/Q]T
RT RS

DQW RFD
400.79
None
567
633.5
3.4
37.6
33
72.8
56
87
106.7
429.3 429.7
3.7×105 4.6×104

Units
MHz
MHz
MHz
MV
MV/m
mT
Ω
Ω
Ω2

Two prototypes of each cavity have been fabricated and
rf tested without and with HOM couplers to demonstrate
the achievable performance of the complex cavities. The
sub-assemblies were fabricated by Niowave Inc. and the
final welds of all the 4 cavities were completed at Jefferson
Lab followed by cavity processing and rf testing in house
[18].
The cavity processing of both the cavities follows
similar techniques used in processing elliptical cavities.
Cavities - Design
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Figure 11: DQW bare cavity test (a-top) and test with a
single HOM coupler (b-bottom).
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The rf performance of the bare RFD cavity is shown in
the top plot in Fig. 12(a) [21]. The cavity achieved a
maximum, transverse voltage of 5.8 MV with
corresponding peak surface electric and magnetic fields of
56 MV/m and 95 mT. At nominal transverse voltage of
3.4 MV the power dissipation is 2.3 W.
One of the cavities was tested in identical test
configuration with the two HOM couplers that was
fabricated at Jefferson Lab. The demountable HHOM Nb
coupler was processed with a light BCP and high pressure
rinsed before installation. The rf performance shows
similar results to that of the bare cavity with a maximum
transverse voltage of 5.5 MV as shown in Fig 12(b). The
slight drop in Q0 resulted in a slightly higher power
dissipation of 3.3 W.
0.1 W

1W
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2.3 W

The crabbing cavity system is an essential component in
the HL-LHC upgrade. A two-cavity cryomodule with
DQW crabbing cavities was installed in the SPS ring as
shown in Fig. 13. This successfully demonstrated the 1st
crabbing of a proton beam in a particle collider [22]. The
SPS cryomodule program was completed in a short twoyear program (2016-2018) from the fabrication of the
cavities, cryomodule fabrication and installation to testing
of the cryomodule with beam.
Figure 14 shows the installed cryomodule on the SPS
beam line [23]. The cryomodule is installed on a moving
table to allow regular operation of the SPS machine
without interference from the crabbing cavities.
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Figure 14: DQW cryomodule installed in SPS.
The two cavities installed on the SPS cryomodule were
fabricated, processed and rf tested at CERN and the rf
performance of the bare cavities are shown in Fig. 15 [24].
The cavities achieved design requirements of Vt > 4.1 MV
at Q0 corresponding to a dynamic heat load of 5 W.

FE - 1.98 K

1.0E+08

0.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

Transverse Voltage (Vt) [MV]

Figure 12: RFD bare cavity test (a-top) and test with HOM
couplers (b-bottom).
The performance of both DQW and RFD cavities in rf
tests have demonstrated that the cavities meet design
specifications of transverse voltages exceeding 4.1 MV
and power dissipation to be below 5 W at nominal voltage.

1ST CRABBING OF PROTON BEAMS

CM &
Infrastructure

Figure 13: DQW-SPS cryomodule location on SPS.
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Figure 15: Bare cavity test results of the SPS-DQW
cavities.
Figure 16 shows the detailed schematic of the SPS
cryomodule with the DQW cavities with He vessels, cavity
ancillaries, and tuning system, magnetic shielding, etc. [25].
The cryomodule was installed with a dedicated cryogenic
system with a service module for liquid He supply and a
refrigerator.
A sequence of 10 machine developments (MD) were
allocated for the SPS beam test with the crabbing system
[26] as listed in Table 2. The initial MDs were used in
conditioning the cavities.
Cavities - Design
deflecting and crab cavities
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Table 2: Sequence of MDs Performed during SPS Cryomodule Test
Cavity 1 Cavity 2 Temp
Energy [GeV]
[MV]
[MV]
[K]

MD# Description
1

First crabbing, phase and voltage scan

0.5

0

4.5

26

2

270 GeV ramp with single bunch

1-2

0

4.5

26, 270

3

Intensity ramp up

1

~0.3

4.5

26

4

270 GeV coast setup

1.0

0.5

2.0

270

5

Emittance growth at 270 GeV with induced noise

0

1.0

2.0

270

6

Intensity ramp up to 4-batches

-

1.0-1.5

2.0

26

7

Intensity/Energy ramp up

-

1.0

2.0

26, 270, 400

being incorporated in both DQW and RFD crabbing cavity
designs for the LHC cavity series production [27].

Figure 16: Schematic of DQW-SPS cryomodule.
The crabbing cavities were operated at 4.5 K in the initial
MDs and after cavity conditioning the cavities were
operated at 2.0 K. The MDs were planned to study the rf
beam synchronization, transparency of the cavities to the
beam, operation at high intensity and high energy [26]. The
crabbing of the beam was observed by a head tail monitor
as the main beam diagnostic method as shown in Fig. 17
[22]. The 1st crabbing of the proton beam was observed on
May 23, 2018.

Figure 18: Schematic of RFD-SPS cryomodule.
Figure 18 shows the schematic of the RFD-SPS
cryomodule design [28]. The cryomodule test is planned
during year 2022. The prototype production of both DQW
and RFD cavities for the LHC production series has been
commissioned.

FUTURE ELECTRON-ION COLLIDERS
The future electron-ion colliders of eRHIC and JLEIC
are proposed machines that requires crabbing cavity
systems to increase the luminosity. The crabbing systems
of these machine are critical component of the collider
design in increasing luminosity compared to the HL-LHC
upgrade. The corresponding beam parameters of the
crabbing systems are listed in Table 3.
Table 3: Beam Parameters for eRHIC and JLEIC.
Figure 17: Crabbing voltage from the head-tail monitor
[22].
The crabbing cavities also successfully demonstrated the
transparency of the cavities to the beam. The two cavities
in operation at 1 MV each in opposite phase cancels the net
crabbing voltage with a residual kick of ~kV. The two
cavities in phase resulted in a net transverse kick of 2 MV
[22]. The lessons learned from the SPS cryomodule test are
Cavities - Design
deflecting and crab cavities

Parameter
Frequency
Beam Energy (e/p)
Crossing Angle
Vt per beam per side (e/p)

eRIHC
338
10/275
22
4.0/13.0

JLEIC
952.6
12/200
50
4.2/21.5

Units
MHz
GeV
mrad
MV

The crabbing cavity design proposed for the eRHIC is
similar to that designed for LHC crabbing system with the
an operating frequency of 338 MHz [29]. The crabbing
cavity design for JLEIC will be a 2-cell RFD cavity design
as shown in Fig. 19 operating at 952.6 MHz [30]. The large
FRCAA1
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crossing angle requires a high net transverse voltage for
both eRHIC and JLEIC.

Figure 19: Crabbing cavity designs for eRHIC (left) and
JLEIC (right).

CONCLUSION
The design and development of superconducting
deflecting and crabbing cavities have evolved over the
years from TM110-type cavities to cavities operating in
TEM-type or TE11-like cavities. The recent applications of
HL-LHC upgrade and future electron-ion colliders such as
eRHIC and JLEIC require compact cavity designs that are
capable or operating at low frequencies. The novel designs
such as the double quarter wave cavity and rf-dipole cavity
have many attractive properties such as low peak field
ratios, high shunt impedance and no lower order modes
present in the cavity. Furthermore, the successful rf tests
carried out on prototype cavities shows the feasibility of
operation at high transverse voltages with low power
dissipation. The promising work has led to the successful
implementation and operation of a superconducting
crabbing cavity on a proton beam at the SPS in CERN.
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E. Daly, K. Davis, F. Marhauser, A. Palczewski, K.M. Wilson, Thomas Jefferson National Accelerator
Facility, Newport News, USA
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Abstract
Nitrogen doping has been proven now in several labs to
enhance Q0 values of 1.3 GHz cavities in the gradient domain favored by CW operation. The choice of doping for
the LCLS-II project has given the community a wealth of
statistics and experience on the challenge of transferring the
doping technology to industry. Overall, industry-produced
nitrogen-doped cavities have shown excellent performance,
however some technical issues have arisen. This talk focuses
on lessons learned from the production of over 300 nitrogendoped cavities for LCLS-II and how issues were mitigated
to further improve performance. Finally, I will discuss pushing the boundaries of nitrogen-doping further by exploring
different doping regimes in order to maintain excellent Q0
performance, while reaching higher quench fields.

INTRODUCTION
Nitrogen-doping has been successfully demonstrated in
the lab setting to produce SRF cavities capable of reaching previously unprecedented Q0 values at 2 K and in the
medium field regime [1]. The Linac Coherent Light Source
II (LCLS-II), currently being constructed at SLAC National
Accelerator Laboratory, is the first large-scale accelerator
project to employ nitrogen-doping technology in order to
reach new levels of cryogenic efficiency in a CW machine.
Early results from the production of nitrogen-doped cavities for LCLS-II demonstrated the transfer of the technology
from the lab setting to SRF industry [2]. Production of the
cavities for LCLS-II is now complete and has been overall successful, however, not without challenges. Here we
provide a summary of the major lessons learned from the
production of 373 nitrogen-doped cavities for LCLS-II. In
light of the success of LCLS-II cavity performance, we also
look to the future in how doping can be pushed further in
order to enable high Q0 operation at higher gradient values
for the LCLS-II High Energy (HE) project.

∗
†

Figure 1: Production sequence for the nitrogen-doped cavities for LCLS-II.

LCLS-II CAVITY PRODUCTION AND
REQUIREMENTS
The LCLS-II linac consists of 35 cryomodules, each with
8 1.3 GHz 9-cell cavities. An additional 5 cryomodules are
being constructed as production spares. In order to reach
an electron energy of 4 GeV, the cavities must operate at an
average gradient of 16 MV/m in CW. These cavities must
meet an average Q0 of 2.7×1010 at the operating gradient in
order to enable operation of the linac on a single cryoplant.
In order to meet this difficult specification, the cavities are
prepared with nitrogen-doping. A snapshot of the production
sequence for the cavities is given in Fig. 1. In the beginning
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of production, the bulk EP was 140 µm nominal removal
and an 800◦ C UHV bake for hydrogen degassing. These
parameters were changed mid-production, which will be
discussed in the next section. The nitrogen-doping protocol
was the so-called “2/6 nitrogen-doping” - consisting of two
minutes at 800◦ C in a low pressure (∼25 mTorr) of nitrogen,
followed by 6 minutes in vacuum. The 2/6 doping has been
routinely shown to produce cavities that meet the Q0 and
gradient requirements for LCLS-II.
To enable the construction of the 40 cryomodules (including two prototypes), and to account for yield losses from
unqualified cavities, a total of 373 1.3 GHz 9-cell cavities
were ordered. The cavities were produced by Ettore Zanon
S.p.a. (EZ) and RI Research Instruments (RI). The niobium
for the cavities was produced by Tokyo Denkai (TD) and
OTIC Ningxia (NX). Additionally, two prototype cryomodules were built using cavities from ILC R&D, produced by
AES and made up of ATI Wah-Chang (WC) niobium. The
cavities shipped from the vendors under vacuum and fully
equipped for vertical test. In order to qualify for cryomodule
string assembly, a given cavity must, in vertical test, meet a
Q0 of 2.5×1010 at 16 MV/m and a quench field ≥19 MV/m
with no detectable field emission up to the maximum field.
The lowering of the Q0 spec from 2.7×1010 to 2.5×1010 is
due to the presence of a stainless steel blank on the short
side of the cavity, causing an additional residual resistance
(R res ) of 0.6 nΩ [2]. These requirements are summarized in
Table 1.
LCLS-II HE will increase the electron energy of the
LCLS-II linac from 4 to 8 GeV by adding an additional 20
cryomodules, operating at an average gradient of 20.8 MV/m
and increasing the average gradient in the LCLS-II cryomodules to 18 MV/m. In order to keep the cryoload below the
capacity of the two 2 K 4 kW cryoplants at SLAC, the HE
cavities must maintain a Q0 of 2.7×1010 at 21 MV/m. These
stricter specifications require further development of the
nitrogen-doping protocol.

LESSONS LEARNED FROM CAVITY
PRODUCTION
Overall, cavity performance of the nitrogen-doped cavities for LCLS-II has been very good. Figures 2 and 3 show
histograms of maximum gradient and Q0 for all of the cavities tested. They are colored to highlight the main issues
that were encountered during production, which will be discussed in the succeeding sections. As can be seen, most
cavities exceed the requirements of LCLS-II, but there are a
handful of low performers.
In terms of gradient, there were two main factors which
limited performance:
• Poor fabrication techniques at EZ
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Figure 2: Maximum Eacc for the cavities tested for LCLS-II.
Also shown is the vertical test specification of 19 MV/m.
Bars are stacked.

Figure 3: Q0 at 16 MV/m (or highest attainable field) for the
cavities tested for LCLS-II. Also shown in the vertical test
specification of 2.5×1010 . Bars are stacked.
These two issues highlight major lessons learned from the
nitrogen-doping production. For Q0 there were also two
main factors which limited performance:
• Poor flux expulsion of material annealed at too low
temperatures.
• Poor fabrication techniques at EZ leading to strong
Q-slope.
These items leave three lessons learned from the cavity
production, which were not learned by the previous largescale accelerator project, the European XFEL. The use of
nitrogen-doping for LCLS-II uncovered these issues - not
necessarily because nitrogen-doped cavities are more sensitive to them but because great care must be taken to achieve
high Q0 cavities.

Flux Expulsion
• Furnace contamination entering the cavities at temperatures above 950◦ C.
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The first production LCLS-II cavities were produced with
TD material and given a hydrogen degas at 800◦ C prior to the
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Table 1: LCLS-II and LCLS-II HE Cavity Operating Parameters
Parameter

LCLS-II

LCLS-II HE

# 1.3 GHz CMs

35

20

# Cavities Purchased

373

1601

Operating Gradient

16 MV/m

20.8 MV/m2

Q0 at Operating Gradient

2.7×1010

2.7×1010

Q0 at Operating Gradient in VT

2.5×1010

2.5×1010

Quench field in VT

≥19 MV/m

≥23 MV/m

1
2

Nominal amount, cavities not yet ordered.
LCLS-II cryomodules will operate at an average gradient of
18 MV/m for LCLS-II HE.

Figure 4: R res of the first production cavities from RI, separated by the point in production where the degas temperature
was increased from 800◦ C.

nitrogen-doping phase, as discussed above. However, these
cavities did not reach the expected high levels of Q0 that had
been demonstrated on lab-produced nitrogen-doped cavities.
Further investigation unveiled that this was due to excessive
R res , as can be see in Fig. 4. It was expected to receive
cavities with R res of 2-3 nΩ, but more than double this
was observed. Concurrent to this discovery, work by Posen
et. al. demonstrated that heat treatment temperature has a
strong effect on the flux expulsion of niobium cavities [3].
Subsequent studies found that indeed the first production
cavities did not expel flux as efficiently as was expected.
Therefore an increase in the furnace degas temperature was
required in order to improve flux expulsion.
The next batch of cavities (still produced with TD material) were treated at 900◦ C instead of 800 and performance
was significantly better. In Fig. 4, one can see that after the
recipe change, R res was in line with expectations of 2-3 nΩ.
Increasing the degas temperature however did not improve
flux expulsion on all cavities. Mid-production it was found
that NX material did not respond to the same temperature
as TD material. In fact, increasing the heat treatment temperature to 950 and 975◦ C in some cases was required to
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Figure 5: Boxplots and histograms showing the Q0 performance of cavities in vertical test, separated by material
vendor and heat treatment temperature. TD/800 and NX/900
cavities performed poorly while treating at higher temperatures produced cavities with high Q0 .

achieve the same level of flux expulsion as the early cavities
produced with TD material and treated at 800◦ C. This was
verified on single-cell cavities constructed out of the same
material as the 9-cells and using the method described in [3].
At the end of production, with a new batch of TD material
being used, it was found that 950◦ C was required for some
cavities.
A summary of Q0 performance separated by material and
heat treatment temperature is shown in the combined boxplot
and histogram in Fig. 5. An important and costly lesson was
thus learned from this - material flux expulsion needs to
be checked and verified prior to the construction of 9-cell
cavities. For LCLS-II and the future LCLS-II HE cavity
order, this means sorting of niobium for cavity fabrication
by heat treatment lot (at the niobium vendor). Each lot can
then have a single-cell constructed from it which can be used
to determine the minimum temperature at which good flux
expulsion is achieved.
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of the EP parameters and re-training of the EZ staff by JLab
EP experts.

Figure 6: Gradient performance of the different groups of EZ
cavities. Cavities produced with the original grinding and
weld-stackup procedures had poor gradient reach. Improvement of grinding procedures led to an increase in quench
fields on average but still many low performers. Rework of
these cavities was marginally successfull. Improvement of
all procedures led to good gradient reach.

Vendor Oversight and Process Control
The first production nitrogen-doped cavities produced by
EZ showed significantly worse gradient performance than
expected. Cavities on average quenched at ∼17 MV/m and
many showed a strong Q-slope starting at ∼13 MV/m. This
Q-slope also dragged the Q0 of the cavities down, and combined with poor flux expulsion (as discussed in the previous
section) resulted in many cavities that were below the Q0
specification at 16 MV/m. The distribution of first production unites from EZ is shown in Fig. 6.
In light of the poor performance, all production at EZ was
placed on hold and a thorough audit of their procedures was
completed by JLab and SLAC staff. Three main issues were
found:
1. Etching rather than polishing during the bulk and light
EP’s.
2. Grinding of dumbbells with aggressive tooling which
caused the embedding of normal conducting media into
the cavity surface.
3. Dirty weld stackup procedures which led to excessive
weld splatter leading to cat-eye defects.
EP Issues The electropolishing technology was transferred from JLab to EZ without extensive on-site project
oversight. Changing of the EP parameters from those EZ
had used before, combined with using the incorrect cathode
resulted in the EP’s being in the etching rather than the polishing regime. This ultimately led to extremely rough surfaces.
It is well-known that rough surfaces, such as those produced
by BCP, cannot be used with nitrogen-doping due to gradient
limitations. This issue was ultimately fixed through vetting
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Aggressive Grinding It was also found that dumbbells
left the machine shop at EZ with extensive defects such as
pitting. This is typically not an issue for high performing
SRF cavities if the defects are handled properly. Unfortunately EZ staff were grinding the entirety of the dumbbell
surface to a uniform smoothness with an aggressive paddlewheel style grinder. This ultimately led to the embedding of
normal conducting media, such as aluminum in the bulk of
the niobium. After the 200µm bulk EP, this media could be
revealed, however it would not be etched away by the EP due
to the lack of nitric acid in the acid mixture. Improvement
of grinding procedures, requiring significantly less aggressive tooling and disallowing of whole dumbbell grinding
ultimately fixed this issue. However, this required vigilant
project staff to evaluate procedures and train EZ staff.
Weld Defects Improvement of the previous two issues
improved gradient performance significantly to an average
quench field of ∼22 MV/m, however there were still a handful of low performers with quenches below 15 MV/m being
produced. Further investigation by project staff at EZ found
that dirty weld stackup procedures were resulting in weld
splatter on some cavities which ultimately led to cat-eye
defects inside the cavities. These defects ultimately would
lead to lower quench fields. Weld splatter was not explicitly
forbidden in the cavity contract, however it was required to
be ground away. Improvement of these stackup procedures
significantly improved cavity performance and ultimately
brought EZ cavities in line with those produced by RI.
Rework of Rejected Cavities Ultimately, approximately 70 cavities were effected by the issues at EZ discussed
above. A fraction of these cavities (∼50) were reworked to
improve performance. The exact rework for each cavity
depended on the state of the cavity (some were already in helium vessels, some welded but not yet in helium vessels, and
some not yet welded). Typically this rework involved BCP to
attack the normal conducting media that had been embedded
in the surface from the aggressive grinding. Typically this
rework had a success rate of ∼50%, an improvement of 20%
compared with the original cavity performance. Cavities
which were not yet welded (in the dumbell stage) had significantly better success with rework than those already welded.
This is attributed to the fact that they were welded after improvement of the weld stackup procedures. The distributions
of gradient reach for the rework cavities is given in Fig. 7.
Issues at EZ were ultimately resolved through thorough
vetting of vendor procedures and on-site presence of project
staff. This highlights that oversight is still required for cavity
production, especially when dealing with nitrogen-doped
cavities which have proven to be more susceptible to issues
that arise during production.
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Figure 7: Gradient performance of the EZ rework cavities. Cavities that were constructed of reworked dumbbells
showed the highest rates of rework success. In total ∼50%
of cavities were successfully reworked.
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Figure 8: Quench field versus material and heat treatment
temperature. Cavities treated at 975◦ C showed a drop in
quench field consistent with furnace contamination, however
statistics are limited.

High Temperature Heat Treatment and Quench
Field
In general, there has been no difference in gradient reach
for cavities produced with material from different vendors.
Figure 8 shows the quench field distributions for cavities
separated by material vendor and heat treatment temperature. Typically there is also no correlation between quench
field and heat treatment temperature either, however, there
is a small drop of ∼3 MV/m in quench field for cavities
treated at 975◦ C in RI’s furnace. At 975◦ C a small pressure rise was observed after about an hour, suggesting that
part of the furnace warmed up and started outgassing. This
likely caused contamination of the cavities which resulted
in a lower quench field. This is unfortunate since high temperatures were required to improve Q0 , but could in turn
cause a lowering of Eacc . Therefore great care must be taken
to ensure that furnaces stay clean. When contamination is
known to be present, a two stage electropolish and furnace
treatment could be used where the cavity is first treated at
high temperatures, the receives an EP to clean contamination, and then a second furnace run including the doping.
This has been theorized to cure the contamination issue.

Figure 9: Eacc performance of the cavities prepared with improved procedures for dumbbell grinding and weld stackup.

Applying Lessons Learned
Applying the three lessons learned described in the previous section results in excellent performance of nitrogendoped cavities. Figures 9 and 10 show Eacc and Q0 performance of the cavities prepared with good procedures and
sufficient heat treatment to achieve good flux expulsion.
Following implementation of the lessons learned, cavities
have demonstrated an average Eacc of 23.1 MV/m and an
average Q0 of 3.3×1010 . This performance is significantly
better than what is required for LCLS-II and enables pushing
the boundaries further to construct an accelerator with even
more ambitious requirements than that of LCLS-II.
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Figure 10: Q0 performance of the cavities prepared with
improved fabrication procedures and heat treated at high
enough temperatures for sufficient flux expulsion.
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Figure 11: Q0 vs Eacc performance at 2 K of single-cell
cavities prepared with the 2/0 nitrogen-doping. All cavities
tested demonstrated performance in excess of the LCLS-II
HE requirements.
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Figure 12: Q0 vs Eacc performance at 2 K of single-cell
cavities prepared with the 3/60 nitrogen-doping. Nearly all
cavities tested demonstrated performance in excess of the
LCLS-II HE requirements.

NITROGEN-DOPING IN THE FUTURE:
LCLS-II HE
As discussed in the previous section, SRF cavities can
be produced, through the use of nitrogen-doping and great
care, which achieve an average quench field of 23 MV/m.
For LCLS-II HE however this is not good enough. HE has
a qualifying vertical test gradient of 23 MV/m, therefore
if the LCLS-II cavities were used, ∼40% of the cavities
would not qualify. Therefore, a change to the cavity doping
protocol must be done to push the gradient reach higher, but
with the same high Q0 . In order to achieve this lofty goal,
an R&D program was developed and has been thoroughly
described in [4]. Two candidate recipes have been pursued,
the 2/0 (two minutes with nitrogen, no anneal time), and the
3/60 (three minutes with nitrogen, followed by a 60 minute
anneal). Single-cell results have been excellent thus far and
are shown in Figs. 11 and 12. Nearly all the cavities tested
exceed the LCLS-II HE requirements.
Success of the single-cell program motivated preparing 9cell cavities with one or both of the new doping recipes. This
endeavor encountered significant issues as described in [4].
However, improvement of the furnace caps and electropolish
system has proved successful in producing an HE qualified
9-cell with exceptional gradient performance. This is shown
in Fig. 13. A cavity from LCLS-II, prepared by RI with the
2/6 recipe quenched at 23 MV/m. After reset and doping
with the 2/0 recipe at FNAL, it quenched at 32 MV/m, a
30% increase in quench field. This result paves the way
for the production of more 9-cell cavities prepared with the
new recipe in order to reach higher gradients while still
maintaining high Q0 .

CONCLUSIONS
The production of nitrogen-doped cavities for LCLS-II
has largely been successful. Three important lessons were
learned throughout production which have proven to be nec-
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Figure 13: Q0 vs Eacc performance at 2 K of a 9-cell cavity
produced with the 2/6 nitrogen-doping and then again with
the 2/0 doping. Increase of the quench field by 30% was
observed.

essary to implement in order to achieve excellent cavity
performance.
Good flux expulsion is crucial in order to maintain high
Q0 . At 16 MV/m and 2 K, a 2/6 nitrogen-doped cavity has
∼10 nΩ of surface resistance. At that level, every additional
nOhm of surface resistance is important and trapped flux
will contribute significantly to the total surface resistance.
In order to guarantee good flux expelling cavities, single-cell
cavities must be fabricated from each niobium heat treatment
batch. Moreover, niobium must be sorted by required heat
treatment temperature for production cavities.
Vendor oversight and thorough vetting of procedures is
necessary to produce excellent performing cavities. While
the cavity vendors can produce good cavities, on-site presence is important to maintain a high level of quality. This
ultimately led to the improvement of cavities produced by
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EZ and brought their routine cavity performance to be in
line with that of RI.
Due to the flux expulsion requirements, some material
needed to be treated at temperatures as high as 975◦ C. It was
found that for these cavities, there was a significant drop in
quench field compared with cavities treated at lower temperatures. This has been attributed to furnace contamination.
Great care must be taken to ensure the cleanliness of vendor
furnaces and using a two stage EP and furnace cycle may be
necessary to achieve both high Q0 and high gradient.
With improvement to procedures, LCLS-II cavities performed well in excess of their expectations. Nitrogen-doping
is well on its way to industrialization, but it is not fully industrialized yet. Project oversight and vigilance is still required
to maintain good cavity performance. Moreover as LCLS-II
HE further pushes the boundaries of nitrogen-doping, further care will need to be taken in order to reach even better
performance.
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Abstract

Table 1: Design Parameters of the HELIAC [13]

The machine beam commissioning is a major milestone
of the R&D for the superconducting heavy ion continuous wave linear accelerator HELIAC (HElmholtz LInear
ACcelerator) of Helmholtz Institute Mainz (HIM) and GSI,
developed in collaboration with IAP Goethe-University
Frankfurt . During successful beam commissioning of the
superconducting 15-gap Crossbar H-mode cavity at GSI
Helmholtzzentrum für Schwerionenforschung heavy ions
up to the design beam energy have been accelerated. The
design acceleration gain of 3.5 MeV has been reached with
full transmission for heavy ion beams of up to 1.5 pµA. Fabrication experiences and results of off-line and on-line cavity
performance will be presented. The next step is the procurement and commissioning of so called ’Advanced Demonstrator’ - the first of series cryomodule for the entire accelerator
HELIAC. Results of further Demonstrator beam tests, as
well as the status of the Advanced demonstrator project will
be reported.

INTRODUCTION
The design and construction of continuous wave (cw) high
intensity Linacs is a crucial goal of worldwide accelerator
technology development [1]. In the low- and medium-energy
range, cw-Linacs can be used for several applications, as
for Accelerator Driven subcritical nuclear reactor Systems
(ADS) [2, 3] or the synthesis of Super Heavy Elements
(SHE) [4] and material science. In particular the increased
projectile intensity, preferably in cw mode, would remarkably improve the SHE yield. The compactness and energy
efficiency of such cw facilities requires the use of superconducting (sc) elements in modern high intensity ion linacs
[5–9]. For this purpose the heavy ion sc cw linac HELIAC
is developed at GSI HIM [10, 11] under key support of Institut für Angewandte Physik (IAP) of Goethe University
Frankfurt [12, 13].
Table 1 shows the key parameters of the HELIAC. Heavy
ion beams with a mass-to-charge ratio up to A/z = 6 will
be accelerated by twelve multi-gap CH cavities, operated
at 216.816 MHz. The HELIAC should serve for physics
experiments, smoothly varying the output particle energy
from 3.5 to 7.3 MeV/u and simultaneously preserving high
beam quality [14].
∗
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Mass-to-charge ratio
Frequency (MHz)
Max. beam current (mA)
Injection energy (MeV/u)
Output energy (MeV/u)
Output energy spread (keV/u)
SC CH cavities

6
216.816
1
1.4
3.5 – 7.3
±3
12

DEVELOPMENT OF CH CAVITIES
360 MHz CH-Cavity Prototype
The superconducting CH-Cavities are the further development of the well established room temperature multi
cell H-mode accelerating structures [15] at GSI and IAP.
The first milestone in the development of superconducting
CH-cavities was the successful design and test of 19-cell
prototype cavity with a resonance frequency of 360 MHz,
(βgeom. = 0.1). The prototype cavity has been fabricated

Figure 1: Cross sectional view of CH Prototype (top).
Q0 vs Ea curve for the 360 MHz CH-prototype (bottom)
[16].
.
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by Research Instruments (RI) [17] (former ACCEL) . The
cavity is made from bulk niobium sheets with a thickness
of 2 mm and with a RRR value of 250. All parts have been
formed either by deep drawing or by spinning. For the cavity
production electron beam welding was applied. One special
feature of this prototype is the direct welding of the drift
tubes into the stems. The length of each drift tube is different
(under the conservation of the total cell length) to guarantee
a constant field distribution. After the final welding, the
cavity has been treated with temperature controlled buffered
chemical polishing (BCP) to remove about 120 µm from the
surface followed by high pressure rinsing (HPR) using a
pressure of about 80 bar. Several cryogenic tests have been
performed at IAP since 2005. Before the second surface
treatment accelerating gradients of 4.7 MV/m have been
achieved [12]. This corresponds to an electric peak field of
25 MV/m. Above peak fields of 20 MV/m strong field emission occurred. The measurement with X-ray TLD-detectors
(Thermoluminescence Dosimeter) shows a very strong radiation level close to the cavity center, which indicates a single
field emitter. It has been decided to perform an additional
Buffered Chemical Polishing (BCP) and High Pressure Rinsing (HPR). After second treatment this resonator reached an
accelerating gradient of 7 MV/m (see Fig. 1), this gradient
corresponds to total voltage of 5.6 MV[16].
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type geometry which are put inside the cavity. Tuner is connected to the outside by a rod and can be operated by a piezo
and a stepping motor drive, respectively. Four additional
flanges for surface preparation enable an improved cavity
performance after HPR. In order to provide for a compact
geometry the inclined stems at the first and last drift tube has
been implemented. Inclined end stems yield a more homogeneous field distribution along the beam axis as the magnetic
high field volume and correspondingly the inductance is
increased. At the same time the longitudinal dimensions of
the cavity can be reduced by about 20 % since an extended
end cell is not needed for field flattening. After the final
welding, the cavity has been treated with BCP (in several
steps) to remove about 120 µm from the surface followed
by HPR through two beam ports and four of-axis flanges.
Consequently, this cavity achieved an accelerating gradient
of 8.5 MV/m at 4K resulting in a voltage of 4.2 MV. Furthermore, tests at 2K yielded a gradient of 14.1 MV/m (see
Fig. 2) and a voltage of 7 MV, respectively [20].

325 MHz CH-Cavity
As a next step a compact, 7-cell, 325 MHz CH-cavity
with βgeom. = 0.16 and a tuning system for slow and fast
dynamic adjustment of the frequency were designed [18,
19]. The cavity is equipped with two fast tuners of a bellow

Figure 3: Crossectional view of 217 MHz CH0 cavity (top).
Measured Q0 vs Ea curve (bottom) [21].

217 MHz Demonstrator Cavity (CH0)
Figure 2: Multigap structure of the 325 MHz CH-cavity
during production steps and 3d model of the cavity (top).
Measured Q0 vs Ea curves (bottom)[20].
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With the promising results from the previous two cavities
it was decided to elaborate a newly planned cw heavy ion
linac HELIAC based on the CH-type multi-cell resonators.
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As a first step towards HELIAC the 217 MHz CH
cavity (CH0) with 15 equidistant accelerating gaps and
βgeom. = 0.059 has been developed [22]. The geometry of
CH0 is even more complex and challenging than the structure of the 325MHz CH-cavity due to the higher number
of accelerating gaps,tuners and the lower (thus, providing
less space) frequency. After final surface preparation (BCP
+ HPR) the cavity was delivered to IAP for tests in a vertical cryostat surpassing the demanded design gradient and
quality factor despite field emission (see Fig. 3, red circles
[21]) [23]. After the final assembly of the helium vessel
and further HPR preparation at RI, the cavity was tested
again at GSI in a horizontal cryostat. The cavity performance was significantly improved due to an additional HPR
treatment. The initial design goals have been exceeded and
a maximum accelerating gradient of Eacc = 9.6 MV/m at
Q0 = 8.14 × 108 has been achieved [21].

CH1/2 for the HELIAC Project
Another step paving the way to HELIAC was realized
within the development of the Advanced Demonstrator concept [6, 13]. For this cryomodule scheme two structurally
identical CH-cavities with βgeom. = 0.069 (CH1 and CH2
in the HELIAC pattern) have been developed at IAP [24].
Compared to recent sc CH-cavities both cavities are designed without girders and with stiffening brackets on each
inclined end cap (see Fig. 4) aiming for easier manufacturing,
increased mechanical stiffness and reduced pressure sensitivity. Each cavity is equipped with two dynamic bellow
tuners to adjust the frequency accordingly. After fabrication and surface processing of CH1 this cavity reached a
gradient of Eacc = 9 MV/m corresponding to 3.32 MV at
Q0 = 2.4 × 108 in a first vertical test setup at IAP (see Fig.
4). Recently this cavity has been returned to RI for further
surface cleaning processes. The CH2 cavity is just before
rf-testing in a vertical cryostat. After the final preparation
steps by vendor and assembly of the helium jacket, both
cavities would be delivered to GSI for the final acceptance
rf-tests.
As a follow up of CH0, CH1 and CH2 the next HELIAC
cavities are under design investigation with a special emphasis on peak surface electrical field and tuner design. Figure 5
shows the present simulation status [25].

BEAM TESTS OF DEMONSTRATOR
Prior the realization of HELIAC, the demonstrator project
is accomplished at GSI and HIM in collaboration with IAP.
The demonstrator setup is located downstream of the GSI
High Charge State Injector [26] (HLI).
The demonstrator comprises the 15 gap sc CH-cavity
(CH0) [22] embedded by two superconducting solenoids;
all three components are mounted on a common support
frame (see Fig. 6). The beam focusing solenoids provide a
maximum magnetic fields of 9.3 T with a free beam aperture
of 30 mm. Each solenoid consists of a main Nb3 Sn-coil and
two compensation coils made of NbTi. The compensation
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Figure 4: Crosssectional view of CH1/CH2 cavity (top).
Measured Q0 vs Ea curve (bottom) [24].

Figure 5: Design status of 216.7 MHz CH3 cavity for the
HELIAC project [25].

coils reduce stray field to maximum 30 mT at a longitudinal distance of 300 mm from the center of the main coil. A
3000 liter Helium reservoir in vicinity of the radiation protection shelter is sufficient to provides 2 weeks of cryogenic
operation.
Prior to beam commissioning of the cavity, the rf-power
couplers were tested and conditioned in a dedicated test resonator [27, 28]. Inside ISO4 class clean room, the power
couplers were integrated in the rf-cavity, as well as three frequency tuners, developed at IAP and manufactured at GSI.
Furthermore, the CH-cavity and together with solenoids
were assembled into a common string. After leak testing the
accelerating string was integrated into the cryostat outside
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support
frame

sc solenoids
2.2 m

Figure 6: Sectional view of Demonstrator cryostat, the
216.816 MHz CH-cavity and two sc solenoids are suspended
within a support frame.

Figure 7: Layout of matching line to the Demonstrator
and beam diagnostics test bench. QT/QD=quadrupole
triplet/duplet, R = rebuncher, X/Y = beam steerer, G = SEM
grid, T = current transformer, P = Phase probe, BSM = bunch
shape monitor, EMI = emittance meter.
of the clean room. Figure 7 shows the matching beam line
equipped with beam instrumentation devices. It includes
beam current transformers, Faraday cups, SEM-profile grids,
a dedicated emittance meter, a bunch shape monitor and
phase probe pickups (beam energy measurements applying time of flight) provide for proper beam characterization
behind the demonstrator.
In June 2017, after a short commissioning of the demonstrator setup and matching line and ramp-up time of some
days, the CH0-cavity accelerated for the first time heavy ion
beam (Ar11+ ) with full transmission up to the design beam
energy of 1.866 MeV/u (∆Wkin = 0.5 MeV/u). For the first
beam test the sc cavity provided an accelerating voltage
of more than 1.6 MV. Furthermore, the design acceleration gain of 3.5 MV has been verified and even exceeded
by acceleration of Ar6+ beam with higher mass to charge
ratio A/z = 6.7. A maximum average beam intensity of
1.5 pµA has been achieved, limited only by the beam intensity of the ion source and maximum duty factor (25 %) of
the HLI, while the CH-cavity was operated in cw-mode.
All presented measurements were accomplished with high
duty factor beam and maximum beam intensity from the
HLI. A systematic 2-D scan of beam energy and beam transmission for a wide area of different accelerating fields and
rf-phases has been performed. The smooth variation of the
beam energy with ramped accelerating gradient could be
observed for different rf-phase settings, while the beam trans-
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mission was kept above 90 %. Exemplary transversal beam
emittance have been measured for accelerated Ar9+ beam
by a slit grid emittance meter. The measured 90 % emittances in the horizontal and vertical plane are only 0.74 µm
and 0.47 µm respectively. The measured (normalized) beam
emittance growth at full beam transmission is sufficiently
low: 15 % in horizontal plane and 10 % in vertical plane [6].
Besides beam energy measurements the bunch shape was
measured with a bunch shape monitor. Impressively small
minimum bunch length of about 300 ps (FWHM) and 500 ps
(base) could be detected, sufficient for further matching to
and acceleration in future rf-cavities
During the beam time in November/December 2018 the
result of beam time 2017 were confirmed and further detailed
investigation of the longitudinal phase space [29] and further
rf-characterization of the CH-cavity [30] were accomplished.
Figure 8 shows the measured beam energy (TOF) of the accelerated Ar9+ beam as function of the rf-phase for different
rf-amplitudes measured at pick-up probe. The measured dissipated power Pc = P f − Pr in the cavity and quality factor
[30] define the stored energy in the cavity. The knowledge of

Eacc = 1.71 MV/m

2.0
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Figure 8: Measured (filled circles) and simulated (solid lines)
phase scans for different accelerating gradients.
the stored energy together with the calculated electric field
by CST Microwave Studio® [31] (normalized to 1 Joule
stored energy) allows assignment of the measured pick-up
signal to the unique accelerating gradient. The curves in
the Fig. 8 show the calculated kinetic energy gain as function of the cavity phase for different accelerating gradients.
The curves are obtained by numerical solution of equation
of motion for charged particle in the "real" electric field as
exported from CST Microwave Studio® . The agreement of
calculated curves with results of TOF measurements confirm the reliability of rf measurements (i.e. quality factor)
and calibration of the pick-up probe.

ADVANCED DEMONSTRATOR
Following the successful beam test of the CH0 cavity
within the Demonstrator research project, the next milestone
is the construction, commissioning and operation of the
Advanced Demonstrator cryomodule. It contains the demonstrator CH0 cavity, two identical CH1 & CH2 cavities [24],
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OUTLOOK
In the future the existing UNILAC (UNIversal Linear
Accelerator) [35–38] at GSI will be exclusively used as an
injector for FAIR to provide short-pulse high-intensity heavy
ion beams at low repetition rates [39–42].
Cryomodule 1

Figure 9: Layout of the Advanced Demonstrator cryomodule
containing three CH cavities, a re-buncher cavity (B) and
two solenoids (S).
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Figure 11: Layout of the HELIAC accelerator.
two-gap re-buncher cavity (B) [32, 33] and two sc solenoids
(S). Figure 9 shows the layout of the components within the
cryomodule. In the future, the Advanced Demonstrator is
foreseen to be used as the first of a series of four cryomodules
of the HELIAC accelerator. According to beam dynamic
simulation [13], the Advanced Demonstrator module will
provide for beam energies of up to Wkin = 2.7 MeV/u for
heavy ion beams with A/z = 6 and up to Wkin = 3.3 MeV/u
for lighter beams with A/z = 3. The two-gap re-buncher cavity is already designed; the procurement of the Nb material
has been started.

He-Process
pipe connection
service
doors

support
frame

Figure 10: 3-D model of the Advanced Demonstrator cryo
module.

Figure 10 shows the 3-D model of the Advanced Demonstrator cryostat. All components will be cleaned and added
to the accelerator string within a ISO4 clean room [34] at
HIM. After the vacuum leak test, the string is integrated
into the cryostat outside the clean room. The large service
doors of the cryostat allow easy assembly of the "cold" and
"warm" parts of the power couplers after integration of the
accelerator string into the cryostat. Moreover, it allows the
in situ alignment to the beam axis after installation of the
cryomodule in the tunnel for each individual component.
The newly build Advanced Demonstrator testing area at GSI
provides an enlarged radiation protection shelter, the connection to the cryo plant via dedicated Helium distribution valve
box, a new rf gallery equipped with four 3 kW rf- amplifiers
and a new control room.
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The new superconducting heavy ion Linac HELIAC(see
Fig. 11) should provide ion beams above the Coulomb barrier to ensure the GSI SHE program remains competitive
world wide. The Linac design comprises a room temperature cw injector, low energy beam transport (LEBT) section
followed by a sc Drift Tube Linac (DTL) consisting of 12 sc
CH structures grouped into four cryomodules (CM1-CM4).
Besides acceleration of the design ions the HELIAC can be
operated with different ions from protons (A/z = 1) to U28+
(A/z = 8.5). From the beam dynamics point of view, an
output energy of up to 10 MeV/u for light ions (14 MeV for
protons) could be reached without significant performance
degradation.
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INVESTIGATION ON 1, 3 AND 9-CELL SRF ELLIPTICAL CAVITIES
MADE OF LARGE GRAIN NIOBIUM*
T. Dohmae†, H. Inoue, K. Umemori, T. Kubo, H. Shimizu, M. Yamanaka, Y. Watanabe,
High Energy Research Organization, Tsukuba, Japan
Abstract

Table 1: List of Fabricated LG Cavities

Large grain (LG) Nb is directly sliced from niobium ingot. LG Nb sheet has larger crystal size than that of fine
grain (FG) Nb which is forged and rolled, and normally
used as the SRF cavity materials. It is expected that higher
Q-value can be achieved using LG Nb sheet. And, effective
reduction in material cost can be also achieved by LG Nb
since forge and rolling process are skipped. On the other
hand, there are some difficulties in fabrication since it has
large deformation due to strong anisotropy. Cavity fabrication facility (CFF) in KEK has been fabricated 1, 3 and 9cell elliptical cavities made by LG Nb and RF tested in vertical cryostat. In this talk, the fabrication process and test
results from these cavities will be presented.

Cavity
R1
R5
KEK-2
R10/10b
KEK4/5

Supplier
Tokyo
Denkai
CBMM

RRR
496

Cell
1

107

1

Tokyo
Denkai
CBMM

496

9

242~298

3

CBMM

242~298

9

Shape
TeslaLike
TeslaLike
TeslaLike
TeslaLike
Tesla

INTRODUCTION
Several 1.3 GHz SRF cavities made by LG Nb from different supplier were fabricated at CFF and tested at superconducting test facility in KEK as listed in Table 1 [1][2][3].
Cavity shape are Tesla-Like [4] and Tesla [5]. R1 cavity
made of high purity LG Nb which residual resistivity ratio
(RRR) is ~500 first fabricated and tested. Then, R5 cavity
made of low purity LG Nb which RRR is ~100 was fabricated and tested. Since R1 achieved acceptable results, 9cell cavity made of same material as R1 which is named
KEK-2 was also fabricated and tested. Since a special
chemical process is necessary to separate tantalum and niobium, the production cost of low tantalum contained niobium is higher. Even though, RRR of LG Nb used R10 and
R10b are 242 ~ 298, it contains higher ratio of tantalum to
achieve effective cost reduction. The ratio of tantalum of
LG Nb used for R10 and R10b are more than 1000 ppm.
(It is less than 100 ppm in case of R1.) Two 9-cell cavities
named KEK-4 and KEK-5 were fabricated using same material as R10 and R10b.A examples of LG Nb are shown in
Figure 1.

PERFORMANCE TEST
Following several surface treatments are usually applied
to completed cavity before performance testing in KEK;
1. Initial electropolishing of 100µm

3.
4.

Annealing of 750 ℃ for 3 hours in a vacuum furnace
Frequency tuning (for multi-cell cavity)
Second electro polishing of 20µm ~ 30µm

5.

Baking of 120 ℃ for 47 hours.

2.

Figure 1: Examples of LG Nb. Diameter of left slice is
260 mm and supplier is CBMM. Diameter of right slice is
290 mm supplied by Tokyo Denkai.
Cavities are then cooled down to around 2 K in a vertical
cryostat filled with liquid helium then RF tested. This test
is called vertical test (VT). Remaining environmental magnetic field in cryostat is 5 mG ~ 10 mG. These magnetic
field was not cancelled during measurements except 2nd
VT of R10. VT of KEK-5 is not finished.
Figure 2 shows the VT results of each cavity at π-mode.
R1 cavity reached more than 40 MV/m in most of tests. On
the other hand, the maximum gradient of R5 cavity is only
30 MV/m. KEK-2 achieved 38 MV/m. R10 and R10b
achieved maximum gradients of 38 MV/m and 42 MV/m
respectively. KEK-4 achieved 29 MV/m and quenched.
KEK-4 will be measured again after removing defect
which causes quench.
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Figure 2: VT results of each cavity.

TECHNICAL ISSUES OF LG CAVITY
Even though, most of cavities achieved acceptable performance, there are several technical issues using LG Nb
as cavity material

Large Deformation
Since LG Nb has large crystal size, it has strong anisotropy which causes large deformation after press forming.
Figure 3 (left) shows roundness of equators in LG half-cell
after press forming measured by CMM. Roundness is the
difference of circumradius and inradius. Roundness of LG
cavity is much worse than that of FG average. There is not
a big effect of annealing before press forming can be seen
in roundness. A special jig which forces equator to exact
circle which is not used for FG cavity fabrication is
necessary of LG cavity welding as shown in Figure 3
(right).

Different Characteristics
In LG Nb case, RRR varies largely even in same ingot.
It varies from 242 to 298 for LG Nb used for R10 and R10b.
A mechanical strength differs even in same slice since it
largely depends on crystal orientation.
Because of characteristics described above, it is difficult
to guarantee same material quality when we treat LG Nb.
Further study is necessary to employ LG cavity into real
accelerator.

CONCLUSION
Several SRF cavities were fabricated using LG Nb from
different suppliers. Completed cavities were then measured
its performance in vertical cryostat. Cavities using LG Nb
which RRR is more than 240 achieved more than 35
MV/m.
LG Nb has strong anisotropy which leads large deformation after forming. This makes fabrication process more
complex. LG Nb also has different mechanical strength
even in same slices. Hence, it is difficult to guarantee the
cavity strength against He pressure. Further studies to solve
this problem is necessary for actual use of LG cavity to accelerator.
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THE DESIGN OF AN AUTOMATED HIGH-PRESSURE RINSING SYSTEM
FOR SRF CAVITY AND THE OUTLOOK FOR FUTURE AUTOMATED
CLEANROOM ON STRINGS ASSEMBLY
H. Guo†, C.L. Li, Y.K. Song, Q.W. Chu, Z.M. You, T. Tan, Y. He, Institute of Modern Physics,
Chinese Academy of Sciences, Lanzhou, China
Abstract

High-pressure rinsing (HPR) and cavity assembly are
two critical steps in cavity post-processing. Traditionally,
high-pressure rinsing processing is based on ultra pure water system, pump, rinsing wand and simple-functional control system; cavity assembly processing is based on simple
fixtures, wrenches, bolts and nuts. Beside the equipments,
at least two operators are required in either of these two
processing. Operators and their actions could bring mistakes and cause extra airborne particle contamination in
cleanroom. To avoid the risk from labors, a robot has been
introduced in IMP cleanroom for HPR assisting and assembly assisting. Labor cost and cavity RF test results are compared between the circumstances with and without robot
assisting. In this work, an automated HPR system that has
been designed and will be installed in IMP cleanroom will
be presented. In addition, a future automated cleanroom on
strings assembly will be discussed as well.

INTRODUCTION
Automation has been already applied in cleanroom on
photovoltaic industry, semiconductor industry and pharmaceutical industry. The application aims to increase the production yield. For SRF cavities, cleanroom process is also
used to increase the production yield, but there are less devices applied in cleanroom to finish these process automatically. Several years ago, the FRIB project introduced the
robot in SRF cleanroom first time [1], which gave us a new
orientation for cleanroom automation. Recently, a new robot has been applied in IMP cleanroom, which is assisting
operators for HPR process and assembly. In this paper, the
difference before and after robot application would be
shown. According to our robot assisting experience, a new
automated HPR system has been designed, which would
be shown in this paper also.

Table 1: Cavity Types Used on CiADS Project
Cavity type
HWR010
HWR019
DSR042
Ellip062
Ellip082

Quantity of
cavities
9
24
40
40
24

Weight of cavities
~50kg
~180kg
~180kg
~140kg
~140kg

AUTOMATION EXPERIENCE AT IMP
Robot Application in IMP Cleanroom
A robot had been installed in cleanroom at 2017 (Fig. 1).
The primary goal for this robot is to assisting the processing and cleanroom assembly of HWR015 cavities
which are about 120kg. The main parameters of the robot
shown below:

Cleanliness: ISO class 4 & ISO class 5

Rated payload: 210 kg

Pose repeatability: ±0.06mm

Number of axes: 6

Demands for Robot
There are five types cavities to be used on CiADS project, which are showed in Table 1. At 1967, the ‘International Labor Conference’ gave a suggestion of maximum
permissible weight to be carried by one worker. It was 50kg.
On CiADS project, there are four types cavities over 100kg
and the heaviest cavity is about 180kg. So if we think about
handling these cavities manually, there are at least 5 technicians required for each cavity, which is impractical for
clean room processing. So we need to find a new method
to solve this problem.

Figure 1: Robot installing and adjusting in cleanroom.
In 2018, the first HWR015 string with robot assisting
during post-processing and assembly has been delivered.
This string replaced an old string with same kind of cavity
which is manually assembled in 2017. The cavities in these
two strings came from the same vendor and showed similar
FE onset fields in vertical tests.

____________________________________________

† guohao@impcas.ac.cn

FRCAB3
1216

Cavities - Fabrication
cavity processing

SRF2019, Dresden, Germany

JACoW Publishing

doi:10.18429/JACoW-SRF2019-FRCAB3

Table 2: Labor Saving before and after Robot Applicaiton
Items
Operators (before)
Hours (before)
Operators (after)
Hours (after)
Hours saved
Total hours saved
Figure 2: A new robot assisting strings had been assembled
in cleanroom.

HPR
3
8 hours
1
8 hours
16 hours

Cavity moving
3
1 hours
1
1 hours
2 hours
18 hours

THE DESIGN OF A FULL AUTOMATED
HPR SYSTEM
Mechanical Design
The structure of the automated HPR system is showed in
Fig. 4. The cleanroom robot is still the core component in
this system. The water shelter frame, linear motion system,
spray wand, and rotate water feed through can be the same
as used in traditional HPR system. In this system, alignment is the critical issue. The control system should have
the ability to detect the cavity status and ensure the cavities
aren’t collided by the spray wand.

Figure 3: The gamma dose comparison between CM3 1st
and CM3 2nd.
The online performance of these two strings are compared. For the manually assembled strings (CM3 1st), the
alignment between flanges is very difficult even with the
help of support frames. Because of that, it was pumped and
vented five times due to vacuum leak. In addition, there
were three operators needed in cleanroom for HPR process
which naturally brought about more contamination. After
the robot had been installed in our cleanroom (Fig. 2), because of the flexibility and maneuverability of the robot
arm, the alignment between flanges was much easier than
before. And with only one operator required for HPR process, the cleanliness in HPR region can maintain at a higher
level. These phenomena all indicate robot assisted string
should have a better cleanliness than the manually assembled one. The operational experience of our linac showed
on Fig. 3 that the robot assisted string showed much better
FE onset field and allowable working gradient, which is
gamma dose less than 500 uSv/h.

Figure 4: the mechanical design schematic of automated
HPR system.

Control System Design
The schematic of the control system is showed in Fig. 5.
The PLC will be used to control all the components including motors, pumps, robot and valves. Human-machine interface will be used for program selecting and manual control. This system will be finished in the next a few months
and will be used in IMP cleanroom.

Labor Saving
The summarized man-hour cost for the two situation is
listed in Table 2. There are 18 man-hours saved with the
help of a robot arm. Meanwhile, less operators in cleanroom means less contamination from human motion, and
the maintaining of cleanliness will be easier.

Cavities - Fabrication
cavity processing

Figure 5: the schematic of the control system.
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CONCLUSION
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According to these experience, we can reach the following conclusions. First, robot assisting can better handle the
heavy cavities comparing with human hands and support
frames. Second, robot assisting could bring maneuverability and flexibility to the assembly process. We believe this
will help to increase the RF performance. Third, robot assisting can reduce the manpower needed in cleanroom.
More RF and cleanliness result compared between traditional HPR system and automated HPR system will be
tested and showed in the future.
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DEVELOPMENT OF HIGH INTENSITY, HIGH BRIGHTNESS, CW SRF
GUN WITH Bi-ALKALI PHOTOCATHODE
T． Konomi†, Y. Honda, E. Kako, Y. Kobayashi, S. Michizono, T. Miyajima, H. Sakai,
K. Umemori, S. Yamaguchi, M. Yamamoto, KEK/Sokendai, 305-0801, Tsukuba, Japan
Table 1: RF Parameters of KEK SRF GUN#2

Abstract
Superconducting RF gun can realize high acceleration
voltage and high beam repetition. KEK has been developing the 1.3 GHz elliptical type 1.5 cell superconducting RF
gun to investigate fundamental performance. A surface
cleaning method and tools are developed by using KEK
SRF GUN #1 and high surface peak gradient 75 MV/m was
achieved without field emission. SRF GUN #2 equipped
with the helium jacket and operable with electron beam
was designed based on the SRF GUN #1. It can be operated
with transmit type photocathode which include superconducting transparent material. The cathode rod is cooled by
thermal conducting from the 2 K helium jacket and photocathode will be kept around 2K to maintain superconductivity. Bulk niobium photocathode rod, and substrate will
used for the fundamental performance test.

CAVITY DESIGN
The SRF gun #2 cavity is 1.5 cell and 1.3 GHz shape
designed based on SRF GUN #1. The feature of the cavity
design is parallel shape choke filter. This design is important for HPR. High gradient performance has demonstrated using SRF GUN #1. The maximum surface peak
electric field (Esp) reached 75 MV/m [1]. The difference
from #1 is that #2 has the helium jacket and the cathode
rod size was changed for improving the cathode rod cooling. Figure 1 shows the #2 design. Table 1 shows the RF
parameters of KEK SRF GUN#2. Yellow parts are made of
niobium and green and blue parts are made of titanium and
gray parts are made of stainless steel. Helium jacket can be
connected by flanges with indium seal. The choke filter is
connected as close to the accelerating cell as possible to
minimize the cathode rod length.

Parameter

Value

Frequency

1300 MHz

Geometrical factor

133.7 Ohm

Hsp/Esp

2.237 mT/(MV/m)

Z factor

234.04

𝑍 𝑄 𝑃

(𝐸

)

RF leakage from the choke filter is simulated using SUPERFISH. Figure 2 shows the simulation condition. Rod
head is made of niobium, niobium surface resistance is set
to 10×10-9 Ω. Other cathode holder parts are made of oxide free copper (OFC). Electrical resistivity of OFC is set
to 1.68×10-8 Ω･m. Figure 3 shows the Q value dependence on the choke diameter. The maximum Qo is 1.36×
1010 at 186.6mm. If 1% degradation is allowed, the diameter fabrication tolerance is set to ±0.2 mm.

Figure 2: SUPERFISH simulation set up.
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Figure 1: Design of KEK SRF GUN#2.
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Figure 3: Q value dependence on choke diameter.
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VERTICAL TEST RESULT
The cavity fabrication was successfully completed (Fig.
4). The three half cells of accelerating cell were press
formed with the same die as used for SRF gun #1. The
choke cell and half-cell of 1st cell on cathode rod side were
machined from niobium block. All parts were connected by
the electron beam welding.

JACoW Publishing
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around 2K. The other one is particle free cathode transport
method. We will test with the cathode rod in horizontal test
cryostat because it is difficult to adjust the cathode rod position in the vertical cryostat.

Figure 5: Set up for choke tuning.

Figure 4: KEK SRF gun #2 cavity.
The surface treatment was followed with the experience
in the gun cavity # 1. Procedure is as follows, 100 m horizontal electrical polishing, 800 oC×3 hours annealing,
field distribution and frequency tuning, 20 m horizontal
electrical polishing, ultra-sonic rinsing, high pressure rinsing, assembly in clean room, 120 oC×48 hours baking. We
tried choke filter tuning in addition to field distribution tuning. Choke design is same as #1 cavity. However, choke
tuning is more difficult because the cathode holder was
made of copper and stainless steel. Loss Q at cathode
holder is estimated 5x109. Target attenuation of the choke
filter is required 30 dB or more to supress the RF loss less
than 1 %. The setup for the choke tuning is shown in Fig 5.
The input antenna is inserted from the beam pipe of the
accelerating cell side and pickup antenna is same shape of
the cathode rod and inserted to choke cell. Figure 6 shows
the RF transmittance before and after choke tuning. The
target transmittance is -70 dB to satisfy 30 dB attenuation.
The choke attenuation is 10 dB higher than the target after
choke tuning. 10% (0.8W) RF loss is acceptable for cooling ability of cathode holder. We suspect that cathode rod
lean to one side. This dummy antenna is fixed. It is necessary to use the real holder which has bellows to tune the
rod position.
Figure 7 shows the vertical test result without cathode
rod. The peak surface electric field (Esp) reached 75 MV/m.
Although X-ray can be observed, the onset is 58 MV/m and
higher than target gradient 42 MV/m. There is good prospect of the cavity itself. We will shift target to the cathode
rod development. There are two challenges for the cathode.
One is effective cooling structure to keep the cathode rod

Figure 6: Choke tuning result.

Figure 7: Vertical test result without cathode rod.
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CATHODE ROD DESIGN

the thermal resistance is estimated to 1×10-4 ~ 10×10-4
m2K/W [2]. Figure 9 shows the cooling simulation model
for CST. Heat source is on the cathode rod head. The ideal
heat load of 2K cathode rod made of Nb is 240 mW. Cathode holder flange is kept at 2K because the flange touches
to 2K liquid helium bath. Thermal conductivity of the rod
and holder is enough smaller than the thermal contact resistance between holder and rod. Figure10 shows the relation of cathode head temperature and thermal contact resistance. It can be cooled down to around 3 K when the
thermal contact resistance is lower than 1×104 m2K/W.
However, the thermal contact resistance is difficult to simulate, it is necessary to test using real structure. The fabrication of the cathode rod holder was completed. The contact surfaces of the cathode rod and the holder were applied
electrical polishing and machining with diamond bit respectively. Figure 11 shows the measurement set up.
Heater is on the cathode rod head and thermocouples are
monitored the temperature difference between rod and
holder. These are in the vacuum. Figure 12 shows the temperature difference at room temperature (RT) and liquid nitrogen temperature (LN2). The thermal contact resistance

Figure 9: Cathode rod and cathode rod holder for CST simulation.
1000
heater power=1 W
heater power=240mW
cathode temperature (K)

We plan to use a transparent superconductor for the substrate (LiTi2O4) of the photocathode. The transition temperature is 13 K. The cathode rod and holder were designed
to cool down to around 2K. However, in this study, we use
the dummy cathode rod made of Nb. The cathode holder
was designed as a part of the helium vessel (Fig. 8). The
cathode holder is made of copper block for high thermal
conductivity. The cathode rod is touched to the holder with
flat and smooth surface for easily machining. Spring constant in the cathode rod is 71.21 N/mm. Maximum load is
71.21 N. contact area is about 450 mm2. Contact pressure
is about 158 kN/m2. According to the solid works database,

100

holder temperature = 2K

10

1
10-5

10-4

10-3
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10-1

Thermal contact resistance (Km2/W)

Figure 10: Cathode rod temperature dependence on the
thermal contact resistance.

is 21.7×10-4 m2K/W and 63.2×10-4 m2K/W at RT and LN2
respectively. These are tens of times higher than the target.
We will apply the mirror polishing (Ra ~1nm) to both cathode and holder to achieve smoother surface.

Figure 8: Design of SRF GUN #2 helium jacket and holder.

Figure 11: Measurement set up for thermal contact resistance.
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SUMMARY
o

KEK has been developing the SRF gun. The fabrication
of the KEK SRF gun #2 was successfully completed. Maximum surface peak electric field reached 75 MV/m. It is
satisfied the target. The fabrication of the cathode rod and
holder was completed. However, the thermal contact resistance is higher than expected. We will apply mirror polishing to the contact surface. We are planning to test the
beam performance using the horizontal test cryostat.

@RT: 7.857 C/W
50
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Figure 12: Measurement result of the thermal contact resistance.

FUTURE PLAN
We are preparing the SRF gun #2 for the beam test with
small current beam in the horizontal test cryostat. Fig. 13
shows the layout of the SRF gun #2 in horizontal cryostat.
Helium jacket was fabricated and support jigs to install
cavity are under fabrication, short diagnostic (beam energy
and emittance) line will be designed. The experiment using
the horizontal test cryostat can be divided to three stage. 1st
stage is the cooling test. We will measure the additional
heat load from the cathode holder and cathode position adjusting structure. 2nd stage is high gradient test without
beam. We will measure the QE curve dependence of the
cathode rod position and demonstrating particle free cathode transportation by monitoring the increasement of the
field emission. 3rd stage is the small current beam test (<1
A). Dark and beam lifetime of the photocathode in the
cavity is the most interesting. And we will measure the RF
field error from the design by using beam.

Figure 13: Layout of the SRF GUN #2 in horizontal cryostat.
FRCAB4
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PERFORMANCE OF 112 MHz SRF GUN AT BNL∗
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Abstract
There are many new uses of superconducting RF (SRF)
technology and the high brightness continuous wave (CW)
photoinjector is one that is attracting more and more interest
for its unique advantages in providing high bunch charge,
high brightness and high average current. At Brookhaven
National Lab, we proposed a quarter wave resonator (QWR)
SRF cavity driven gun for the electron cooling of hadron
beams in the Relativistic Heavy Ion Collider (RHIC) [1, 2],
and it is serving as the injector for the Coherent Electron
Cooling (CeC) proof of principle project now. The QWR
structure allows us to take the advantage of low frequency RF
to generate long bunch beam which suffer less severe space
charge effect, see reference [3] for more details.The Coherent electron Cooling Proof-of-Principle (CeC PoP) experiment [4-5]needs high-charge electron bunches, from 1 to 5
nC per bunch, with a repetition rate of 78 kHz. A 112 MHz
superconducting quarter-wave resonator electrongun cryomodule was designed and built in a collaboration between
BNL and Niowave, Inc. as part of testing the concept of
coherent electron cooling [6]. The cryomodule, with its
associated cathode preparation and insertion and other subsystems, serves as the CeC PoP injector. The gun is designed
to deliver electrons with a kinetic energy of up to 2 MeV.
Electrons are generated by illuminating a high quantum efficiency (QE) K2 CsSb photoemission layer with a green laser
operating at a wavelength of 532 nm. Fig. 1 shows the layout of the 112 MHz gun, installed in the RHIC tunnel and
commissioned with a beam, generating up to 10 nC bunches
at 1.5 MeV. More details about the installation and commissioning information can be found in reference [3, 7–9].
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PHY-1415252).
txin@bnl.gov

Figure 1: Cross section of the 112 MHz SRF gun
(elevation view). The laser light is entering the gun
through a hollow fundamental power coupler, which also
provides an exit path for the electron beam.

DESIGN CONSIDERATION
The cavity frequency of the gun was chosen to be
low enough to support long bunch length aiming to
mitigate the space charge effect. And because the
frequency is so low, the QWR shape was selected so that the
cavity can be made com-pact enough to fit in RHIC tunnel.
The designed parameters of the cavity are summarized in
Table 1. As for the cathode, it is well known that the QE
of photocathode drops signifi-cantly with temperature, as
reported in Refs. [10-12] and the literature cited therein.
Therefore, we needed a way of holding the cathode at
room temperature while electri-cally shorting it to the
cavity. For that we designed a cathode stalk to serve as a
choke structure. The cathode stalk is permanently
installed inside the gun and the only direct ther-mal
contact between the room temperature stalk and the
cold cavity are several point contact support made of
Rexo-lite®. The K2CsSb photoemission layer is deposited
on the front surface of a small, 20-mm diameter,
molybdenum puck and this puck is inserted with a
specially designed cathode-manipulation system through
the hollowed stalk, see Fig. 2 and Fig. 3.
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Table 1: Parameters of the 112 MHz SRF Gun
Parameter

Value

Frequency
R/Q
Quality factor Q0,
Operating temperature
Accelerating voltage Vacc
Epk/Vacc
Epk/Ecath
Bpk/Vacc
Bunch charge
Normalized emittance
Bunch repetition frequency
Available RF power

112 MHz
(linac definition) 126 W
w/o cath. insert >3.5 × 109
4.5 K
1.5–2.0 MV
19.1 m-1
2.63
36.4 mT/MV
1–5 nC
<5 mm·mrad
78 kHz
2 kW

Figure 4: Cross section of the FPC attached to the beam-exit
port.

CATHODE FABRICATION
A high QE cathode is needed for generating high-charge
bunches. For the required high repetition frequency, it is
difficult to obtain high laser pulse energy. Thus having a high
QE cathode makes it practical to generate bunch charges in
the nC range [16]. The cathodes are deposited at a deposition
chamber described in Ref. [17] and shown in Fig. 5.

Figure 2: Cathode stalk assembly.
Figure 5: Multi-alkali deposition system for the 112 MHz
gun.

Figure 3: Sectional view of the puck inside the stalk.
Last but not the least, the fundamental power coupler(FPC) is a coaxial-type coupler similar to one used in
the Naval Postgraduate School (NPS) gun [13]. The FPC is
attached to the beam exit port of the SRF gun. Its hollow
center conductor, or coupling tube, allows the passage of the
laser and electron beams. By adjusting the penetration of the
coupling tube, we can tune the cavity’s resonant frequency
as well as adjust the coupling strength [14]. Fig. 4 illustrates
the FPC attached to the SRF gun port. Detailed information
for the fabrication of cavity, FPC, cathode stalk and cathode
launching system can be found in reference [15].

The deposition chamber is equipped with a residual gas
analyzer (RGA), a quartz-crystal monitor, and multiple viewports for observation and laser irradiation of the cathode.
Alkali-metal dispenser sources (6 mg potassium and 10.8
mg cesium from SAES Getter) and antimony (99.999% purity pellets from Goodfellow) are used for the deposition and
the procedure was standard:
• Heat the substrate at 350°C for 6 hours;
• hold it at 90°C;
• 10 nm Sb approximately 1 Å/s;
• raised the substrate’s temperature to 130°C;
• 20 nm of potassium at 0.6 Å/s;
• Turned down the heater in order for the
substrate to be cooled at around 1°C/min;
• Evaporated Cs and watch QE increased
steadily;
• When the photocurrent reached a plateau,
turn off heater, turn on cold N2, reduce Cs
until 80°C;
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• Cool down to room temperature quickly by cold N2.
This recipe can routinely provide us with high QE (>8%
fresh) cathode and the QE can hold for months of CW operation as long as the vacuum level in side the gun stays below
1 × 10−10 torr.

MULTIPACTING SIMULATIONS
Since the cavity is loaded with coaxial structures, we were
quite concerned about the multipacting (MP) in the gun that
could potentially render the gun useless. Initial MP analysis
of the cavity, the FPC, and cathode stalk was done using
Track3P [18] and our own Graphics processing unit (GPU)based particle tracking code [19]. Both simulations found
several MP barriers, as shown in Fig. 6, where the enhanced
counter function indicates the total number of secondary
electrons generated by a single initial electron after a given
number of impacts. The first barrier, located inside the cavity,
appears when the gun voltage gets into the range of 40–50 kV.
The second barrier emerges at approximately 200 kV gun
voltage and continues to exist until about 650 kV is located
inside the FPC. Finally, the third barrier is inside the cathode
stalk, and the corresponding gun voltage is from 600 kV to 1
MV. The MP locations are shown in Fig. 7. As we can see,
the barriers are rather persistent both in terms of width and
height. Fortunately, our FPC was designed to be adjustable
so that we had the ability to lower the coupler external quality
factor for stronger coupling as needed and that was exactly
what we needed. All MP barriers were observed during
the gun’s commissioning and haunted us throughout the
experiment. In reference [20] a more thorough study was
performed and found more barriers that match with our
observation. Moreover, the analytically study from above
reference drew the same conclusion as before, that stronger
coupling is helpful when fighting the low level MPs. More
discussion in following section.

(a)

(b)

(c)

Figure 6: Enhanced counter function given by GPU code
and Track3P.

Figure 7: Location of MP in the 112 MHz injector given
by GPU code, resonant particles shown as red dots. From
top to bottom show the MP at gun voltage equal to 40 kV,
200 kV, and 600 kV, respectively.
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GUN PERFORMANCE AND DISCUSSION
Our SRF gun is part of the RHIC accelerator complex.
It uses the RHIC cryogenic system for operation. This synchronizes its operation with RHIC runs. The gun has been
providing beam for four consecutive RHIC runs and the
beam quality, with improved instruments and experience,
is exceptionally good. The best emittance measured was
0.32 mm mrad at 0.5 nC bunch charege [21], the highest
bunch charge we can generate so far is 10 nC per bunch
and the highest average current was 150 µA [8]. The QE of
the cathode suffered no significant degradation during CW
operation at 1.23 MV for months.
There are two major enemies of the gun operation: multipactor and field emission. The occurrence of multipactors
in the gun, if unchecked, kills the cathode instantaneously
every time. Years of studying and struggling with the phenomenon gave us better confidence in dealing with it. Our
low level RF group was able to develop numbers of scripts
that can provide tremendous amount of help when we are
trying to turn on the voltage with a live cathode. It can automatically detect the status of the gun, whether it’s trapped
in the MP or not, in a time span that is short enough so that
it can decide whether to turn off the power to avoid deadly
vacuum excursion or keep ramping up the voltage to working
condition. There are theory trying to link "hardening" of
the MP barrier to migration of the photocathode material.
But we still need to conduct more dedicated and systematic
study in order to confirm or deny it.
As for the field emission of the cavity, we did see degradation of the performance over the years. But the cause of
that has multiple factors behind it. Considering the starting
condition of the cavity, it is still difficult to quantify the contribution from the cathode insertion mechanism. Fortunately
we were able to perform several rounds of He processing
and bring the gun to its current normal working voltage.

SUMMARY
We have designed a high-charge superconducting RF photoemission electron source, based on a 112 MHz quarterwave resonator. The gun employs high QE multi-alkali photocathodes deposited on small molybdenum pucks. The
cathodes are prepared in a deposition chamber and transported between the chamber and the gun in a “garage” under
ultra-high vacuum. A half-wavelength cathode stalk allows
the cathode to operate at room temperature. The gun’s fundamental RF power coupler is adjustable and serves also as
a fine-frequency tuner. The SRF gun was fabricated and installed in the RHIC tunnel as part of the CeC PoP experiment.
So far the gun can provide up to 10 nC bunch charge, the best
emittance measured was 0.32 mm mrad at 0.5 nC/bunch,
and highest average current the gun can provide is 150 µA.
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THE EFFECT OF HELIUM PROCESSING AND PLASMA CLEANING FOR
LOW BETA HWR CAVITY*
Shichun Huang†, Andong Wu, Qingwei Chu, Chunlong Li, Shengxue Zhang,
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China
Abstract
The commissioning of the 25 MeV high power and
high intensity proton Linac demo for CiADS showed that
the performance of the SRF cavities was mainly limited
by field emission inside the cavities. Therefore, the techniques of helium processing and reactive oxygen plasma
cleaning have been developed to mitigate field emission
issues. We performed an experiment with a low beta
HWR cavity exposed to air directly and processed by
helium and reactive oxygen. In this paper, the details of
the experiment will be described, the efficiency of helium
processing and plasma cleaning will be compared and
discussed

INTRODUCTION
The injector II demo facility of the CiADS project has
been designed and developed by the institute of modern
physics (IMP) and the institute of high energy physics
(IHEP) at IMP, Chinese Academy of Sciences, which can
provide a maximal proton energy of 25 MeV [1]. Four
cryomodules were used in the superconducting accelerating section, which host three types of superconducting
cavities (i.e. half wave resonator (HWR) with beta value
of 0.10 (HWR010), HWR015 (developed by IMP) and
Spoke021 (developed by IHEP). The commissioning of
the linac of injector II revealed that the performance of
the SRF cavities were mainly limited by field emission
effect inside the cavity. We observed the operating gradient degradation of HWR cavity from vertical test to horizontal test, and during the operation process.
The dependence of the field emission electron current
on the working function of the material and the surface
electric field are depicted by Fowler and Nordheim (FN)
equation as following [2],
I ∝ (𝛽𝛽𝐹𝐹𝐹𝐹 𝐸𝐸)2.5 exp(

−𝐵𝐵𝐹𝐹𝐹𝐹 𝜑𝜑 3/2
)
𝛽𝛽𝐹𝐹𝐹𝐹 𝐸𝐸

Where 𝛽𝛽𝐹𝐹𝐹𝐹 is the field enhancement factor related to
the surface physical morphology of metal, φ is the working function related to the chemical state of the surface of
metal. Therefore, the decrease of 𝛽𝛽𝐹𝐹𝐹𝐹 and the increase of
the φ of the Nb surface is the key mechanism for the
mitigation of field emission inside the cavity mainly
manufactured by Niobium. In light of this, many efforts
have been made in SRF community, the in-situ surface
processing methods have been adopted and developed,
including RF conditioning, cryogenic helium processing
and low-density reactive oxygen plasma processing etc.,
____________________________________________
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which has also been adopted and developed for HWR
cavities at IMP. The possible mechanism of RF conditioning and helium processing is to modify the physical morphology of the Nb surface [3], thereby, decrease the field
enhancement factor 𝛽𝛽𝐹𝐹𝐹𝐹 . But for the hydrocarbon contaminants observed on the niobium samples processed by
standard surface processing procedures [4], the reactive
oxygen plasma cleaning is effective, which has been validated on elliptical cavities by the researchers from
SNS [5].
Two series of the Helium processing of HWR010 and
HWR015 in cryomodule were performed in 2016 and
2017 at IMP [6]. The results showed that the helium processing method can recover the onset of field emission of
the cavity experienced the gradient degradation. But can
not further increase the onset of the field.
Our previous studies on the Nb samples by XPS and
UPS showed that carbon contamination can largely degrease the work function (from 4.4 eV to 3.75 eV), the
increase of oxidation state of Nb resulted in the increase
of the work function, where the samples were processed
by the standard surface processing procedures developed
at IMP. Then, the work function were successfully improved by Ar/O2(97%：2.5%) plasma sustained by a
power of 50 watts with the frequency of 13.56 MHz, the
physics behind the improvement is the elimination of the
carbon contaminants on the sample surface, which was
verified by the residual gas analysis data [7]. The plasma
inside the HWR015 cavity volume was also successfully
ignited, where we optimized the plasma parameters, developed a special plasma controlling method using the
power reflecting coefficient. The efficiency were validated by the vertical test, the results showed that the hydrocarbon contaminants on the inner surface of the cavity
were removed, and the quenching electrical field was
improved by 29% due to the mitigation of field emission
effect inside the cavity after Ar/O2 plasma cleaning [8].
For the purpose of further understanding the efficiency
of the helium processing and Ar/O2 plasma cleaning
methods, in present work, we designed an experiment,
performed the helium processing and Ar/O2 plasma
cleaning for an HWR015 cavity polluted directly by Air.
The results showed that the performance of the cavity can
be recovered to the level after experiencing the standard
processing procedures.

EXPERIMENTAL SETUP
Figure 1 shows the experimental schematic of air pollution for HWR015 cavity positioned on the vertical test
stand. A 0.3-micrometer filter was used between the air
container and the cavity, the pressure of the cavity and
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gas pipe system was 9.4 mbar after air pollution. The
experimental steps were as follows:
1) Cool down the cavity to 4 K after air pollution with
all valves closed and test the cavity at 4 K;
2) Warm up the cavity to room temperature, pump out
the air and perform the 120 0C baking for 58 hours;
3) Cool down the cavity to 4 K and perform the test;
4) Warm up the cavity to room temperature and perform Ar/O2 plasma cleaning;
5) Cool down the cavity to 4 K, and test the cavity;
6) Perform the helium processing for the cavity at 4 K,
warm up the cavity to about 30 K, pump out the residual
helium gas;
7) Cool down the cavity to 4 K and perform the test;
8) Repeat steps 6 and 7.
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HWR015 cavity reported in reference [9], the MP barrier
for this cavity is between 16 MV/m and 19 MV/m of the
peak surface electrical field. Finally, the cavity quenched
at 41.8 MV/m after sustaining extra RF conditioning at
just before quenching field described in curve(c) in Fig. 2
(see Fig. 2 and 3 curve (d)), and the performed of the
cavity was limited by field emission.

Figure 2: The Q0 vs Epeak test results of the HWR015
cavity experienced air exposure and baking (curve (a))
and plasma cleaning (curve (b), (c), (d)).

Figure 1: The experimental schematic of air pollution for
HWR015 cavity.

RESULTS AND DISCUSSION
Figure 2 and 3 gives the test results at 4 K in each step
mentioned above. In experimental step 2, the cavity was
polluted the by air with a pressure of 9.4 mbar at room
temperature and a pressure of 5.0E-6 Pa at 4 K. The field
inside the cavity cannot be established with 8 hours RF
pulse conditioning. Then, the cavity undergone 120 0C
baking for 58 hours, the curve (a) in Fig. 2 gives the test
results at 4 K with 6 hours RF pulse conditioning (step 3),
the performance of the cavity is limited by MP effect.
In experimental step 4, the cavity was processed by
Ar/O2 plasma, where the pulse plasma was used (pulse
on/off (10-30s)/(2-5mins)), with a total active plasma
cleaning time of 150 mins, a pressure of 0.5-0.8 Pa, and
an RF power of 60-80 watts to sustain the plasma. As one
can see, the low field Q0 was recovered to 5.0E9, again
encountered the MP effect (see Fig. 2 and 3 curve (b)).
The low field MP disappeared after 5 mins RF conditioning at just before quenching field (see Fig. 2 and 3 curve
(c)), but the MP at 17 MV/m was encountered, which is
accordance with the MP simulation results of the

SRF Technology - Cryomodule
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Figure 3: The X-ray test results of the HWR015 cavity
experienced air exposure and baking (curve (a)) and
plasma cleaning (curve (b), (c), (d)).
The possible mechanism of the results depicted in Fig.2
and Fig. 3, can be explained as following; Since the cavity was polluted by Air, both the hydrocarbon contaminants and the particulate contaminants might be introduced. As mentioned before, the Ar/O0 plasma can eliminate the hydrocarbon contaminants. When the cavity was
cleaned by Ar/O0 plasma, the volatile by-products of the
reaction between reactive oxygen group and the hydrocarbon contaminants was produced, pumped out of the
cavity, and judged using residual gas analysis during
plasma cleaning process. Therefore, we believed that the
performance of the cavity limited by the hydrocarbon
contaminants was improved after plasma cleaning. RF
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conditioning might modify the surface physical morphology, therefore lower the field enhancement factor 𝛽𝛽𝐹𝐹𝐹𝐹 to
some extent.
For further improve the performance of the cavity, we
performed the helium processing for the cavity at just
before quenching field depicted in the curve (d) of Fig. 2,
and at two different pressures of 1.2E-3 Pa and 4.1E-3 Pa.
The performance of the cavity was recovered to the
standard level as shown in Fig. 4, where the cavity was
processed by the standard surface processing procedures.
The reason behind the performance recovery might be
that the field enhancement factor 𝛽𝛽𝐹𝐹𝐹𝐹 was further lowered by helium processing.
In light of the results obtained in our experiments, we
conclude that the performance of the cavity polluted by
air can be recovered with the combination of plasma
cleaning, RF conditioning and helium processing.

Figure 4: The test results of the HWR015 cavity, after
standard surface processing (curve (1), black circles);
after air exposure, baking(1200C for 58 hours), and Ar/O2
plasma cleaning (curve (2), red circles); after helium
processing (curve (3,4), blue and pink circles).
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CONCLUSION
The limiting factor of the HWR cavity for obtaining
higher accelerating gradient is the field emission effect,
which was revealed by the commissioning of 25 MeV
proton linac demo for CiADS at IMP. The helium processing, and Ar/O2 plasma cleaning methods have been
adopted and developed to mitigate the field emission
effect inside the HWR cavity.
In this paper, we reported that the performance of the
HWR cavity polluted directly by air, can be recovered
when the cavity were processed by using the Ar/O2 plasma cleaning, RF conditioning and helium processing
methods together. This work can provide a technical solution for the performance recovery of the SC cavity in CM
polluted directly by Air.
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Abstract
In-situ plasma cleaning for LCLS-II (Linac Coherent
Light Source-II) 9-cell 1.3 GHz cavities is under study at
Fermi National Accelerator Laboratory (FNAL). Plasma processing can help mitigate hydrocarbon related field emission
(FE) in SRF cavities using a Ne – O2 mixture. Starting from
Oak Ridge National Laboratory (ORNL) method, a new
technique for plasma ignition has been developed at FNAL
using higher order modes (HOMs). The new procedure has
been applied to a 9-cell cavity assembled with view-ports
and contaminated with carbon-based ink in order to study
the removal of artificial contamination. Plasma processing
has been applied to a Nitrogen doped (N-doped) cavity to
study the possible effect of the glow discharge on the surface treatment. Cavities contaminated with various sources
have been treated with plasma cleaning in order to study its
effectiveness. The results of 2 K RF tests measured before
and plasma after treatment are discussed here in terms of Q0
and radiation vs Eacc . An example of Residual Gas Analyzer
spectrum, acquired during plasma processing of a 9-cell
cavity, is also presented.

INTRODUCTION
An in-situ plasma processing technique is being developed
at FNAL to mitigate hydrocarbon related field emission [1]
in 1.3 GHz cavities. This project is a collaboration between
FNAL, SLAC National Accelerator Laboratory and ORNL
to adapt plasma processing to LCLS-II 9-cell N-doped [2]
cavities.
The newly developed method for plasma ignition uses
HOMs (Higher Order Modes) to ignite the glow discharge
with only few watts [3, 4]. The plasma is ignited in one cell
per time and can be transferred through the cavity using a
superposition of HOMs.
Starting from SNS experience [5, 6] and using the new
ignition method, plasma processing has been applied to
multiple 1.3 GHz cavities. The first study focused on the
removal of artificial contamination from the iris of a 9-cell
cavity assembled with view ports. This allowed to identify a
first recipe in terms of pressure, duration, plasma density and
O2 percentage. Using these parameters it was verified that
∗
†
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plasma processing does not affect N-doping and preserves
the high quality factor (Q0 ) and quench field. Subsequent
studies applied the same recipe to 1.3 GHz cavities with
various type of contamination. Cryogenic RF tests of the
cavities before and after plasma processing show an increase
in performance in all cases; the results are shown here in
terms of Q0 and radiation vs Eacc .

PLASMA METHODOLOGY TO REDUCE
FIELD EMISSION
Field emission has multiple causes, as metal particles,
surface defects, hydrocarbon contaminations and adsorbates.
Hydrocarbons (Cx Hy ) lower the work function (Φ) of the
cavity surface, increasing field emission. Plasma processing
focuses on the removal of Cx Hy in order to restore Φ and
increase the threshold for field emission, enabling the cavity
to operate at higher accelerating field [5].
Plasma processing uses an inert gas (as Neon or Argon)
to ignite and sustain the glow discharge in the cavity. A low
percentage of Oxygen is added to react with the hydrocarbons adsorbed on the cavity surface. The volatile byproducts
are pumped out of the cavity and monitored with a Residual
Gas Analyzer (RGA). The procedure is performed at room
temperature; the cavity is assembled with two valves, one
on each end, to allow the flow of gas. Neon and Oxygen
are mixed before reaching the cavity and their ratio is controlled with the RGA. The cavity pressure is set between
70-200 mTorr. Figure 1 shows the vacuum and gas system,
the RF instrumentation needed for plasma ignition is also
included.

PLASMA IGNITION
Plasma processing for SRF cavities has been first developed at ORNL for the Spallation Neutron Source (SNS) high
beta cavities. Starting from ORNL expertise, a new method
has been developed at FNAL for LCLS-II cavities. At room
temperature the coupling between the cavity (Q0 ≈ 104 ) and
the fundamental power coupler (FPC, Q ext ≈ 7 · 105 , [7])
is extremely low, meaning that more forward power would
be necessary to ignite the glow discharge in the cavity. Due
to the peak field enhancement at the coupler, the increase
in forward power would also intensify the risk of plasma
ignition at the antenna.
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(a)

(b)

Figure 1: Figure 1a shows the experimental set up used for plasma processing; Figure 1b contains a more detailed schematic
of the RF, vacuum and gas systems. HOM1 and HOM2 are the higher order modes couplers on the cavity, FPC is the
fundamental power coupler.
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REMOVAL STUDY ON CONTAMINATED
CAVITY

Figure 2: Spectrum of the first and second dipole pass-bands.
These modes present good coupling at room temperature
and are used for plasma ignition and plasma transferring.

The first application of plasma processing on a 9-cell
1.3 GHz cavity has been done at FNAL with the purpose
of studying the removal of artificial carbon-based contamination. The cavity has been assembled with view ports
and cameras on both ends and has been artificially contaminated with permanent marker ink on the inner iris of the
first cell. Permanent marker ink is made of C-compound,
for this reason it has been used to contaminate the cavity.
Its composition has been analyzed using Energy Dispersive
X-ray Spectroscopy (EDS) and is shown in Fig. 4.

Figure 3: Normalized electric field of the first mode of the
second dipole pass-band. This mode is used for plasma
ignition in the central cell of the cavity.

The use of HOMs to ignite the glow discharge allows
to overcome these issues. Using modes that belong to the
first and second dipole pass-bands (shown in Fig. 2) it is
possible to ignite the glow discharge in the central cell and
to transfer it to the rest of the cavity through adjacent cells.
A superposition of higher order modes is used to transfer
the plasma. Figure 3 shows the normalized electric field
of the first mode of the second dipole pass-band, used for
plasma ignition in the central cell. A detailed discussion
about plasma ignition studies in 1.3 GHz LCLS-II cavities
is presented in [8].

Method to Locate Plasma Position Inside 9-cell
Cavity
Of critical importance is also the capability of identifying
the location of the plasma inside the cavity volume. Using
Slater’s theorem [9] and SNS experience [10], it is possible
to relate the frequency shift of the resonance peaks to the
presence of the plasma. The location of the plasma determines the perturbation on the resonance frequencies: the
frequency shift (∆ f ) of each mode is proportional to the
intensity of its electric field in the cell of plasma ignition.
Using finite element simulations [11] the ∆ f caused by the
plasma have been calculated for each mode in each cell.
This has allowed to identify a pattern of ∆ f for the first
dipole pass-band corresponding to the plasma being ignited
in each cell of the cavity. A LabVIEW® [12] program, that
measures the frequency shifts and compares them to the simulations data, has been developed to automatically identify
the location of the plasma inside a 9-cell cavity.
Cavities - Fabrication
cavity processing

Figure 4: Spectrum of permanent marker ink acquired with
Energy Dispersive X-ray Spectroscopy; it indicates that the
ink is made of Carbon compounds.
Eight dots have been drawn on the cavity iris.. Using the
method discussed in the previous section and in [8], the glow
discharge has been ignited in the central cell and transferred
to the contaminated cell. The location of the plasma in
the cavity has been confirmed both visually and using the
detection program developed in LabVIEW® . Figure 5 shows
the initial and final state of the cavity, while Fig. 6 offers
a close up of the initial, intermediate and final state. After
19 h the contamination has been removed.
This first test confirmed that plasma processing is able to
remove carbon contaminations from LCLS-II cavities and
allowed also to develop a first recipe in terms of duration
of the process, O2 percentage, pressure and plasma density.
The following tests on 1.3 GHz cavities have been performed
using this recipe. A study to optimize each parameter is now
ongoing.
The Residual Gas Analyzer has been used during the
entire processing to monitor the concentration of Oxygen in
the mixture and the byproducts of the reaction between O2
and the hydrocarbons on the cavity surface. An example of
RGA spectrum is shown later in the text.

EFFECT OF PLASMA PROCESSING ON
N-DOPED CAVITY
A single cell cavity equipped with HOM couplers (shown
in Fig. 7) has been used to study the effect of plasma processing on N-Doping. The quality factor versus accelerating
field of the cavity has been measured at 2 K in vertical test.
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Figure 5: Glow discharge ignited in the end cell contaminated with permanent marker dots. Figure 5a shows the
initial state of the contamination, while 5b shows the state
of the contamination after 19 hours of plasma processing.

Figure 7: Single cell cavity equipped with higher order
modes couplers.
(a)
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1
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(c)

Figure 6: Close up of the contamination showed in Fig. 5.
Initial state of the contamination is shown in 6a, final state
in 6c. Figure 6b shows the progress after 5 hours of plasma
processing.
Following the baseline test, the cavity has been connected
to the experimental setup shown in Fig. 1 and processed for
16 h with Ne – O2 plasma. At the end of the procedure the
cavity has been vertically tested again to measure Q0 versus
Eacc . The results of the RF tests of the cavity before and after
plasma processing are shown in Fig. 8. The baseline test at
2 K was intentionally stopped before quench to measure the
cavity Q0 at 1.4 K, where the cavity reached 33 MV/m. The
comparison between the RF tests before and after plasma
processing confirms that the procedure preserves the high
quality factor and quench field of N-doped cavities.

Radiation [mR/hr]
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(b)
Q0
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Figure 8: Effect of plasma processing on N-doping: RF
tests measured at 2 K before (light blue) and after (dark red)
plasma processing. The solid triangles and diamonds show
the Q0 vs Eacc curve, while empty triangles and diamonds are
used to plot the radiation levels vs Eacc . The curve measured
before plasma has been intentionally limited at 28 MV/m at
2 K, the cavity reached Eacc = 33 MV/m at 1.4 K. The after
plasma curve confirms that plasma processing preserves the
high quality factor of the cavity and its original quench field.
cavities with various sources of carbon-related contamination:
• simulated vacuum failure;

STUDIES ON CONTAMINATED CAVITIES

• iris contaminated with carbon-based paint;

To study the effectiveness of plasma cleaning under different conditions, plasma processing has been applied to

• natural field emission, two cavities as received from
vendor.
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A 9-cell 1.3 GHz cavity has been used to test the effectiveness of plasma processing in case of vacuum failure. For
this scope the cavity has been prepared with high pressure
rinsing (HPR), top flange and antennas assembly, second
HPR, final assembly and slow pumping. To simulate a vacuum failure the evacuated cavity has been exposed to clean
room air by opening one the valves. After sitting at atmosphere pressure for a few minutes, the cavity has been slowly
evacuated again.
As for the previous test, the contaminated cavity has been
RF measured at 2 K to acquire the quality factor and radiation versus accelerating field curves. The curves are shown
in blue in Fig. 9. The solid squares are used for the Q0 vs
Eacc curve, while empty squares indicate the radiation levels.
Top and Bottom indicate the radiation measured from the
detector located respectively on top and on the bottom of
the cryogenic dewar. The RF test on the contaminated cavity shows that the cavity quenched at 22.5 MV/m showing
intense radiation due to field emission. The X-ray onset
has been registered at 18.5 MV/m. The final Q0 versus Eacc
curve has been measured at 1.4 K and Fig. 9 shows the Xrays registered during the last power rise, which was stopped
before the cavity quench. The comparison between the Xrays measured during the first and final power rise shows
that some processing occurred during the RF test, however
the cavity continued showing significant field emission.
The cavity has been treated with plasma processing, each
cell has been processed for almost 2 h. The entire process
has been monitored with the Residual Gas Analyzer to study
the byproducts generated in the cavity by the reaction of O2
with Cx Hy .
Figure 9 shows also the results of the 2 K RF test measured after plasma cleaning. The quality factor of the cavity
is preserved and the radiation is completely removed after
plasma processing.
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Figure 9: Simulated vacuum failure: RF tests measured at
2 K before and after plasma processing. The blue curves
show quality factor and X-rays of the contaminated cavity
measured during the first power rise, before plasma processing. The green curves show the X-rays measured during
the last power rise registered before plasma processing; the
X-ray onset is 18.3 MV/m for the top detector, 20.5 MV/m
for the bottom. The pink curves show the RF results after
plasma: the radiation has been completely removed and the
quality factor is preserved.

(a)

(b)

Artificial Carbon-based Contamination
The single cell cavity equipped with HOM couplers has
been used also to test the effectiveness of plasma processing
on an artificial carbon-based contamination. Aquadag® [13]
is a conductive paint composed by graphite and ultra pure
water. A small drop of highly diluted Aquadag® has been
deposited on the iris of the single cell. Figure 10 shows
images of pure and diluted Aquadag® acquired with the
Scanning Electron Microscope (SEM). The dilution chosen
to contaminate the cavity is shown in Fig. 10c: only few
particles of graphite are deposited on the Nb surface.
The result of the 2 K RF test is shown in blue in Fig. 11,
labelled as Contaminated. Compared to the previous test (red
curve in Fig. 8, Q0 = 2.6E10 at Eacc = 16 MV/m) the cavity
exhibits a degradation in the quality factor and quench field:
Q0 = 1.7E10 at Eacc = 16 MV/m, quench field is registered
at 18.5 MV/m.
Plasma processing was applied to the contaminated single
cell cavity for a total of 17 h, the results are shown in Fig. 11.
Cavities - Fabrication
cavity processing

(c)

Figure 10: Scanning Electron Microscope images of pure
(10a) and diluted Aquadag® on Nb substrate. Figure 10b
shows Aquadag® diluted of a factor 100 with ultra pure
water, while 10c shows Aquadag® diluted of a factor 2E4.
The dilution factor is measured as the ratio between H2 O
mass and Aquadag® mass.
The quality factor of the cavity increased from Q0 = 1.7E10
to Q0 = 2E10 at Eacc = 16 MV/m; the difference between
this test and Fig. 8 could be due to difference in trapped
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Figure 11: Cavity contaminated with diluted carbon paint:
RF tests measured at 2 K before and after plasma processing.
The contaminated cavity shows a degradation in quench
field and quality factor (blue curve). Once processed with
Ne – O2 plasma, the cavity exhibits a complete recovery in
Eacc (quench field is 33.5 MV/m) and an increase in quality
factor (Q0 = 2E10 at 16 MV/m).

10

Figure 12: First natural field emitting cavity: RF tests measured at 2 K before and after plasma processing. The X-ray
onset has been registered at 16 MV/m before plasma processing. Plasma cleaning completely removed field emission:
the RF test measured after the treatment shows no X-rays.

Q0 - Before Plasma

1E+07

Q0 - After Plasma

flux during cooldown. Plasma cleaning allowed to completely restore the initial accelerating field, reaching quench
at Eacc = 33.5 MV/m and resulting in a 15 MV/m increase
due to plasma processing.

Natural Contamination
In order to study the effectiveness of plasma cleaning
on natural contamination, the processing has been applied
on two 1.3 GHz cavities that presented field emission as
received from the vendor. The 9-cell cavities showed Xrays during the first RF test at FNAL. The cavities have
been assembled with a second valve to connect them to the
vacuum-gas system showed in Fig. 1. Both cavities have
been tested again after valve assembly.
The results of the first cavity are shown in light blue in
Fig. 12. This 9-cell cavity reached Eacc = 18.5MV/m with
X-rays starting from 16 MV/m and 17 MV/m for top and
bottom radiation detectors respectively.
Plasma processing has been applied to the 9-cell cavities,
treating each cell for almost 2 h.
The RF test measured after plasma processing on the
first cavity is shown in pink in Fig. 12. The cavity reached
Eacc = 18 MV/m showing no X-rays: plasma processing
completely removed field emission. The spectrum measured
with the Residual Gas Analyzer during the first day of plasma
treatment is discussed in the following section and shown in
the last figure on the next page.
Figure 13 shows the results of the second naturally field
emitting cavity. In blue is shown the performance of the
cavity before plasma processing: the X-ray onset has been
registered at 8.5 MV/m and 9.5 MV/m for top and bottom
radiation detectors respectively. The RF test was stopped before reaching the cavity quench field due to intense radiation
FRCAB7
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Figure 13: Second natural field emitting cavity: RF tests
measured at 2 K before and after plasma processing. The
blue curves show quality factor and radiation levels vs accelerating field measured before plasma processing. Cavity
started field emitting at 8.5 MV/m, the test was stopped before reaching quench field due to intense radiation levels.
The RF test measured after plasma processing is shown in
red. This cavity showed no increase in performance due to
plasma processing.
levels (1E4 mR/hr at 16.5 MV/m). The RF test measured
after plasma processing is shown in Fig. 13 as well. The
degradation in quality factor can be attributed to higher
ambient magnetic field during cooldown, which results in
increased trapped magnetic flux in the cavity. The X-ray
onset is 7 MV/m for the top detector, 9.5 MV/m for the bottom radiation detector. As for the first test, the RF test was
stopped before quench field due to radiation levels. In this
case plasma processing was not effective in decreasing field
emission. A possible explanation is that FE may be caused
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by surface defects or metal particles and not by hydrocarbons
contaminations on the cavity surface.

RESIDUAL GAS ANALYZER SPECTRA
The RGA has been used to monitor the composition of the
gas flowing out of the cavity during all the tests described
in the previous sections. Plasma processing is applied twice
to the cavity. During the first treatment the cavity often
shows peaks in C, CO, CO2 in correspondence with the glow
discharge being transferred to a new, non-processed cell.
The increase in the C-related signals shows that the Oxygen
contained in the plasma is reacting with the hydrocarbons on
the cavity surface. These peaks decrease in time, reaching
the background level in approximately 30 min. During the
second run of plasma processing, the cavity usually does not
show any increase in C, CO, CO2 .
Figure 14 shows a typical example of RGA spectrum
registered during the plasma processing of a 9-cell cavity.
The RGA records from 1 to 50 amu, in this plot are shown
only the elements of interest. The peaks visible in the signals
of CO and CO2 correspond to the ignition of the plasma
in a non-processed cell. The carbon signal shows peaks
in correspondence with the CO, CO2 peaks, however the
partial pressure of C is lower and more affected by noise.
The first peak, before 14:30, corresponds to the ignition of
the plasma in the central cell, while the peak registered a few
minutes later (just after 14:30) corresponds to the plasma
in cell #9. The CO and CO2 peaks around 18:30 coincide
to the plasma being transferred to cell #4. The 19:30 peaks
corresponds to cell #3, the 20:30 to cell #2, the 21:30-22:00
to cell #1. Cell #4 and cell #1 exhibit a double peak due to
the plasma being accidentally turned off while reaching the
desired plasma density.
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20 - Ne

Partial pressure [Torr]

28 - CO
32 - O 2
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Figure 14: Example of Residual Gas Analyzer spectrum
acquired while processing a 9-cell cavity. This spectrum
has been measured during the first day of processing of the
9-cell cavity affected by natural field emission. The peaks
visible in the C, CO, CO2 signals highlight the time when
the glow discharge is transferred from a processed cell to
the adjacent, non-plasma processed, cell.
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CONCLUSION
The newly developed method for plasma ignition in LCLSII cavities uses higher order modes, requiring only few watts.
Once ignited the plasma is transferred to the other cells using
a superposition of higher order modes. A method to locate
the position of the plasma in the cavity has been developed
and implemented with a LabVIEW® program. Plasma processing has been first applied to a 9-cell cavity artificially
contaminated with permanent marker ink and assembled
with view-ports. The test has allowed to study the removal
of the artificial contamination and to develop a first recipe
in terms of duration of the process, O2 percentage, pressure and plasma density. The recipe has been applied to a
N-doped cavity and it has been verified that plasma processing preserves the high quality factor and accelerating field.
Cavities contaminated with various sources (vacuum failure,
carbon-based paint and natural FE) have been cleaned with
plasma processing and RF tested before and after the treatment. Three out of four tests were successful, the processed
cavities showed an increase in performance due to plasma
processing; the fourth cavity showed no reduction in field
emission as the FE may be not caused by particles or surface
defects and not be Carbon-related.
The treatment will be applied to more LCLS-II cavities
in order to acquire statistics. Further studies to optimize
the plasma parameters are now ongoing to maximize its
effectiveness in terms of pressure, plasma density, duration
and O2 percentage.
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SYSTEMATIC STUDIES OF THE SECOND SOUND METHOD FOR
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CAVITIES
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Abstract
DESY conducts research and development for superconducting radio frequency cavities. One part of the manifold
activities are vertical performance tests. Besides the determination of accelerating gradient and quality factor, additional
sensors and diagnostic methods are used to obtain more
information about the cavity behaviour and the test environment. The second sound system is a tool for spatially
resolved quench detection via oscillating super-leak transducers, they record the second sound wave, generated by the
quench of the superconducting Niobium. The mounting of
the sensors was improved to reduce systematic uncertainties and results of a recent master thesis are presented in
the following. Different reconstruction methods are used to
determine the origin of the waves. The precision, constraints
and limits of these are compared. To introduce an external
reference and to qualify the different methods a calibration
tool was used. It injects short heat pulses to resistors at exact
known space and time coordinates. Results obtained by the
different algorithms and measurements with the calibration
tool are presented with an emphasis on the possible spatial
resolution and the estimation of systematic uncertainties of
the methods.

SECOND SOUND METHOD FOR
QUENCH LOCALISATION
Second sound waves are temperature-driven entropy
waves in the liquid Helium produced during a local thermal
or magnetic breakdown (quench) of the superconductivity at
the inner cavity surface [1]. Oscillating super-leak transducers (OSTs) [2] are able to detect the waves. They work like a
microphone using the Brass body and a porous membrane as
capacitor and utilising the fact, that only the superfluid He II
phase is able to pass the small pores. With the run-times
deduced from the OST signals, the position of the OSTs and
the second sound velocity in liquid Helium, the quench-spot
can be reconstructed. For this purpose multiple algorithms
employing two different approaches are used.
In the following, upgrades of the hardware installation,
the automation of the data analysis, a comparison of the
algorithms and first tests towards an external calibration of
the quench localisation system are given. The here presented
work is a summary of a recently finished master thesis [3].

Figure 1: Single-cell cavity in R&D insert equipped with
OST sensors for second sound quench localisation. The
membranes of the OSTs are protected against mechanical
impact by white caps.

Realisation of Second Sound System at DESY
At DESY all vertical cavity performance tests are performed in the Accelerator Module Test Facility (AMTF). For
R&D purposes two inserts are available to mount a single
–typically 1.3 GHz TESLA type– cavity with surrounding
diagnostic systems like temperature sensors, magnetic field
sensors and OSTs to detect second sound waves.
In Figure 1, a single-cell superconducting radio frequency
(SRF) cavity mounted in one of the R&D inserts is shown.
The OST sensors can be recognised via their white caps
preventing damage of the sensitive membrane. Those caps
are only removed for the actual test. Brass holders are used
to mount the OSTs to the four existing support rods of the
insert. In order to provide well known and reproducible
positions of the OST sensors, milled notches in the rods at
the equator positions of single-and nine-cell TESLA cavities
are introduced. These allow a placement accuracy after
dismounting and mounting of the OSTs of about 1 mm over
all Cartesian coordinates.
∗
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SURFACE COVERAGE AND SYMMETRIC
INSTALLATION
In order to overcome the necessity to dismount the OSTs
every time the cavity is exchanged, at each supporting rod
all OST holders are placed at one side. This results in a gap
between the OSTs, large enough to assemble cavities into the
insert. In consequence, a new OST assembly is only needed
when a single-cell cavity is replaced by a nine-cell cavity or
the other way round. This mounting strategy improves the
precision of the OST positioning even further, which was
enhanced before by the milled notches.
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and below the equator. Since more channels are available, an
additional layer of OSTs on top of the other three is installed
as it can be seen in figures 1 and 3.

Surface Coverage
In [3] the coverage of the cavity surface by the OST sensors visibility fields was analysed. The result can be seen in
Figure 2. Apparently, in the front at coordinates (0, −100)

Figure 2: XY-cut through cavity equator. In dark blue the
equator circumference is shown, while light blue depicts the
beam tube. The orange boxes represent the OST sensors and
the dashed lines illustrate the visibility fields of the OSTs.
and on the back (0, 100) of the cavity areas exist, which are
almost or even not at all covered by OST sensors. Obviously the idea to reduce the need of OST assemblies via the
new mounting strategy yields an insufficient coverage of the
cavity surface by OSTs.
In order to get rid of that problem an additional holder
system was designed and is fabricated at the moment. Those
new holders will enable OST positioning in front of the
mentioned blind spots, resulting in a full coverage of the
cavity surface. Some of these new holders will have to be
dismounted every time the cavity is exchanged.

Symmetric Installation
In the DAQ system for the OST signals 18 channels are
available, which means that for each test of a single- or
nine-cell cavity 18 OSTs can be placed around the cavity.
For nine-cell cavities two OSTs are mounted at each of the
different equator heights. In case of the here studied singlecell cavities, four installation layers are used. One at the exact
equator height and two layers in symmetrical distance above

Figure 3: Quench-spot reconstruction with all 4 (left) and
only the 3 symmetric line-of-sight OST layers. Green
squares depict positions of used OSTs. Blank squares represent OSTs not contributing to the reconstruction. Signals
are taken from cavity 1DE27 test 1. Due to the not exactly
fitting distances, the reconstructed quench-spots are moved
towards centre-of-mass of all used OSTs. A difference in
the z coordinate of 8 mm is the result.
The signal run-time deduction is described in the next
section. Sometimes the run-times are not perfectly matching
the distance between quench-spot and OST sensor. In such
cases, the reconstruction algorithms move the calculated
quench origin towards the centre-of-mass of all used OSTs.
In the left part of Figure 3, the asymmetric configuration
together with the slightly too short run-times produce a shift
of 8 mm in height. The quench-spot is due to the usage of
all available OST signals artificially shifted away from the
equator (dashed black line).
In consequence an asymmetric positioning of the OST
sensors has to be avoided, since it is able to introduce a bias
of the reconstructed quench position.

DATA ANALYSIS PROCESS
The quench detection via second sound measurements
can be subdivided in three steps. First of all the quench-time
𝑡0 has to be determined, as well as the signal run-times 𝑡𝑂𝑆𝑇𝑖 .
Then the exact positions of the OST sensors have to be implemented and the propagation velocity of the second sound
wave has to be deduced from the liquid Helium temperature.
In the end follows the quench spot reconstruction using the
deduced times and configuration parameters. For this last
step different algorithms can be used.
In the scope of a master thesis [3] the complete chain of
data analysis was revised. Existing codes were implemented
in a common framework based on Matlab. Many additional
algorithms for automation were added and graphical user
interfaces (GUI) were written. In the following, all above
mentioned steps are described briefly, further details can be
found in [3].
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Noise Filtering
Since the noise level of all acquired OST signals is quite
high, improvements on the hardware side are implemented
via a more stable power supply, an improved line filter and
an advanced amplifier circuit. Activities in this direction
will last further, since still a non-negligible amount of noise
is present.
Software-wise a noise filtering has to be applied on the
raw data of the OST signals. The unfiltered Fourier spectrum
shows large peaks at 50 Hz and higher odd harmonics of 50
Hz. Hence, a Notch filter is applied to filter those frequencies.
The effect of this filtering can be seen in Figure 4 comparing
the upper and lower plot.

Quench-Time Deduction
In order to define the starting point of the second sound
wave propagation the quench-time 𝑡0 has to be deduced. For
this purpose the characteristic radio frequency (RF) signals,
i.e. transmitted power to the probe antenna and reflected
power at the input antenna of the cavity, are used. During the
quench the reflected signal shows a sudden increase, while
the transmitted signal dissipates.
For an automated detection of 𝑡0 , the slope of both signals
are convoluted with a step function: a 1 is assigned at regions
showing a slope, in case of no existing slope a 0 is allocated.
Afterwards the results are multiplied in order to eliminate
regions, in which only one of the signals is increasing or
decreasing. The left edge of the non-zero region in the binary
convolution is defined as the time of the quench.

Signal Run-Time Deduction and Selection
Goal of the sequence is to find the first clear peak in the
signal which describes the response of the OST membrane to
the second sound wave. With the knowledge of the quenchtime the signal run-time can be calculated and used for the
quench-spot reconstruction. Using the liquid Helium temperature and thus the propagation velocity 𝑢2 of the wave
the distance can be calculated for a given signal run-time.
As input for the determination of signal run-times both
filtered and unfiltered signals are used, they can be seen in
Figure 4. Since both signals are independently processed by
the signal time deduction, two lists of run-times are resulting.
A 6 𝜎 environment is used as envelope for the noise and all
peaks above this threshold get a signal quality assigned. This
quality is simply defined by the ratio of the peak height to the
maximal peak height in the given channel. Using the signal
quality and a reduction of search windows in the overall 20
seconds long signals, an iterative process for the definition
of the run-times is performed. The resulting list is then used
to select the best possible run-times for each channel and
to exclude outliers. Such uncorrelated run-times can for
example be produced due to diffraction on insert parts or the
cryostat wall and can not be used for reconstruction since
the assumption of a sphere-like propagation is not holding
true in such cases.

Figure 4: In the upper graph the unfiltered signal of one
OST channel normalised to 𝜎𝑛𝑜𝑖𝑠𝑒 , on the bottom the same
signal after noise filtering is shown. The horizontal green
lines are enveloping the noise and the vertical red lines mark
the quench-time 𝑡0 , while the dashed red lines visualise the
deduced signal-time 𝑡𝑂𝑆𝑇 of this very OST.
For this purpose, a first rough quench-spot has to be reconstructed using all run-times. The RMSE (Root Mean
Square Error) value describes the precision of the calculated
spot. In case, this RMSE value is larger than 25 mm for
a single-cell cavity (50 mm for nine cells) the threshold is
reduced to 25 mm to enable the following procedure also
under difficult conditions. An iterative procedure only takes
into account run-times with a difference of less than twice
the RMSE value and reconstructs the quench origin again
with the help of a simple multilateration. To prevent the
exclusion of all run-times after some iterations, signals with
less than 10 mm distance to the quench-spot are always taken
into account.
After the reduction of both run-time lists, for each channel a decision has to be taken which of the two values will
be used. Either the one deduced from the unfiltered or the
one defined by the filtered signal. For this decision, the
distances of both competing run-times to the rough reconstructed quench-spot are compared. The run-time producing
the smaller distance to the reconstructed spot is selected,
since it seems to describe the quench-spot better. In the
end, a final list of signal-run times exists and a decision
about the line-of-sight can be taken via a second and now
optimised surface constrained multilateration reconstruction
(described in the next section).
Before the algorithms, introduced in [3], for quench- and
run-time deduction were established, all definitions of such
times were performed ”manually by eye”. The automation
saves a lot of time and ensures a stable and reproducible
quality of the quench-time determination.

Graphical User Interfaces
An important part of the software project is the development of graphical user interfaces (GUIs), one of them can be
seen in Figure 5. They provide an environment to define the
OST configuration, add a potential cavity angle offset result-
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Figure 5: Exemplarily the graphical user interface for the
last step of the reconstruction is shown. At this surface the
actual quench-spot finding takes place.
ing from assembly in the insert and read the liquid Helium
temperature from a database. Then a visualisation of all unfiltered and filtered signals with marked quench- and signal
run-times for ”manual” control are offered. And in a last
step the quench-spot reconstruction is steered. OST signals
can be selected or deselected and the reconstruction method
can be chosen. In addition, the reconstructed quench-spots
are displayed and, in the case of the raytracing algorithm (described in the section after the next), band- and quench-map
are generated. The latter describe the reach of OST signals
and the most probable position of the quench-spot on the
cavity surface and are described as well in the section about
the raytracing approach.

MULTILATERATION ALGORITHMS
Three or more by sensors measured signals can be used as
starting points to reconstruct the unknown position of their
origin. The measured distances can be drawn as spheres
around their sensors (here: OSTs) and the resulting intersection of all the spheres defines, in case of second sound
signals, the quench-spot location.
Three basic assumptions have to be made for the usage
of multilateration for quench-spot localisation. First of all
a constant second sound velocity in liquid Helium at given
temperature. Second, a point-like origin and spherical propagation of the waves. And third, a direct line-of-sight between
the quench-spot as wave origin and the OST for signal detection.
At DESY three different algorithms for multilateration
are used and described in the following. All of them can be
optionally used with an additional surface constraint, which
requires that the reconstructed spot is forced to be a part of
the surface function of the cavity.

Basic Multilateration
This reconstruction method does not presume more than
the above mentioned conditions and is able to reconstruct the
quench-spot everywhere, also off the cavity surface. At first
glance, such a spot does not make sense, but several expla-
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nation hypotheses for such an anomaly with a reconstructed
spot above the cavity surface exist. The thermal conduction
of Niobium can be one explanation, taking into account the
fast propagation of the heat wave from the inner to the outer
surface of the cavity [4]. Another model uses the response
time of the reflected RF power, as described in [5]. And a
third explanation incorporates the amplitude dependence of
the second sound velocity. Since the wave is a temperature
wave and the velocity is temperature dependent, the second
sound signal is able to influence its own propagation velocity.
More details about this effect can be found in [6, 7].
Technically, the distances calculated for all OSTs are fed
into an error function of the spherical equations. The error
function has to be minimised to determine the unknown
quench-spot 𝑋. For 𝑋 the already mentioned RMSE value
can be calculated.

Velocity Fitting Multilateration
Expanding the basic algorithm, the distance of OST to
quench-spot can be varied by the second sound velocity
𝑢2 and the error function contains an additional unknown
fit parameter. This idea is taking into account the above
mentioned effect of the amplitude dependence of the second
sound velocity.

Sphere Radius Fitting Multilateration
A third multilateration algorithm declines the second assumption for multilateration and allows for a spherical instead of a point-like wave source. This approach takes into
account the distance of second sound wave origin on the
outer cavity surface to the heat deposition on the inner surface. The calculated quench spot 𝑋 is now the centre of a
sphere with radius 𝑟, which is also included into the error
function for minimisation.
The introduced radius 𝑟 can also be interpreted as quenchtime offset, further explanations as well as the exact definitions of the error functions for all algorithms can be found
in [3].

RAYTRACING APPROACH
The approach of using all available OST signals via the so
called raytracing algorithm was implemented at DESY some
years ago. A thorough description can be found in [8]. Here,
it shall only be mentioned that the cavity shape is simulated
with the help of a mesh of vertices and edges stored in a
graph and two more assumptions have to be added to the ones
used for multilateration: The non line-of-sight OST signals
are assumed to use always the shortest path through free
space and on the cavity surface. For this purpose the graph
is used to calculate geodesics on the surface. The second
additional assumption fixes the quench origin intrinsically
to the cavity surface.

Original Algorithm
In order to use the algorithm, the parametrised model of
the cavity surface has to be calculated once and the spatial
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OST configuration as well as the signal run-times have to
be fed into the program. Outcome is a so called RMSE
quench-map, which is a two-dimensional representation of
the cavity surface. Shown is for each point consisting of
height coordinate 𝑧′ along the cavity surface and cavity angle 𝜙 an RMSE value. The position with the smallest RMSE
value is assumed to be the quench-spot.

Line-of-Sight Raytracing and Band-Maps
In order to compare systematically the approaches of raytracing and multilateration, here an additional algorithm
was implemented using only line-of-sight signals for the
raytracing. With the implementation of this algorithm a better comparability of the multilateration and the raytracing
approach is given.
In addition, a new representation for the results of the raytracing algorithms is defined. The so called band-maps,
where the regions on the cavity surface are highlighted,
which can be reached by the OST positions and their associated signal run-time. One example can be seen in the
upper part of Figure 6.

2

1

Overlap

3

checks with optical inspections of cavity surfaces this loss
of information is problematic.
A second observation is made comparing results of raytracing algorithms using all or only line-of-sight signal information. The distribution of quench-spots reconstructed
by the original raytracing algorithm is much wider and does
not match the distribution of quench-spots achieved with
multilateration algorithms. A more thorough analysis of this
indication has to follow.

INFLUENCE OF UNCERTAINTIES ON
QUENCH-SPOT RECONSTRUCTION
In order to gain a realistic picture of the impact of systematic uncertainties on the spatial resolution of second
sound quench-spot localisations two different approaches exist. First of all, a calibration of the complete reconstruction
chain can be performed using an artificial heat deposition
at well defined coordinates to simulate a quench event. The
reconstructed origin of the so produced second sound waves
can be compared with the real position and yields a precise
resolution. This possibility will be discussed in the following
section.
Another way to estimate the resolution of the above introduced algorithms is a simulation-based method. Starting
point is a review of all possible sources for systematic uncertainties and the magnitude of their variations. In Table 1
these information are collected.
Table 1: Summary of Contributing Systematic Uncertainties
for a Quench-spot Reconstruction
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Figure 6: On the top, the band-map of test 2 of cavity 1Z2 is
shown, for this reconstruction the algorithm only using lineof-sight signals is used. The axes depict the height 𝑧′ along
the surface of the cavity versus the angle. Colour-coded
the overlap of the different OST-signals are visualised. The
lower map represents the RMSE value for every point of the
cavity surface.
The band-maps allow to decide about the quality of the
reconstruction. At a glance, the number of overlapping OST
signals for the assumed quench-spot is available.

Raytracing Observations
During the work presented here, a loss of spatial resolution in the quench-map was observed. The interpretation of
the band-map shown in Figure 6 allows for three possible
quench-spots, while the quench-map below clearly favours
a single spot, which lies in between the others. For cross-

source
OST position
cavity position
signal run-time
quench-time
second sound velocity
second sound velocity
cavity length

𝑥, 𝑦, 𝑧
𝑥, 𝑦, 𝑧
𝑡𝑂𝑆𝑇𝑖 − 𝑡0
𝑡0
𝑢2 @2K
𝑢2 @1.8K
𝑧

variations
1 mm
3 mm
0.2 ms
0.5 ms
0.3 m/s
0.06 m/s
3 mm

More explanations about the deduction of the summarised
values and the following descriptions of the simulation methods can be found again in [3]. Worth mentioning here, are
the two groups of variations. The upper half in the table
deals with 3-dimensional influences, while the lower ones
do affect only one dimension.
To simulate the influence of single parameters, real recordings of quench events are used. One individual parameter is
smeared 250 times via a random distribution, of the in Table
1 given size, and the reconstruction is performed afterwards
for all 250 variations. In the following, only multilateration
algorithms are studied, since the simulation for raytracing is
more complex.
The results for multilateration reconstructions with variations of OST position, cavity position and run-time can be
seen in Figure 7.
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Figure 7: Result of uncertainty simulations for OST positioning (plusses), cavity positioning (circles) and signal run-time
deduction (triangles). On the upper half algorithms reconstructing a quench-spot constrained to the cavity surface, in
the lower line, three plots for reconstruction methods free of
surface constraints are shown.
Since those are the 3-dimensional variations, cloud-like
structures are produced. Different spreads can be observed,
on the upper half of Figure 7 for surface constrained methods
and on the lower for the unconstrained ones. In summary it
can be stated, that a variation of the OST positions has only
a small influence. The signal run-times impact is roughly
twice as large. The cavity-position variation results in even
larger spreads, which is not surprising given the assumed
size of uncertainty (compare Table 1).
In Figure 8, the impact of one-dimensional variations of
different parameters can be seen, they form trail-like structures. Two trails originating from two quench events are
used for this uncertainty simulation.
In order to get more than a visual handle to interpret the
results, the mean values of the standard deviations for all
spatial coordinates are calculated afterwards for all algorithms [3].
On the one hand it can be stated, that the impact of the
signal run-time variation is the largest. Hence, a precise as
possible determination should be performed for all 𝑖 runtimes 𝑡𝑂𝑆𝑇𝑖 . The influence of the velocity of the second
sound waves is on the other hand surprisingly low.
In the end, all parameters are smeared simultaneously to
compare the robustness of the different algorithms. Most
promising are the results of the surface constrained basic
multilateration with a resolution of 6.6 mm ± 5.5 mm over
both surface coordinates and the velocity fitting multilateration without a surface constraint with a resolution of
8.5 mm ± 2.8 mm over all three Cartesian coordinates.

EXTERNAL CALIBRATION
In order to achieve an even better basis to judge the quality
of the used reconstruction algorithms an external calibration
of the second sound system is preferable. With the help of

JACoW Publishing
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Figure 8: Result of simulation of two quench events smeared
with uncertainties for second sound velocities at 2K (plusses)
and 1.8K (circles), cavity height (triangles) and quench-time
determination (crosses). On the upper half for algorithms
which reconstruct a quench-spot constrained to the cavity
surface. In the lower three plots for reconstruction methods
free of surface constraints.
reference measurements, realistic resolutions can be determined. The ability of the raytracing algorithm to enhance
the resolution via the usage of OSTs, which are not in line-ofsight can be studied as well. In addition, geometrical effects
can be analysed via sensible placement of the calibration
signal.
To mimic a quench event, a heat pulse has to be induced
into the liquid helium. For this purpose resistors are used.
The spatial coordinates of such resistors have to be well
known, afterwards the complete reconstruction chain can be
evaluated via the reconstruction of this very spot.
Circuit boards were built and equipped with axial lead and
SMD (surface mounted device) resistors of different types.
Two of the boards are shown in Figure 9.

Figure 9: Two of the used resistor boards, on the left different
axial lead resistors and on the right a geometrical layout also
using SMD resistors for spatial resolution studies.
Those boards were mounted into the cavity inserts and
after cool down to 2 Kelvin the resistors were pulsed in
order to stimulate second sound wave emission. Due to
not completely understood reasons only in very rare cases
signals could be observed. And even then, they were not
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visible in the raw data, but only after noise filtering, as it can
be seen in Figure 10. One major role plays the noise level in
the large cryostats in the AMTF environment. Signals were
only observed in configurations with small distances to the
OSTs. But over such short distances below 10 cm, the size
of the OST membrane of 18 mm is not neglectable anymore
and a spatial resolution of the second sound wave origin is
not possible.

JACoW Publishing

doi:10.18429/JACoW-SRF2019-FRCAB8

fitting multilateration without constraint produce the best
resolutions below 10 mm. The validation of the raytracing
algorithms is complicated and some questions concerning
the usage of signals from OSTs not in line-of-sight with the
quench-spot are still open.
Answers to those questions and an even deeper understanding of reconstruction methods will be enabled by the
envisaged calibration system, which is at the moment under
development at DESY.
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Figure 10: Unfiltered and noise filtered signal of an OST
used during tests of the calibration resistors. The noise in
the raw data hides the signal completely.
Many different configurations with varying distances to
OSTs, different resistor types, variations of the supply voltage and circuit logic were tested. But none until now produced sufficient results, which really can be used to calibrate the quench localisation system. Hence, a collaboration
concerning cavity diagnostic systems with INFN LASA in
Milano was established and a new and more sophisticated
tool for the calibration of second sound wave signals is under
construction.

CONCLUSION
Lessons learned during systematic studies of the second
sound method for quench detection of SRF cavities are first
of all, that careful OST sensor positioning is very important.
It has to be ensured, that all spots on the complete cavity
surface are visible by at least three OSTs. In addition, a
symmetric installation of OSTs around the cavity equator is
of importance to avoid a bias in the geometric reconstruction
of the quench-spot.
Another crucial point is the quality of the signal run-time
determination, since the influence of variations of the runtime on the spatial resolution of the reconstruction is large.
At DESY the sampling frequency could be raised and the
noise-level should be improved further to achieve even better
results for the signal run-times.
Concerning the different reconstruction algorithms, the
basic multilateration with surface constraint and the velocity
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