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Foreword 
 
 
The 14th International Conference on RF Superconductivity took place from September 20-
25, only a few hundred meters from the old Checkpoint Charlie. SRF 2009 was organized by 
the Helmholtz Zentrum Berlin and the Forschungszentrum Dresden Rossendorf. The main 
programme was preceded by a 3-day tutorial at the Forschungszentrum Dresden-
Rossendorf. The conference participation far exceeded our expectations with over 300 
registrants and it continued the growing trend over the last 28 years. We were particularly 
pleased that 90 people registered for the tutorials and that many researchers were new to 
the field of SRF. 
 
The first SRF Workshop was held at the Forschungszentrum Karlsruhe in 1981. In 
recognition of the fact that SRF has grown dramatically both in size and international 
importance, the International Program Committee voted in 2008 to change the title from 
“Workshop” to “Conference.”  
However, to underscore the Series’ roots and tradition as a workshop, it was decided to 
continue the old numbering, thus making SRF 2009 the 14th in the series. 
 
A total of 56 talks and 166 posters were presented at the conference, in addition to the 
thirteen tutorials that provided an excellent overview of SRF. Many talks were presented by 
young researchers, and prizes were awarded at the conference dinner to Alexander 
Romanenko and Sachary Conway for their excellent research. Mid-week, the conference 
returned to Dresden for a visit of the ELBE SRF Free-Electron Laser and the historic centre 
of Dresden, including the famous “Frauenkirche”. A special session provided the opportunity 
to honour two SRF experts entering retirement, Dieter Proch and Hasan Padamsee.  Over 
the last 30 years both of them have left their indelible mark on the field of SRF and their 
contributions were a key to the success of the SRF Conference Series. 
 
On behalf of the International Program Committee and the Local Organizing Committee I 
would like to express my gratitude for the financial support SRF 09 received from institutional 
and industrial sponsors, as well as 12 industrial exhibitors. This support enabled SRF 2009 
to pay travel and accommodation for 10 students who otherwise would not have been able to 
attend the conference. 
 
I would also like to extend a special thank you to the Local Organizing Committee whose 
tremendous dedication before and during the conference contributed to the great success of 
SRF 2009. 
 
Finally, though, the success of any conference depends on the participants. There is no 
doubt that SRF 2009 was an inspiring week with excellent talks and posters that provided the 
basis for a lively discussion. Warmest thanks therefore go out to all participants! 
 
 
 
Jens Knobloch 
SRF 2009 Conference Chairman 
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STATUS OF THE FREE-ELECTRON LASER USER FACILITY FLASH

K. Honkavaara∗, B. Faatz, J. Feldhaus, S. Schreiber, R. Treusch, DESY, Hamburg, Germany†

J. Rossbach, University of Hamburg, Germany

Abstract

FLASH, the FEL user facility at DESY (Hamburg, Ger-
many), is operated with an electron beam energy up to
1 GeV corresponding to a photon wavelength down to
6.5 nm. FLASH consists of an electron source to gener-
ate a high quality electron beam, a superconducting linac
of six TESLA type accelerating modules, and an undulator
section to produce laser like coherent FEL radiation. About
half of the beam time is scheduled for the FEL users, and
the other half for accelerator and FEL physics studies. Ex-
perience gathered at FLASH is important not only for fur-
ther improvements of the FLASH facility itself, but also for
the European XFEL and for the R&D effort of the Interna-
tional Linear Collider (ILC).

INTRODUCTION

FLASH is a free-electron laser (FEL) user facility at
DESY (Hamburg, Germany). It is driven by a 1 GeV su-
perconducting linac consisting of six TESLA type acceler-
ating modules. The production of FEL radiation is based on
self-amplified spontaneous emission (SASE). FLASH pro-
vides ultrashort radiation pulses (femtosecond range) with
an unprecedented brilliance. It is a world-wide unique light
source in the vacuum ultraviolet (VUV) and soft x-rays
wavelength range.

FLASH originates from the TESLA Test Facility (TTF),
which was constructed and operated at DESY in the frame-
work of the TESLA Collaboration. In the late 90’s a free-
electron laser was integrated to the TTF linac. The result-
ing TTF-FEL was in operation until end of 2002 providing
FEL radiation in the photon wavelength range from 120 nm
to 80 nm [1, 2]. In the following years, it has been up-
graded and commissioned to a state-of-the-art single-pass
high-gain SASE-FEL: FLASH [3, 4]. FLASH is an FEL
user facility since summer 2005. The first two years, it was
operated in the wavelength range from 47 nm to 13 nm. The
installation of a sixth accelerating module in summer 2007
increased the electron beam energy to 1 GeV allowing las-
ing with wavelengths down to 6.5 nm.

FLASH is also an important test facility for the future
projects based on superconducting accelerator technology,
like the European XFEL [5] and the International Linear
Collider (ILC) [6].

Part of the material reported here has already been pre-
sented and discussed in the proceedings of previous confer-

∗ katja.honkavaara@desy.de
† for the FLASH team

Table 1: FLASH Parameters

Electron beam
Energy MeV 370 - 1000
Peak current kA 1-2
Emittance, norm. (x,y) 𝜇mrad 1.5 - 2
nb. of bunches / train 1 - 800
Bunch train length ms up to 0.8
Rep. rate Hz 5
FEL radiation delivered to experiments
Wavelength (fundamental) nm 6.8 - 47
Average single pulse energy 𝜇J 10 - 100
Spectral width (fwhm) % ∼ 1
Pulse duration (fwhm) fs 10 - 50
Peak power GW 1 - 5
Peak brilliance * 1029 - 1030

* photons / (s mrad2 mm2 0.1 % bw)

ences [7, 8, 9, 10, 11, 12, 13].

FLASH LINAC

FLASH consists of an electron source to generate a
high quality electron beam, a superconducting linac of six
TESLA type accelerating modules, and an undulator sec-
tion to produce FEL radiation. Figure 1 shows a schematic
layout of the linac.

Electron bunches are produced by a laser driven RF gun.
The RF gun is a 1.5 cell normal conducting copper cavity
operated at 1.3 GHz. The photocathode laser is based on a
mode-locked pulse train oscillator with a chain of single-
pass Nd:YLF amplifiers. The initial infra-red wavelengths
are converted to ultraviolet (262 nm). The laser beam is
guided to a Ce2Te cathode, which is inserted to the back-
plane of the RF gun. The maximum accelerating gradient
on the photocathode is 46 MV/m.

The number of bunches in the bunch train as well as
the bunch spacing can be varied: several distinct spacings
between 1 MHz and 40 kHz are possible. The maximum
number of bunches per macro-pulse is 800 (1 MHz bunch
spacing). The macro-pulse repetition rate is presently fixed
to 5 Hz. The electron bunch charge is variable from 0.1 nC
to 3 nC. During FEL operation charges between 0.5 nC and
1 nC are typically used. Some main electron beam param-
eters are listed in Table 1.

FLASH uses TESLA type superconducting accelerating
modules. Each module consists of eight 9-cell standing
wave Niobium cavities with a fundamental frequency of
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Figure 1: Layout of the FLASH linac including the experimental hall (not to scale).

1.3 GHz. Each cavity has a length of about 1 m and is
equipped with a RF power coupler, a pickup probe, two
high order mode couplers, and a stepper motor based tun-
ing system. Cavities are mounted into a 12 meters long
cryo-module together with a quadrupole magnet doublet,
two corrector magnets, and a beam position monitor. Cav-
ities of some of the modules have also piezo tuners. The
module is bath-cooled by superfluid Helium to 2 K.

The first accelerating module is located about 1 m down-
stream of the RF gun exit. It boosts the initial 5 MeV beam
energy to 130 MeV. Space charge forces due to RF focusing
may cause transverse emittance growth. In order to avoid
this unwanted effect, the first four accelerating cavities are
operated with a moderate gradient of 12-15 MV/m.

The electron beam energy is increased to 470 MeV by
two accelerating modules, which are located between the
bunch compressors. Further three modules accelerate the
electron beam up to 1 GeV. The modules are operated with
accelerating gradients between 20 MV/m and 25 MV/m.
Four cavities of the sixth module reach gradients above
30 MV/m.

Four RF stations, consisting each of a klystron, a high
voltage pulse transformer, a pulsed power supply (modu-
lator), and a low level RF system, are used to power the
RF gun and the accelerating modules. The modulators are
bouncer type and provide 1.5 ms long HV pulses. The RF
gun and the first module are both operated by a 5 MW
klystron. The third 5 MW klystron is shared between the
second and the third module. The last three modules have
a common RF station with a 10 MW multi-beam klystron.
A linear waveguide distribution system is used for the five
first modules. Therefore the operation gradient of these
modules is limited by the weakest cavity in the module.
The sixth module has a new combined type waveguide dis-
tribution based on asymmetric shunt tees allowing adjust-
ment of the power for each cavity pair individually. Thus
the performance of the complete module can be optimized,
assuming that both cavities in a pair have similar perfor-
mance. More details can be found in [14].

A dedicated low level RF (LLRF) system is developed
to regulate the gradient (vector sum) and phase of the RF
gun and the accelerating modules. The RF gun and the
first accelerating module are controlled by an FPGA (field
programmable gate array) based system. A careful regu-
lation of them is especially important, since electron beam
properties, and thus the stability of the complete linac, are
mainly determined at low electron beam energies. The

other accelerating modules use DSP (digital signal proces-
sor) based systems.

FLASH uses similar superconducting accelerating mod-
ules and RF systems as will be used for the European XFEL
and for the ILC, providing thus an important test bench for
these future facilities.

PRODUCTION OF SASE FEL RADIATION

At FLASH the production of FEL radiation is based on
self-amplified spontaneous emission (SASE). The most rel-
evant electron beam parameters for this process are peak
current and transverse emittance: the former has to be high
enough and the latter simultaneously small enough.

The required peak current of ∼ 2 kA is achieved by com-
pressing the electron bunch by two magnetic chicane bunch
compressors. Due to emittance optimization, the initial
electron bunch having a length of about 2 mm is relatively
long. When a long bunch is accelerated off-crest, a non-
linear energy chirp is produce along it. The following com-
pression process leads therefore to a non-symmetric bunch
shape with a leading spike of a high peak current and a long
tail.

The transverse emittance is optimized in the injector. In
order to achieve a small emittance, the accelerating gradi-
ent on the cathode is as high as possible, the space charge
effects are compensated by a solenoid magnet, and the laser
parameters as well as the steering of the electron beam
through the first accelerating module are optimized. A typ-
ical normalized projected transverse emittance of a 1 nC
bunch (on-crest acceleration) is around 2 mm mrad [15].
In the present operation mode with a leading high current
spike and a long tail, the slice emittance of the spike, not the
projected emittance of the entire bunch, is the relevant pa-
rameter for the lasing process. A description and results of
the slice parameter measurements at FLASH can be found
in [16].

Six 4.5 m long undulator modules consisting of a peri-
odic structure of permanent NdFeB magnets are installed
after the collimation section to produce SASE FEL radi-
ation. The undulator has a fixed gap of 12 mm, its peak
magnetic field is 0.48 T, the undulator period 27.3 mm, and
the K-value 1.23.

The produced FEL radiation is transported from the ac-
celerator tunnel to the experimental hall, where the user
experiments are placed. More details of the photon beam
lines and photon diagnostics can be found in [17].
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OPERATIONAL ISSUES

FLASH is operated 7 days per week, 24 hours per day.
Beam time is organized into blocks: four week user exper-
iment blocks are sandwiched between three weeks blocks
of FEL physics studies, improvements of the FLASH facil-
ity, and preparation of the next user block. Two or three
times per year a dedicated beam time of a couple of weeks
is scheduled for general accelerator physics studies and de-
velopments related to future projects.

During the second user period from November 26, 2007
to August 16, 2009, 50 % of the time has been scheduled
for user experiments, and 42 % for studies and develop-
ments. The remaining 8 % have been reserved for mainte-
nance periods 1-2 times per year.

During the scheduled user experiments, FEL radiation
has been delivered in average 75 % of the time to exper-
iments, totally about 5700 hours during the second user
period. Tuning of the FEL radiation properties has taken
14 %, and the start-up after maintenance or failures 1 % of
the time. The total downtime due to technical failures or
other incidents has been 7 %. 3 % of the time has been used
for the scheduled weekly maintenance. The total up-time
of the facility during the second user period was 93 %.

The time distribution of individual user blocks differs
from each other, as can be seen in Table 2. The differ-
ence is partly due to different amount of downtime, but
more important due to different requirements of the user
experiments. The more demanding the experiments are and
the more often the wavelength has to be changed, the more
time is needed - and scheduled - for tuning.

Table 2: Time distribution between SASE FEL radiation
delivery, tuning, linac set-up, maintenance, and downtime
during the user blocks of the second user period. Blocks
1-5 and 7-10 are four weeks long, the length of blocks 6,
11 and 12 is three weeks.

Block SASE Tuning Set-up Maint. Down
(%) (%) (%) (%) (%)

1 71 14 2 4 9
2 79 13 1 4 3
3 75 16 1 2 6
4 67 24 1 2 6
5 69 18 2 1 10
6 68 21 1 3 7
7 81 12 1 2 4
8 78 13 1 3 5
9 79 13 1 3 4
10 75 12 1 2 10
11 75 7 1 2 15
12 90 5 0 1 4

Total 75 14 1 3 7

Downtime

Downtime discussed here considers the twelve blocks of
user experiments during the second user period. The study
periods are excluded from the downtime statistics, since
during these periods the linac and its subsystems are often
operated in unusual conditions.

About one third of the downtime (34 %) is related to the
RF stations. Almost 80 % of this downtime is caused by
failures of two old RF stations, which have been in opera-
tion already more than ten years. These two aged stations
will be exchanged to new ones during the coming upgrade
shutdown. It is also worth to mention that during the user
blocks 3 and 12 the downtime due to RF stations has been
only 3 % of the total downtime.

In order to reduce the downtime due to failures of the
photocathode laser system, presently 8 %, a second laser
will be available after the upgrade shutdown. The old laser
is partly flash-lamp pumped, whereas the new one is fully
diode pumped, which will reduce the downtime caused by
broken flash-lamps.

Infrastructure failures, especially power cuts and distur-
bances of cooling water, air conditioning and temperature
stabilization systems, have caused 18 % of the downtime.
Other significant sources for the downtime are failures of
the magnet power supplies (8 %), photon beamline compo-
nents (5 %), control system (4 %), and cryogenics (4 %), as
well as low level RF regulation (3 %).

About 16 % of the downtime is caused by single inci-
dents happening only once or very rarely. For example,
operational and maintenance mistakes, and technical inter-
locks of the RF gun belongs to this category. No downtime
is caused by the superconducting cavities, and the down-
time due to the RF power couplers is also negligible (∼1%
of the total downtime).

SASE PERFORMANCE AND USER
EXPERIMENTS

Some typical FEL radiation parameters are listed in Ta-
ble 1. The performance is different for each photon wave-
length, and therefore the parameters shown should be taken
as an indication of the overall span of the performance.

Some of the operational highlights of the second user
period have been an experiment using the fifth harmonic
of 7.97 nm (1.59 nm), a continuous running of five days
at 7 nm with a bunch train of 100 bunches, and a three
weeks run at 7 nm with 30 bunches and average FEL ra-
diation pulse energy up to 50𝜇J. The 7 nm wavelength
corresponds to electron beam energy of about 950 MeV.

Since summer 2005, 77 proposals for user experiments
have been accepted and experiments ranging from diffrac-
tion imaging to atomic physics and molecular biology, have
been successfully carried out [18]. Every experiment has
its own demands on the properties of the FEL radiation in
terms of photon wavelength, FEL pulse energy, pulse rep-
etition rate, spectrum bandwidth, and stability. Tuning of
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these properties has taken 14 % of the time during the user
blocks.

More than half of the total tuning time has been needed
for wavelength changes (55 %). Since FLASH has a fixed
gap undulator, a change of the photon wavelength requires
always a change of the electron beam energy. In addition
to adjustments of the gradients and phases of the acceler-
ating modules, the wavelength change procedure includes
an adjustment of the beam optics and a correction of the
orbit through the undulator. During the second user pe-
riod the wavelength has been changed about 140 times, and
more than 30 different wavelengths between 6.8 nm and
40.5 nm have been delivered to the experiments. The most
requested wavelengths have been the the shortest ones (7-
8 nm), and the ones around 13.5 nm, the latter is due to the
availability of multilayer mirrors for this wavelength.

Part of the tuning time (17 %) has been required to in-
crease the average pulse energy of the FEL radiation, or to
correct the transverse position of the photon beam. Some
experiments have also special demands, like an exact wave-
length or a narrow bandwidth of the wavelength spectrum.
This kind of quality tuning has taken 8 % of the tuning
time. Tuning is also needed after technical failures (7 %)
and weekly maintenance (6 %). 5 % of the tuning has been
related to changes on the number of bunches in the bunch
train or the bunch repetition rate. The rest of the tuning has
been characterization of FEL radiation properties.

ACCELERATOR AND FEL STUDIES

As mentioned above, 42 % of the beam time during the
second user period has been scheduled for studies. This
time includes also periods reserved for improvements of
the FLASH facility itself, and the preparation for the next
user experiments. About one fourth of the study time has
been especially dedicated to developments related for fu-
ture projects like the European XFEL and the ILC.

About 20 % of all studies has been related to low level
RF regulation, especially to control and measurement al-
gorithms and developments of hardware components. A
substantial amount of time has been used for developments
of electron beam diagnostics devices, especially beam po-
sition monitors, as well as a new synchronization system
based on beam arrival time monitors and optical links. An
other important study issue has been a long-term follow-up
of the properties of the Ce2Te photocathodes. Beam time
has also been scheduled for experiments developing new
methods for longitudinal electron bunch diagnostics using
an optical replica synthesizer and coherent infrared undula-
tor radiation as well as for studies related to THz radiation
and micro-bunching.

Preparation of an experiment to operate the FLASH linac
with full beam loading (up to 9 mA electron beam current)
has been going on since spring 2008. Dedicated beam time
of two weeks is reserved for this experiment in September
2009. [19, 20]

Improvements of the FLASH facility are recently con-

centrated on stability and feedback issues as well as on
tuning procedures. One important study subject has been
electron beam orbit control, especially in the undulator sec-
tion. Part of the time has been used for developments on
photon diagnostics devices and preparation of the photon
beam lines for the user experiments. A new THz radiation
beam line has been commissioned as well.

UPGRADE 2009/10

Major modifications of the FLASH facility will take
place during a 5 months upgrade shutdown starting end of
September 2009.

A seventh TESLA type superconducting accelerating
module [21] will be installed downstream of the sixth mod-
ule. The place for this module has been foreseen already in
the original design of the FLASH linac. By this upgrade,
the electron beam energy will be increased up to 1.2 GeV
allowing lasing at wavelengths below 5 nm.

As mentioned above, RF curvature causes a non-
symmetrical longitudinal bunch shape. This can be re-
moved by third harmonic RF cavities, and therefore a mod-
ule with four superconducting cavities operated at 3.9 GHz
(third harmonic of 1.3 GHz) [22] will mounted after the

first accelerating module. When the third harmonic module
is in full operation, a larger fraction of the electron bunch
can contribute to the lasing process leading to longer FEL
pulses with higher energy per pulse. Switching the module
off leads to the similar electron bunch shape and FEL pulse
length as FLASH has now.

An other new installation is an experiment for seeded
FEL radiation: sFLASH [23]. It consists of a seed laser
system, an undulator section of 10 meters, and a photon
beam line to transport the FEL radiation to an experimental
hutch located outside the FLASH tunnel. In order to real-
ize this experiment, 40 meters of the FLASH electron beam
line between the collimator section and the SASE undula-
tors will be reconstructed.

The RF gun has been in continuous operation over the
last six years. It shows some aging effects, and will be
replaced by a new gun with an improved cooling scheme
facilitating the operation at high average power levels. Its
waveguide system will be prepared for a possible operation
with a 10 MW klystron in the future.

The first accelerating module is one of the oldest TESLA
type modules, and it is foreseen to replace it during the
shutdown by a cryo-module furnished with new high per-
formance cavities. This upgrade increases operating gradi-
ents of the last four cavities in the module, and thus helps
to compensate the energy loss, which will be caused by the
operation with the third harmonic module.

In addition, upgrades of the RF stations and waveguide
distribution are scheduled. Two old RF stations will be re-
placed by new ones, and an additional RF station will be
included. After the upgrade, the fourth and fifth acceler-
ating module have a common RF station (5 MW klystron),
while the last two modules will be operated by one 10 MW
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multi-beam klystron. The seventh accelerator module has
an XFEL type combined waveguide distribution, and thus
the performance of its each cavity pair can be optimized, as
already is the case for the sixth module.

SUMMARY

FLASH is a world-wide unique light source in the VUV
and soft x-rays wavelength range providing ultrashort FEL
pulses with a high brilliance. It is driven by a 1 GeV super-
conducting linac with six TESLA type accelerating mod-
ules, and provides therefore an important test bench for the
future projects using superconducting accelerator technol-
ogy.

During the second FEL user period from end of Novem-
ber 2007 to middle of August 2009, FEL user experiments
with photon wavelengths between 40.5 nm and 6.8 nm have
been successfully performed. Significant amount of beam
time has also been scheduled for accelerator and FEL
physics studies as well as for technical developments.

After an upgrade shutdown starting end of September
2009 and the following commissioning period, the third
FEL user period is expected to start in summer 2010.
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THE EUROPEAN XFEL BASED ON SUPERCONDUCTING TECHNOLOGY 

H. Weise, DESY, 22603 Hamburg, Germany 

 

Abstract 
The internationally organized European XFEL free-

electron laser is under construction at the Deutsches 
Elektronen-Synchrotron (DESY). Compared to present-
day synchrotron radiation sources, its peak brilliance will 
be more than 100 million times higher, the radiation has a 
high degree of transverse coherence, and the pulse 
duration is reduced from the 100 picosecond range down 
to the 10 fs time domain. The possible wavelength will be 
down to 0.1 nm. The electron beam energy of up to 17.5 
GeV will be achieved by using superconducting 
accelerator technology. The project is the first large scale 
application of the TESLA technology developed over the 
last 15 years. The paper briefly summarizes the XFEL 
design before presenting details about the status of the 
superconducting linac. The international collaboration 
with its contributions will be described. Final prototyping, 
industrialization and new infrastructure are the actual 
challenges. 

INTRODUCTION 
The European XFEL [1] is going to be built to explore 

the femtosecond dynamics of nature. It will allow 
studying the machinery of a living cell at work at atomic 
resolution. The shape change of molecules during 
chemical or biochemical reactions can be observed on the 
femtosecond time scale. A number of fascinating 
experiments will become possible, and at long last one 
might see, and not just model, how molecular machines 
really work [2]. An excellent start was made at the at 
DESY already operating free-electron laser FLASH. 
Details about the operation and the upcoming upgrade 
were presented at this conference [3].  

XFEL RADIATION PROPERTIES 
Being based on a superconducting accelerator the 

European XFEL will be operated in the so-called burst 
mode. As depicted in Fig. 1, 600 μs long RF pulses will 
be used to accelerate pulse trains of up to 3,000 electron 
bunches typically separated by 200 ns; the bunch train 
repetition rate will be 10 Hz.  

Distributed to different undulator beamlines the 
electron beam produces either X-ray FEL radiation (0.2 – 
12.4 keV) or spontaneous radiation (20 – 100 keV). The 
duration of the individual photon pulses will be less than 
100 femtoseconds. Extreme high pulse intensities of up to 
1014 photons per pulse can be expected for the FEL 
radiation. According to the XFEL technical design the 
shortest wavelength will be 0.1 nm, achieved at an 
electron beam energy of 17.5 GeV. 

 

Figure 1: Time structure of the European XFEL. 

 

PERSPECTIVES IN VIEW OF LCLS 
COMMISSIONING 

The recent start-up of the LCLS has been remarkably 
fast and successful. It has shown (besides the excellence 
of the SLAC team) that the SASE process in the 
Ångstroem regime works robustly and as predicted. 
According to common knowledge, the lasing depends on 
the 6-dimensional phase space density. When optimizing 
the FEL performance, pulse length and brilliance of the 
photon pulse are the issue. The parameter space leaves 
some options; after the LCLS commissioning, the future 
discussion of X-ray FELs needs inclusion of shorter 
bunches at lower charge.  

The conclusion for the European XFEL is that safety 
margins in the XFEL design can be less conservative. 
Based on a lower projected emittance (recently measured 
at DESY, Zeuthen - PITZ), the XFEL can reach shorter 
wavelength without any change in the facility layout. 
Details are to be worked. 

The XFEL is the only X-ray free-electron laser which 
can be operated cw. Thus it is worth keeping the option 
open and to closely follow and support R&D on high duty 
cycle injectors [4, 5]. The necessary replacement of 
klystrons by IOTs seems to be possible [6]; infrastructure 
is not a challenging issue. A rough estimate with respect 
to the needed resources including additional effort for 
undulators shows that of the order of 20% of the initial 
investment might be required. In summary: When the 
injector technology becomes available and the user case is 
well developed, the already very attractive XFEL can be 
made even more attractive, i.e. cw operation might 
become available in an attractive upgrade scenario.  
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CONSTRUCTION STARTED 
Construction work along the 3.4 km European XFEL 

facility started early 2009. Figure 2 shows the more than 
30 m deep shaft of the injector, located at the DESY site. 
Figure 3 gives an overview about the complete XFEL site 
seen from the future experimental hall with DESY being 
in the back of the picture. The tunnel construction will 
start early spring 2010, the main linac tunnel is to be 
finished in 2011 and ready for accelerator module 
installation in summer 2012. 

 

Figure 2: Construction site of the XFEL injector. 

 

Figure 3: Construction site of the European XFEL. 

XFEL COLD LINAC 
The European XFEL is based on a superconducting 

linac comprising of 100 accelerator modules housing 
eight TESLA type cavities each. In order to operate all 
cavities at its design gradient of 23.6 MV/m, 25 RF 
stations will be installed supplying 5.2 MW each. The 
construction is a common effort of many institutes sharing 
the responsibility for the superconducting linac. The 
overall coordination is with DESY chairing the XFEL 
Accelerator Consortium. Table 1 summarizes the major 
contributions. 

 
 

Table 1: Contributions to the XFEL Cold Linac 

Institute Component / Task 

CEA Saclay / IRFU, 
France 

Cryostats; cavity string and module 
assembly; cold beam position monitors 

CNRS / LAL Orsay, 
France 

RF main input coupler incl. RF 
conditioning 

DESY, Germany Cavities & cryostats; contributions to 
string & module assembly; coupler 
interlock; frequency tuner; cold 
vacuum system; integration of 
superconducting magnets; cold beam 
position monitors 

INFN Milano, Italy Cavities & cryostats 

Soltan Inst., Poland Higher Order Mode coupler & absorber 

CIEMAT, Spain Superconducting magnets 

IHEP, China (Cryostats) (final agreement req.) 

 

Cryostats 
In preparation of the series production DESY has 

ordered one cryostat each from two new vendors. In 
addition IHEP Beijing, China, offered to supply a third 
one based on the DESY specifications; the costs were 
taken over by IHEP. Two of the cryostats, consisting of 
the so-called cold mass, i.e. the supporting structure with 
all cryogenic process lines and temperature shields, and 
the outer vacuum vessel, were meanwhile assembled at 
DESY. Strings of eight cavities each as well as the magnet 
/ BPM package were composed and integrated into the 
cryostats. As a result the first prototype named PXFEL1 
could be tested on DESY’s Cryomodule Test Bench 
(CMTB), the second one, PXFEL2, is ready for testing. 

Figure 4 shows the PXFEL1 test results after RF 
conditioning at the CMTB. All eight cavities were 
measured individually. The solid red bars depict the 
measured accelerating gradient in 10 Hz and 800 μs flat 
top operation.  
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Figure 4: Test results of accelerator module PXFEL1. 
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Some cavities were previously used in accelerator 
module M8; thus the in M8 measured gradient is shown 
in comparison (dashed bars). All cavities were measured 
in the initial vertical test (cw mode), and one single cavity 
was measured in horizontal test. The direct comparison of 
the final PXFEL1 result with the last measurement before 
string assembly can be used to judge the quality of the 
overall work. The average maximum gradient of PXFEL1 
is 32.5 MV/m. String and module assembly could be the 
explanation for the observed gradient reduction of about 
5%; this number is dominated by the high gradient of 
cavity Z143 measured in vertical test and achieved only 
after very long cw RF conditioning. The module PXFEL1 
is going to be installed in the FLASH accelerator. The 
XFEL waveguide distribution will be used which allows 
for a pair-wise power adaptation. Thus the maximum 
operating gradient in FLASH will be 30 MV/m (green 
line). Further details about the PXFEL1 test are given in 
Ref. [7]. 

Cavities 
In preparation for the series production of the European 

XFEL’s accelerating cavities two schemes [8] for the final 
surface treatment – electro-polishing (Final EP) and final 
buffered chemical polishing (BCP Flash) – were studied 
with cavities from two different vendors. At the same time 
the strategy to weld the cavities in its He-vessel prior to 
the final surface treatment was investigated. As the result 
yield curves for the different schemes (with or still 
without He-vessel), yield curves for the different vendors 
being qualified for the XFEL cavity production [9, 10], a 
preparation strategy, and a strategy for the FEL cavity call 
for tender became available. 

The XFEL cavity call for tender was published in     
July, 2009. Production and preparation will be done in 
industry. The contract is to be allocated by DESY, the 
supervision of the cavity production will be in the 
responsibility of DESY and INFN. Details of the cavity 
specifications may be published not earlier than six 
months after the contracts are placed. 

The optimized preparation procedure requires He-
vessel welding after the Final EP. Thus the field profile 
needs to be measured, i.e. a bead bull is to be done under 
clean conditions [11]. 

One important step during cavity fabrication is the RF 
frequency tuning of half cells as well as dumb-bells (pairs 
of half cells). In order to considerably shorten the tuning 
time and thus the costs, a dedicated apparatus was 
developed. The prototype was successfully used for the 
recent cavity production. Two more machines are under 
fabrication with only minor changes. Key issue for the 
industrial use is automation and documentation [12]. 

The finished cavities need to undergo a frequency and 
field flatness tuning. Also here two dedicated machines 
for the series cavity production were built and are under 
commissioning [13]. While the mechanical parts were 
contributed by DESY, the development of software and 
electronic devices was done at FNAL. CE certification of 
the entire machine according to European rules and laws 

is a must. The final machines can be operated by Non-RF-
experts. 

RF Main Input Coupler 
The responsibility for the XFEL RF power production 

was taken over by LAL Orsay. In order to prepare for the 
RF conditioning a new dedicated 5 MW RF station will 
be set up at Orsay. In order to fulfil the required 
conditioning rate of eight couplers per week, presently the 
common conditioning of four cavities is under 
investigation. The interfacing with the string and module 
assembly is an organizational issue being discussed with 
CEA Saclay being the assembly site. The coupler 
interlock system needed after installation in the XFEL 
tunnel was developed and will be contributed by DESY 
[14, 15]. 

Accelerator Module Assembly 
The cavity string and module assembly at CEA Saclay / 

IRFU needs a complete new infrastructure. Thus the 
design and cost estimate for the civil engineering and 
general equipments was done and recently finished. 
Construction has started, and major parts of the new 
infrastructure are already in the commissioning phase.   

 

Figure 5: The new ISO4 cleanroom at CEA Saclay/IRFU. 

 

Figure 6: First check of cleanroom tools. 
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Figure 5 shows the new ISO 4 cleanroom with its two 
string assembly lines readily identifiable from the two 
rails located under the floor, and Fig.6 captures the first 
checks of cleanroom tools. 

Cavity and Module Acceptance Test 
The production and preparation of the XFEL cavities 

concludes with the assembly in 4-cavity units to be 
transported to DESY and to be ready for the vertical test. 
At DESY the so-called Accelerator Module Test Facility 
(AMTF) is under construction in which both, the 4-cavity 
units at a rate of at least 2 units per week, and the at 
Saclay completed accelerator modules at a rate of 1 unit 
per week will be tested.  

Figure 7 shows the connection of the 4-cavity unit as 
received in a special transport box to the lower part of the 
vertical test cryostat’s insert.  

 

 

 

Figure 7: 4-cavity unit assembled for the vertical test at 
DESY’s Accelerator Module Test Facility (AMTF). 

 
The cavities will be RF checked at DESY before the 

complete 4-cavity unit is going to be shipped to CEA 
Saclay / IRFU. In case single cavities do not reach the 
accelerating gradient specification, they will be sorted out 
at CEA Saclay and send back to the deliverer who can 
then decide to repeat the final preparation steps. 

 
Figure 8 shows the first module loaded for a round trip 

DESY – Saclay – DESY; a number of checks including 
extensive vibration measurements was done [16]. For the 
transport, a special frame as well as a transport lock was 
designed on the basis of two industrial studies. 

 

 

Figure 8: The first accelerator module on its travel from 
CEA Saclay / IRFU, Paris to DESY, Hamburg. 

SUMMARY 
The European XFEL is based on a superconducting 

linac comprising of 800 accelerator cavities. The XFEL 
Accelerator Consortium led by DESY followed the goal 
of developing one common schedule with all necessary 
links between the individual work packages. The 
engineering itself is clearly based on the successful work 
within the TESLA Technology Collaboration. The 
common work on the Cold Linac is the essential on the 
way to the success of the European XFEL project.  
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E. Harms#, H. Edwards, T. Arkan, A. Hocker, T. Khabiboulline, M. McGee, D. Mitchell, N. Solyak, 
M. Foley, A. Rowe, Fermilab, Batavia, Illinois, 60510, U.S.A., W. Decking, M. Dohlus, 

M. Huening, K. Jensch, G. Kreps, W.-D. Moeller, A. Schmidt, E. Vogel                                             
on behalf of the 3rd Harmonic collaboration                                                                 

Deutsches Elektronen Synchrotron (DESY), Notkestrasse, 22607 Hamburg, Germany

Abstract 
A 4-cavity 3.9 GHz cryomodule has been constructed at 

Fermilab and delivered to DESY. Its intended use is to 
linearize the non-linear beam energy-time profile 
produced by the 1.3 GHz accelerating gradient and thus 
improve the operating characteristics of FLASH for its 
users. First cold testing of the module is expected in the 
near future prior to its installation. We will report on the 
performance of the cavities, assembly and transport of the 
module as well as anticipated testing, installation, and 
commissioning plans. 

INTRODUCTION 
Fermilab has constructed a cryomodule containing four 

superconducting radio frequency (SRF) cavities operating 
at 3.9 GHz for the Free electron LASer in Hamburg 
(FLASH) facility at the Deutsches Elektronen-
SYnchrotron (DESY) laboratory.  This cryomodule, 
known as ACC39, was proposed to linearize the energy 
distribution along a bunch upstream of the bunch 
compressor.  The four 9-cell cavities were designed to 
operate at 2 K in the TM010 π-mode at an accelerating 
gradient Eacc = 14 MV/m. Table 1 contains a list of 
parameters. 

Table 1: Cryomodule Parameters 

Number of Cavities 4 

Active Length 0.346 meter 

Gradient 14 MV/m 

Phase -179° 

R/Q   [=U2/(ωW)] 750 Ω 

Epeak/Eacc 2.26 

Bpeak (Eacc = 14 MV/m) 68 mT 

Qext 1.3 X 106 

BBU Limit for HOM, Q <1 X 105 

Total Energy 20 MeV 

Beam Current 9 mA 

Forward Power, per cavity 9 kW 

Coupler Power, per coupler 45 kW  

MOTIVATION 
In response to a TESLA study in 2001 [1] and the ensuing 
Phase 2 Report in 2002 [2] regarding the addition of a 3.9 
GHz module to correct the distortion in the longitudinal 
phase space, it was proposed that Fermilab construct and 
deliver a cryomodule containing four superconducting 
radio frequency (SRF) cavities operating at 3.9 GHz for 
what has come to be known as the Free electron LASer in 
Hamburg (FLASH) facility at the Deutsches Elektronen-
SYnchrotron (DESY) laboratory. ACC39 will be installed 
in the DESY FLASH injector just after the 1.3GHz ACC1 
(first) cryo module as depicted in figure 1.  

 
 
 
 
 
 

Figure 1: FLASH layout with 3rd Harmonic module. 

 
The 3rd harmonic module will be used in conjunction 

with ACC1 in order linearize the bunch energy vs. time 
over the bunch length. This in turn should make “bunch 
compression” to very short bunches with high peak 
currents more efficient, or a more controlled longer bunch 
charge distribution. The SASE FEL operation should 
become more efficient and stable seeded operation 
(sFlash) possible. This is an important proof of principle 
not only for FLASH and XFEL but also for accelerator-
photon physics. 

 

Figure 2: Effect of Third Harmonic waveform on RF and 
bunch structure. 
 

___________________________________________  

*Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy.
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Figure 3: FLASH Longitudinal Bunch distribution 
without  (left column) and with (right column) ACC39. 

 
As a result of this agreement with DESY Fermilab has 

been able to make much progress in developing its SRF 
infrastructure from cavity fabrication and processing 
through all phases of testing, string and cryomodule 
assembly. Valuable experience in transport has also been 
gleaned by this effort. 

CAVITY FABRICATION, PROCESSING, 
AND TESTING 

Eight cavities have been fabricated and undergone 
various levels of testing. A summary of test results and 
status of each is found in Table 2.  

Fabrication 
Material to construct a total of ten 3.9 GHz cavities was 

procured. All component parts and end tube 
subassemblies were fabricated under the direction of 
Fermilab personnel. Cavities #3 through #6 were 
assembled and welded at Jefferson Lab using welded end 
subassemblies provided by Fermilab. 

The first six cavities contain a 2-leg Formteil design. 
Discovery of fractured F-piece legs during initial vertical 
testing of Cavity #2 prompted a redesign of the piece. An 
interim solution was to remove approximately 3mm of the 
Formteil tip. Cavities #3 and #4 contain such trimmed 
pieces. Cavity #3’s was done is situ following initial 
vertical testing. 

Cavities #7 and #8 were assembled at Fermilab using a 
revised single post Formteil design. The single post 
Formteils were welded into the HOM housing at DESY. 
A full account of  this issue and redesign has been 
reported previously [3]. 

Processing 
All cavities underwent a standard protocol of surface 

processing including Buffered Chemical Processing 
(BCP), high temperature hydrogen degasification bake, 
and High Pressure Rinse (HPR) prior to initial tests. This 
sequence was modeled after the DESY BCP processing 
cycle. 

 

Table 2: Cavity Fabrication and Testing Status 

Cavity Assembled 
by 

Completion 
date 

Test results and status 

#1: 2-leg 
HOM 

Fermilab January  
2006 

- Never tested: HOM 
membrane break during 
cleaning 

- Used as horizontal test 
prototype 

#2: 2-leg 
HOM 

Fermilab February  
2006 

- Best vertical test: 12 
MV/m limited by HOM 
heating 

- Fractured Formteils 

- Repair attempted 

#3: 2-leg 
trimmed 
HOM 

Fermilab 
JLab 

August  
2006 

- Best Vertical test: 24.5 
MV/m, achieved after 
HOM trimming 
- Horizontal testing: 22.5 
MV/m, limited by quench 
- Part of final string 
assembly  

#4: 2-leg 
trimmed 
HOM 

Fermilab 
JLab 

March  
2007 

- Best Vertical test: 23 
MV/m 
- Horizontal testing: 18 
MV/m, limited by quench 

#5: 2-leg 
trimmed 
HOM 

Fermilab 
JLab 

May  
2007 

- Best Vertical test: 24 
MV/m 
- Welded into Helium 
vessel 
- Horizontal testing 
complete: 22.5 MV/m, 
limited by quench 
- Part of final string 
assembly 

#6: 2-leg 
trimmed 
HOM  

Fermilab 
JLab 

May 
 2007 

- Best Vertical test: 22 
MV/m 
- Faulty welds repaired 
- Awaiting final vertical 
test with HOM 
feedthroughs 

#7 single-
post HOM 

Fermilab 
JLab  

DESY 

November 
2007 

- Best Vertical test: 24.5 
MV/m 
- Horizontal testing: 26.3 
MV/m, limited by quench 
- Part of final string 
assembly 

#8 single- 
post HOM 

Fermilab 
DESY 

October  
2007 

- Vertical test: 24 MV/m 
- Horizontal testing: 24 
MV/m, limited by quench 
- Part of final string 
assembly 

 
Depending on the results of vertical tests some cavities 

received additional inside etches and high pressure rinses. 
Of the cavities comprising the final string only one 
required re-processing. Total elapsed time for cavity 
processing (from completion of fabrication until ready to 
test) was of order 25 working days. 

Vertical Testing 
All fabricated cavities underwent a series of tests at the 

A0 vertical test stand as ‘bare’ cavities. To date there have 
been a total of 67 tests performed. The cavities selected 
for inclusion in the string were tested an average of seven 
times each – two undergoing only four tests and Cavity #3 
subjected to ten. Those welded into helium vessels were 
given an additional test prior to dressing to ensure that the 
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welding process did not significantly degrade each 
cavity’s performance. Results of these tests have been 
described previously [4]. Q vs E curves for the four 
cavities of the module is shown in figure 4. As conditions 
allowed, tests were conducted at both 1.8K, the default A0 
vertical test stand operating temperature, and 2K, the 
FLASH operating temperature. 

Two production cavities, #’s 4 and 6 have yet to be fully 
qualified as spares. Although initial vertical tests of both 
as bare cavities resulted in good Q and gradients of 22 
MV/m or better both have suffered reduced output. #6 has 
not returned to its initial performance since a cracked 
weld was discovered and repaired. Cavity #4’s 
performance degraded following a failure of the High 
Pressure Rinse system despite additional BCP and HPR 
with a known good system. Work continues to restore 
these cavities. 

 

 
Figure 4: Q vs E from Vertical tests of the four cavities 
comprising ACC39. 

Horizontal Testing 
Five cavities are now welded into helium vessels and 

have undergone Horizontal tests at the Fermilab 
Horizontal Test Stand (HTS) located in the former Meson 
Detector Building (MDB) as complete ‘dressed’ cavities  
outfitted with magnetic shielding and blade tuners. 
 

 
Figure 5: Dressed cavity being installed into the 
Horizontal Test stand. 

All cavities tested to date have reached gradients of at 
least 18 MV/m, with most achieving a gradient in excess 
of 22 MV/m. Of the four selected for ACC39 string 
assembly, all reached at least 22 MV/m. HTS is described 
elsewhere [5]. Figure 6 shows  Q0 vs E results for the four 
cavities of the string assembly. Onset of field emission 
and magnitude of x-rays produced is shown in Figure 7 
and in Figure 8 the dark current as measured by Faraday 
cups at each end of the cavity under test is plotted.  

 

Figure 6: Q0 vs E for the 4 cavities in the String assembly. 
The star indicates the design goal. 

 

Figure 7: Onset and magnitude of x-ray production as a 
function of gradient. 

 

Figure 8: Dark Current for the 4 cavities in the String 
assembly.  
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With the experience gained in testing several cavities in 
short order, testing turnaround time was reduced from 4 
months to two weeks including time to remove one cavity 
and install and leak check the next one.  

STRING ASSEMBLY 
The first four cavities to be tested at the Horizontal Test 

Stand exceeded design specification and were assigned to 
be part of the 4-cavity string assembly. Two of the cavities 
contain the original 2-post Formteil Higher Order Mode 
(HOM) couplers while the remaining two were fabricated 
with the re-designed single-post Formteil. Assembly was 
such that the cavities alternate with styles of Formteil. 
This was motivated by a desire to equally distribute HOM 
frequencies along the beam pipe [6]. 

 

 
 Figure 9: Completed String Assembly. 

The entire string consisting of the four cavities and a 
gate valve at each end was assembled and leak checked 
beginning in late 2008.  String assembly commenced on 
11 December 2008 when three cavities were first 
available. They and a gate valve were joined in 
Fermilab’s MP-9 clean room in a little over three days. 
When the fourth cavity was available in early January 
2009, it as well as the other vacuum gate valve and a 
manifold to allow remote monitoring of the vacuum in the 
string were attached. Once a successful leak check of the 
string was completed, the string was rolled out of the 
clean room for mating to the 300 mm gas return pipe, 
which acts as the cold mass spine, and return pipe 
welding. Welding these titanium return pipes proved to be 
challenging and it was necessary to cut out and re-weld 
two sections due to a momentary loss of Argon purge gas.  

The completed string assembly was transported by 
truck on 6 February 2009 to the Fermilab Industrial 
Center Building for cold mass assembly. This move 
afforded an opportunity to prepare for actual transport of 
the completed module. The assembly was loaded onto the 
shipping fixture designed for the complete module and 
outfitted with vibration and g-force sensors to measure   
the response during truck transport. The adequacy of the 
transport design was confirmed with this exercise. 

COLD MASS ASSEMBLY 
The final major assembly work at Fermilab was the 

Cold Mass assembly. This consisted of encasing the 
cavity string in first a 4K, then 80K thermal shields 
interspersed with multiple layers of MLI. All additional 
piping was installed as well.  The entire assembly was 
then inserted into its vacuum vessel and final alignments 
performed. In addition, instrumentation cabling needed to 
be routed, terminated, and checked for functionality. Final 
quality assurance checks including vacuum leak checking 
and a test fit of warm part input couplers was carried out. 
All external joints were verified leak tight and finally the 
vacuum vessel was slightly pressurized to 50 mbar with 
dry nitrogen just prior to shipment. A review of the 
Operation Readiness of ACC39 was performed prior to 
shipment. 

TRANSPORT TO DESY 
With Cold Mass assembly complete, the module 

departed Fermilab on 24 April 2009 and was delivered to 
DESY four days later. Transport was accomplished: 

• Via truck from Fermilab to Chicago O’Hare airport 
• Air cargo transport to Paris, Charles de Gaulle airport 
• Overland transport via truck from Paris to Hamburg. 
All critical transfer points were witnessed by Fermilab  

as well as DESY personnel once the module arrived in 
Europe. 

Great care went into the design and construction of the 
carrier fixture and techniques to minimize shock and 
vibration to components within the vacuum vessel – input 
couplers and cavities most notably. The completed 
module mounted on the transport frame is shown in Fig.10. 

 

 
Figure 10: ACC39 on its shipping mount prior to 
shipment. The base frame is black and the isolation frame 
upon which the module is directly placed is blue.  

 
The choice and placement of diagnostics to monitor 

shock and vibration during transport was also done with 
deliberation. A full description of the transport system and 
complete results from the transatlantic shipment are 
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reported previously [5]. Figure 11 and 12 show the 
amplitude of  acceleration in all planes during transport as 
a function of time on the isolation and base frames 
respectively. Acceleration of the cryomodule during all 
phases of transport was maintained at or below 1.2 g in all 
planes – well within the specified criteria. 

The cavity string was shipped under vacuum and 
instrumentation was installed during cold mass assembly 
to allow one to monitor the vacuum pressure prior to, 
during, and after shipment. A pressure of 4.8 X 10-4 Torr 
was measured prior to departure from Fermilab on 23 
April, some two weeks after active pumping was ceased 
on the string. Upon arrival in Paris late on 27 April it was 
found to be 7.7 X 10-4 Torr and remained at this level 
when checked during overland transport and upon arrival 
at DESY. 

 
Figure 11: Vertical, horizontal and longitudinal 

variation of Isolation frame acceleration during transport 
from Fermilab to DESY. 

 

 
Figure 12: Vertical, horizontal and longitudinal 

variation of Base frame acceleration during transport from 
Fermilab to DESY. 

CHECKOUT AND PREPARATION FOR 
TESTING AT DESY 

DESY staff in cooperation with their Fermilab 
counterparts performed a post-transport checkout to verify 
vacuum leak tightness and that no significant 
misalignment of the cavity string occurred during 
transport. While successful transport was verified in these 

regards, misalignment of some of the needle bearings 
which are critical to maintain the cavities’ positions 
during thermal cycling  was discovered. This necessitated 
the partial disassembly of the module and a longitudinal 
realignment of the cavity string ~4mm upstream of its 
initial location with respect to the fixed support post. 
Some faulty thermometry splices were similarly 
discovered and corrected. 

The module was shipped with the warm ends of the 
input couplers not installed. Fermilab staff were 
responsible for installing these components and verifying 
leak tightness once the re-alignment was completed. 
External electrical connections to internal instrumentation 
and tuner motors has been operated and verified as well.  

Two checks of the string alignment and the cavities 
relative to each other have been undertaken since the 
module’s arrival at DESY – an initial entry check and 
following the longitudinal move. These results were 
checked against those of the final alignment check at 
Fermilab prior to shipping. Deviation has been found to 
be less than 0.1mm, within specification. 

A cold power test of the completed module was initially 
not contemplated and thus was not part of the technology 
agreement between Fermilab and DESY. Nevertheless, 
this has been determined to be a responsible step to take 
and the Cryomodule Test Bed (CMTB) was modified to 
support such a test. As of September 2009 the necessary 
changes to the test stand were completed and the module 
installed. Vacuum and cryogenic connections have been 
made and verified; the module is considered ready for 
cool down. Prior to that, however, the input couplers will 
be re-conditioned warm. Preparations are in progress and 
is expected to commence in late September 2009.  

 

 
Figure 13: ACC39 installed and being readied for cold 
testing at DESY’s Cryomodule Test Bed. 

NEXT STEPS & SCHEDULE 

After input coupler conditioning is completed ACC39 
will be cooled down for powered testing at CMTB. This is 
expected to continue through October. Installation in the 
FLASH enclosure will coincide with the scheduled 
maintenance period – now planned for December 2009. 
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Technical commissioning is scheduled for March 2010 
with beam commissioning to follow thereafter.   

SUMMARY 
Fermilab has now successfully completed construction 

of a Superconducting RF module containing four 3.9 GHz 
cavities each of which have achieved a gradient in excess 
of 22 MV/m and met all other design criteria. The module 
was transported to DESY and is now installed on DESY’s 
Cryomodule Test Bed in preparation for warm coupler 
conditioning and cold powered testing. Installation and 
beam commissioning in DESY’s FLASH free electron 
laser is expected to follow beginning in late 2009. 

This effort has proven to be far more than merely a 
scaled version of a 1.3 GHz TESLA module. With this 
work largely complete, Fermilab has gained valuable 
experience in designing, fabricating, and assembling SRF 
devices as well as building up the necessary expertise and 
infrastructure. 
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JLAB UPGRADE AND HIGH CURENT CAVITY DEVELOPMENTS* 

J. Preble, J. Hogan, F. Marhauser, R. A. Rimmer, H. Wang, 
Jefferson Lab, Newport News, VA 23606 U.S.A.

Abstract 
We present the status and recent results from the 

development of new SRF cavities for the CEBAF 12 GeV 
upgrade and for future light source applications. The JLab 
12 GeV upgrade requires ten new high-performance CW 
cryomodules. These will each contain eight seven-cell 
cavities of a "low-loss" design with HOM damping 
sufficient for ~1mA of continuous current. Jlab has 
fabricated and tested a number of such cavities and 
demonstrated compliance with all 12 GeV project 
requirements with conventional BCP cavity processing. 
Recently we have also electro-polished several cavities of 
this type and shown significantly better performance than 
the standard BCP. This processing method could provide 
improved operational margin and lower cryogenic loads 
at the CEBAF working point. For future light source 
applications such as FELs or ERLs, cavities with higher 
beam current capability are desirable. Jlab has developed 
a high-current cavity for such applications with a cell 
shape optimized to optimize HOM power extraction and 
maximize the BBU threshold. We report on the latest tests 
of this design and on plans to assemble a two-cavity 
cryomodule for testing with beam in the recirculation 
loop of the JLab FEL. 

CEBAF 12 GEV UPGRADE 
The CEBAF accelerator [1] will require several 

significant upgrades to support the 12 GeV program. This 
includes the installation of 10 cryomodules, 5 in each 
linac, providing an additional 1 GeV of energy gain per 
pass. Each cryomodule contains 8 SRF cavities, RF 
power couplers, cryogenic end caps, and thermal 
transition beampipes providing 108 MV of voltage which 
includes operational overhead for nominal operations at 
100 MV. These cryomodules will be placed in the empty 
slots already existing at the high energy ends of the two 
linacs. 

SRF Cavities 
The cavity assembly, C100 cavity designation, includes 

a low-loss geometry 7 cell structure with a waveguide  

 

Figure 1: Cavity Assembly. 
 

 

 

fundamental power coupler on one end and 2 HOM 
couplers on the opposite end [2].  

Cavity and cryomodule parameters are listed in Table 1. 
These include a revised HOM damping specification [3] 
which provides additional margin for operations 400 µA 
of injected current.  

 

Table 1: Upgrade Cavity and Cryomodule Parameters 

Cavity  
Frequency 1497 MHz 
Cavity active length 0.7 m 
Geometry Factor 280 Ω 
Ep/Eacc 2.17 
Hp/Eacc 3.74 mT/(MV/m) 
Gradient 19.2 MV/m 
Qext fundamental pwr 
coupler (FPC) 

3.2 * 107 

FPC power rating 13 kW 
Higher order mode damping <1 *1010 

Ω/m 
Cryomodule  

Total active length 5.6 m 
Voltage 108 MV 
2 K heat load ≤300 W 
50 K heat load ≤300 W 
Cryomodule length ~8.5 m 

Cavity Performance 
Required cavity performance has been demonstrated in 

an integrated performance test conducted using a 
horizontal test cryostat, HTB, including the final 
configuration RF couplers, cavity frequency tuners, and 
thermal strapping.  
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Figure 2: Cavity Performance in the HTB Test. 

 
Work continues on improvements in cavity processing 

to extend the performance margin. The present baseline 
plan includes Buffered Chemical Polishing, BCP, 
processing and was used in the HTB test. Preliminary 
work has been completed on developing an electro-

________________________________________ 

* Authored by Jefferson Science Associates, LLC under U.S. DOE 
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polishing, EP, process for the C100 cavities [4]. Initial 
results using two High Gradient, HG, cavities have been 
very promising. In one case, HG006, prior to EP 
processing the cavity had experienced significant 
performance degradation after extensive BCP processing 
that removed more than 400 µm from the surface. After 
EP processing and low temperature baking this cavity 
performed extremely well, Fig. 3, reaching a gradient of 
35 MV/m with a good Q, 1×1010. The second cavity, 
HG007,  had received “standard” BCP processing only 
and met the upgrade project specification. After EP 
processing significant improvements in gradient and Q  
also resulted in this cavity up to a quench limit at 25 
MV/m. The increased Q, reducing the cryogenic heat load 
at 2 Kelvin, enables higher gradient operations of the 
cavities up to the RF power limit, 13 kW, at the budgeted 
heat load or spare watts for the remainder of the linacs.  

 

 
 

Figure 3: HG006 Performance with EP Processing. 
 

 
Figure 4: HG007 Quench Limited After EP Processing. 

Future Activities 
The 12 GeV project has placed a cavity order for 86 

cavities with Research Instruments. The start of cavity 
delivery is planned for the spring of 2010. Jlab will 
finalize processing plans and procedures before that time. 

HIGH CURENT CAVITIES 
Jefferson Lab has been engaged in the development and 

use of CW SRF cavities for high current, HC, applications 

starting with the Jlab FEL. Since that time there has been 
significant interest in using CW SRF cavities in light 
source applications. Past requirements have been for ~10 
mA of beam current while future plans increase this to 
100-1000 mA. This increase in current requires new 
cryomodule designs, most notably for cavities and RF 
couplers, both Fundamental power and HOM. 

Cavity Design 
Work on cavity design has focused on managing RF 

power and fields, both fundamental and HOM, present in 
high current applications. Cavity cell shape designs are 
developed and evaluated using CST MAFIA time-domain 
wakefield simulations for broadband HOM impedances 
and Microwave Studio for external Q of the fundamental 
power coupler (FPC) and R/Qs of the HOMs [5]. 
Multipacting simulations have been preformed as well. 
The design of an Ampere class cavity using a 5 cell 
structure with six waveguide HOM couplers has been 
completed.  

 
 

Figure 5: Center Cell Shape for the 748.5 MHz HC 
Cavity. 

 
Along with the cavity layout conceptual designs for the 

HOM dampers and FPC have been completed [6]. One of 
the 6 HOM waveguides performs double duty as the FPC 
and utilizes a round pre-stressed RF window for cavity 
vacuum isolation.     

 

 
 

Figure 6: Waveguide for Fundamental and HOM Power 
Coupling for the 1497 MHz cavity. 

 
HOM damper designs have been developed for high 

and low power applications, Fig. 7. Testing of absorber 
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materials to cryogenic temperatures [7]is included in this 
design effort. High power applications include water 
cooling. 

 

  

Figure 7: Round Pre-stressed RF Window. 
 

 
 

Figure 8: High-power HOM Absorber. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9: Concept for HC Cryomodule. 

Fabrication and Performance 
Two 5 cell niobium 1497 MHz cavities and one 5 cell 

748.5 MHz cavities have been fabricated along with 
single cells and copper multi-cell cavities. Warm bench 
testing as well as cold performance testing has been 
completed [8].  

 
Figure 10: 1497 MHz HC Cavity. 

High power RF window prototyping is already well 
along for the 1497 MHz waveguide coupler. Several 
windows have been completed and tested to over 60 kW 
CW.  

 

 
Figure 11: HC 1497 MHz Multi-Cell Cavity Performance. 

Future Plans 
Presently Jlab is continuing the design of a two cavity 

cryomodule based on the existing 1497 MHz HC cavities 
previously built and tested. Final designs and fabrication 
of FPC and HOM components will be completed as 
required. Many existing components will be used to 
complete the cryomodule. These include the cryostat, 
cryogenic end caps, cavity tuners. Present plans include 
installing the completed cryomodule into the FEL 
accelerator for beam test in 2010.  
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OVERVIEW OF SUPERCONDUCTING PHOTO INJECTORS 

A. Arnold#, J. Teichert, FZD, Dresden, Germany

Abstract 
The success of most of the proposed ERL based 

electron accelerator projects for future storage ring 
replacements (SRR) and high power IR-FELs is 
contingent upon the development of an appropriate 
source. Electron beams with an unprecedented 
combination of high brightness, low emittance (0.1 μm 
rad) and high average current (hundreds of mA) are 
required to meet the FEL specification [1].   

An elegant way to create such an unique beam is to 
combine the high beam quality of a normal conducting 
RF photo injector with the superconducting technology to 
get a superconducting RF photo injector (SRF gun).  

SRF gun R&D programs based on different approaches 
are under investigation at a growing number of institutes 
and companies (AES, Beijing University, BESSY, BNL, 
DESY, FZD, JLab, Niowave, NPS, Wisconsin 
University). Lot of progress could be achieved during the 
last years and first long term operation was demonstrated 
at the FZD [2]. 

In the near future, this effort will lead to SRF guns, 
which are indispensable devices for future LINAC driven 
FEL facilities. Based on most prominent projects, this 
contribution covers status and progress of the state-of-the-
art SRF gun developments in the world. 

INTRODUCTION 
Today we know three different types of photo injectors: 

DC-photo injector (DC gun), normal conducting RF 
photo injector (NCRF guns) and superconducting RF 
photo injectors (SRF guns) but only one has the potential 
for future accelerators. 

DC guns easily provided CW electron beams but the 
low electric field at the cathode surface and the short 
accelerating gap limit the beam quality and the 
extractable bunch charge. More information are provided 
elsewhere [3].  

NCRF guns are the most advanced type of electron 
injectors. They produce highest quality beams. However 
their low duty cycle can limit the performance of 
superconducting accelerators. Efforts are under way to 
increase the duty cycle but at the expense of cooling 
requirements, higher klystron power and lower power 
conversion efficiency [4]. 

SRF guns are a consequential enhancement of NCRF 
guns. The merger between the established NCRF 
technology and superconductivity reduces dissipated RF 

power significantly and allows CW mode for high 
average current operation. By the way, an improved 
cathode life time is expected for free, because both the 
high cryogenic vacuum and the RF electric field in front 
of the cathode reduce the ion back bombardment. 

The SRF gun concept was first proposed in 1988 [5]. 
Four years later first experiments were done at the 
University of Wuppertal [6]. In 2002 an important 
milestone was achieved. The successful operation of the 
DROSSEL SRF gun could be demonstrated at FZD for 
the first time [7]. Gained by this great success, several 
R&D projects had been launched worldwide. Most of 
them pursue different approaches to overcome the 
existing challenges for a successful high power operation. 

One main unknown is associated with the cathode in 
the superconducting (SC) cavity. Here, the risk of surface 
contamination and a suitable cathode material with 
respect to maximum extractable charge and operational 
lifetime are still of main interest. But also the requirement 
of removable cathodes and the need for a clean room 
compatible choke filter around it, are technological 
challenges.  

Beside the cathodes also the high average beam power 
up to one megawatt causes major problems. RF main 
couplers and sources in this class are available today only 
in the lower UHF band up to 700 MHz. Also the non-
resonant higher order mode power of some hundreds of 
watts and beam loss in the per mille range are not 
negligible any longer. 

In contrast to NCRF guns the emittance compensation 
by solenoid magnets around the cavity is not suitable. 
Instead, a SC solenoid magnet in front of the cavity, RF 
focussing by cathode recess and transverse electric mode 
focussing are proposed [8]. Finally, problems also arise 
from the cavity design itself that has to assure good beam 
matching, no multipacting, high mechanical stiffness and 
sufficient cleanability at the same time.  

A growing number of institutes and companies have 
been and are currently been found to address all these 
problems. Today four approaches, mostly distinguished 
by the combination of cavity shape and cathode material 
are known:  

- Normal conducting (NC) cathodes + elliptical cavity 
- NC cathodes + DC gap + elliptical cavity 
- NC cathodes + quarter wave cavity 
- Superconducting (SC) cathodes + elliptical cavity 
 

This paper draws a picture of the worlds SRF gun projects 
by covering the pros and cons and the present status of 
these different approaches. It is mostly focussed on the 
beam and cavity parameters that are well arranged of all 
mentioned guns in table 1. Details on available lasers or 
present cathode development are given elsewhere [9]. 
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NC CATHODE + ELLIPTICAL CAVITY 
Pioneering work in the development of elliptical SRF 

injectors was mainly promoted by Dietmar Janssen. 
Today three laboratories, Forschungszentrum Dresden- 
Rossendorf (FZD), Brookhaven National Laboratory 
(BNL) and Helmholtz-Zentrum Berlin (HZB) picked up 
this concept for different beam parameters. 

FZD 3.5 Cell - 1.3 GHz SRF Gun 
The FZD gun is still the most advanced project. The 

development started in 1998. The great success of the first 
SRF gun electron beam in 2002 [7], led to the present 
injector design for the ELBE LINAC (Electron Linear 
accelerator with high Brilliance and low Emittance). 
Within a collaboration of DESY, FZD, MBI and HZB a 
3.5 cell TESLA shaped cavity, made from RRR300 
polycrystalline bulk niobium was built (Fig. 1). The 
cathode insertion was designed for an easy exchange and 
precise positioning of Cs2Te cathodes. Additionally, a 
resonant superconducting choke filter surrounding the 
cathode is needed to prevent RF leakage out of the cavity. 
Two TESLA type HOM dampers and one 10 kW CW 
FZD input coupler are attached to complete the design 
[10]. The predicted cavity parameters are summarized in 
table 1. 

 

 

Figure 1: 1.3 GHz - 3.5 cell TESLA shaped FZD cavity. 

 
The cavity was fabricated by Research Instruments (RI) 

and prepared two times at DESY and RI, respectively. 
During this procedure it became clear that the preparation 
(BCP and HPR) of cavities with choke filters is more 
difficult than the cleaning of standard TESLA cavities. 
For this reason the performance in all vertical tests was 
limited by field emission [12] [13].  

The commissioning of this cavity started in September 
2007. The Q0 vs. Epk measurement revealed that the 
intrinsic quality factor is 10 times lower than in the 
vertical tests and the achievable peak field is again limited 
by strong field emission. Nevertheless, after high power 
pulsed processing a stable CW operation up to Epk = 18 
MV/m at about 20 W dissipated helium power is possible. 

 Other cavity parameters like Lorentz force detuning, 
microphonics, helium pressure sensitivity, in-situ field 

distribution and tuner characteristics can be found 
elsewhere [14]. As predicted in simulations multipacting 
occurred in the gap between cathode stem and cavity. The 
onset level differs from cathode to cathode but by 
applying a DC bias up to -7kV the problem was 
eliminated.  

The cathode preparation is done in - house using 
standard sequential deposition of Cs2Te. Detailed 
information are reported in [15].  

Beam parameter measurements were done at bunch 
charges up to 300 pC and 3 MeV of beam energy. The 
measured beam emittance, agree sufficiently with the 
ASTRA simulation performed at similar parameters. 
More details are given in [16] and [17].  

In 2010, the 1mA high current operation and the 
connection to the ELBE LINAC are scheduled. In 
addition, the cavity performance will be improved by two 
new cavities fabricated at JLab [11]. 

One major conclusion today is, that even after two 
years of operation using four different Cs2Te- and two 
metal cathodes (Cu, Mo), no performance degradation of 
the cavity could be seen. 

AES/BNL 703.75 MHz – 0.5 Cell SRF Gun 
The most challenging project is under investigation by 

collaboration of BNL and AES. Since 2004 a 
superconducting RF gun of several hundreds of 
milliampere is under development. The gun is planned to 
be the injector for electron cooling at RHIC, but there is 
also a great potential for high current injectors for 
LINACs driving MW-class FELs [18-22]. 

The RHIC cooler version (Fig. 2) consists of half cell 
superconducting cavity, operating at 703.75 MHz, two 
high power input couplers, a double quarter wave choke 
filter and a transfer mechanism for the electrically 
isolated and LN2 cooled cathode. The beam pipe diameter 
is increased to a cut-off frequency above the lowest 
higher order mode in order to use ferrite HOM dampers. 
The cavity specifications are summarized in table 1. 

The main challenge is linked to the high beam current 
of 500 mA and bunch charges up to 5 nC. Much effort is 
been put into cathode R&D to achieve high Q.E. & 
operational lifetime. Promising results are obtained using 
CsK2Sb. This alkali antimonide provides high current 
density of 1.3 mA/mm² and Q.E. of 12% @ 532 nm and 
30% @ 355 nm are possible [23]. The vacuum required 
for long storage lifetime has to be in the order of ~10-10 

mbar. Also the diamond amplifier concept makes great 
progress. Emission gain of 40 and current density of 20 
mA/mm² were measured [24].  

Another bottle neck arises by the very high average 
beam power of 1 MW itself. Couplers capable to transport 
2x500 kW into the cavity are needed. In addition, a low 
penetration depth of the coupler tip to reduce transversal 
kicks and strong coupling of Qext ~  3.7x104 are needed at 
the same time. Nevertheless also HOM damping (~500 W 
@ 1.4 nC) and beam loss in the per mille range are 
important issues.  
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In order to find principle design limitation two 1.3 GHz 
cavities were built and tested at 2 K. And in fact strong 
multipacting barriers appeared in the folded quarter wave 
choke filter [25]. Whose mitigation is planned by 
applying anti-multipacting grooves at the inner choke 
surface, use high temperature bake to reduce SEY and 
bias the cathode stalk compared to FZD. 

 

 

Figure 2: 703.75 MHz – half cell BNL/AES cavity. 
Courtesy AES. 

 
Today the project is in a very advanced stage [26]. The 

injector fabrication is underway at AES. The vertical test 
bench at JLAB and the following hermetic string 
assembly are planned in the fall of 2009. The cryomodule 
completion is expected for spring 2010. The SC solenoid 
is already fabricated. In addition, the cathode transporter 
carts are delivered and the deposition system is tested up 
to 1x10-10 Torr. Lumera built a 5 W, 355 nm, 10 ps, 9.38 
MHz laser system that is under commissioning now. The 
500 kW CW coaxial couplers with “Pringles tip” are 
designed and fabricated by CPI and their conditioning 
will be done in - house using a 1 MW klystron. 

In addition, a 1.3 GHz plug gun test system was built to 
investigate lifetime Q.E. and beam properties of GaAs 
under superconducting conditions. 

HZB 1.3 GHz - 1.6 Cell SRF Gun 
In the fall of 2008, Helmholtz Zentrum Berlin (HZB), 

formally known as BESSY, came to the decision to built 
BERLinPro, an ERL test facility to demonstrate key ERL 
technologies and to establish ERL know-how at HZB 
[27]. Based on these experiences, then a layout of a full 
scale ERL-based next generation light source should be 
prepared.  

BERLinPro starts with the development of a 1.3 GHz 
1.6 cell SRF photo gun using an embedded semiconductor 
cathode to achieve the high brightness (1 mm mrad) and 
high average current (100 mA). To push this ambitious 
goal, the expertise of the hybrid gun group led by Jacek 
Sekutowicz and the resources of HZB (HoBiCaT, beam 
diagnostics) and MBI (drive laser) are put together [28] 
[29]. In the first step, a 1.5 cell hybrid gun will be 
installed inside the HoBiCaT cryo vessel. The primary 
objective of this HoBiCaT gun is beam brightness. The 
desired target parameter to enter the next iteration level is 

1 mm mrad normalized emittance @ 77 pC bunch charge. 
First beam operation is expected in late 2010. After 
successfully passing this baseline test, a 1.6 cell SRF gun 
with NC cathode stock and multi-alkaline cathode 
(CsK2Sb) is in charge to demonstrate high average current 
operation for BERLinPro (Fig. 3). The expected 
parameters for both cavities are listed in table 1. 

 

 

Figure 3: Generic design of the 1.3 GHz – 1.6 cell 
BERLinPro SRF gun. Courtesy Thorsten Kamps. 

NC CATHODE + DC GAP + SC CAVITY  

IHIP PU 1.3 GHz – 3.5 Cell DC-SC RF Gun 
The development of the hybrid DC-SC RF photo 

injector for PKU FEL started in 2001 at Peking 
University [30]. This alternative approach to overcome 
the contamination issue consists of a 100 kV DC Pierce 
gun directly connected to a 1.3 GHz superconducting 
cavity. The Cs2Te cathode is exposed to a DC electric 
field used for extraction and pre-acceleration of the 
electrons, before they enter the boosting cavity through an 
8 mm tube. The cut-off frequency of this tube is far above 
1.3 GHz and thus the arrangement prevents RF induced 
losses and dark current at the cathode surface. It also 
reduces the risk for cavity contamination and spares the 
use of choke filters.  

 

 

Figure 4: 1.3 GHz – 3.5 cell IHIP SRF gun cavity. 
Courtesy IHIP PU. 

 
Due to the comparably weak pre-accelerating field the 

achievable beam quality is slightly reduced compared to 
the other SRF gun projects. The first test with beam done 
in 2004 [31] proved the feasibility of the injector concept 
but to fulfil the requirements for the future PKU-FEL an 
improved 3.5 cell cavity was designed and manufactured 
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Photocathode laser 
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Cryovessel 

RF input 

Shielding Solenoid 
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from large grain niobium (Fig. 4). The cavity successfully 
passed the vertical test at JLAB (Eacc = 23.4 MV/m @ Q0 
> 1010) and also the cryostat including magnetic and LN2 
shielding, tuning system, input coupler, liquid helium 
vessel and all supporting components is ready for final 
assembly [32].  

After successful commissioning and beam test in 2010, 
the injector will provide electron beam to the IR PKU-
FEL. The expected injector parameters are also listed in 
table 1. 

NC CATHODE + ¼ WAVE SRF CAVITY 
The youngest approach in the SRF gun community is 

the combination of quarter wave SC cavities and NC 
cathodes. Figure 5 - 7 show the three known quarter wave 
guns with frequencies between 112 - 500 MHz that are 
under development at Brookhaven National Laboratory 
(BNL), University of Wisconsin (UW) and Naval 
Postgraduate School (NPS). The cavity geometry allows a 
desired low frequency, while maintaining a reasonable 
small size which yields to the following advantages: 

• more relaxed cryoplant operating temperature of 4.2 
K (surface resistance scales with f²) 

• reduced RF losses at cathode (dielectric loss ~ f, skin 
effect ~ √f) 

• reduced wake field losses and wake field induced 
emittance growth (W|| ~ f², W⊥ ~ f³) 

• high transit time factor because of short acc. gap  
length compared to RF wavelength (λ/30 to 2λ/15)  

• high power sources and RF couplers tested up to 800 
kW @ 500 MHz CW 

Multipacting has been shown not to be a critical issue 
in these structures as long as good processing procedures 
and operating vacuum levels are maintained. With respect 
to the demonstrated peak surface fields on the niobium of 
100 MV/m and 200 mT at 1.8 K, typical design levels of 
half of these values are conservatively chosen for 
temperatures of 4.2 K. In all projects the cathodes are 
placed at the end of the inner conductor where the electric 
fields are largest. In addition, they are electrically and 
mechanically isolated and an operation at cryogenic to 
room temperature similar to the FZD gun is possible. 

For emittance compensation the use of superconducting 
solenoids placed adjacent to the cavity and cathode recess 
are discussed. Simulations of all three guns have shown 
their capability to generate nC bunches with the very high 
brightness necessary for applications such as FEL’s and 
high energy electron cooling. 

NPS 500 MHz – Quarter Wave SRF Gun 
NPS is currently developing a superconducting LINAC 

as part of their ERL FEL R&D test facility [33]. This test 
bed is mainly based on two Stanford-Rossendorf 
accelerator modules and a 500 MHz quarter wave SRF 
photo injector [34]. The gun string is shown in Fig. 5. 
Beside the typical components mentioned before, the NPS 
gun is equipped with an axial beam pipe RF coupler to 

reduce dipole kicks. The coupler is adjustable and also 
ensures good higher order mode damping.  

The gun development is in an advanced state. The 
module design is finished and the cavity and also the SC 
solenoid have already been fabricated by Niowave Inc. 
Initial demonstration tests and experimental results are 
anticipated for 2010 [21].  

 

Figure 5: 500 MHz – quarter wave NPS SRF gun cavity 
string. Courtesy NIOWAVE Inc. 

 
The beam parameters listed in table 1 are goals, not 

achieved nor necessarily achievable with the present 
prototype cavity. The photocathode choice has to be 
determined in large part. The cavity parameters are 
expected to evolve significantly with the next iteration of 
the prototype. 

Future developments include coupling the quarter wave 
cavity to additional cells, investigations on high power 
input couplers with higher order mode extraction and 
cathode research using different electron emitters (photo, 
thermionic, field emission and secondary). Also the use of 
multiple modes and frequency operation for focusing and 
bunch length control can be explored. 

Wisconsin U 200 MHz – Quarter Wave SRF Gun 
University of Wisconsin - Madison, Synchrotron 

Radiation Center and MIT are developing a design for a 
seeded VUV/soft X-ray Free Electron Laser serving 
multiple simultaneous users. The present design uses an L 
- band CW superconducting 2.2 GeV electron LINAC to 
deliver 200 pC bunches to multiple FELs operating at 
repetition rates from kHz to MHz [35].  

One main part of this project is the prototyping of a 
CW superconducting RF photo injector operating in the 
self-inflating bunch mode. Bunches are produced by a 
photocathode using a laser pulse of about 30 fs duration 
with a hemispherical transverse density distribution. The 
“charge pancake” produced by the laser pulse then 
expands under space charge forces to an ellipsoidal bunch 
with constant charge density. At the end of this process 
bunch peak currents of 50 A with less than 1 mm mrad 
normalized transverse slice emittance are anticipated 
including multi - megahertz pulse repetition frequencies. 

The “blow out” mode requires a continuous electric 
field of about 40 MV/m on the cathode. To guarantee this 
demand, a 200 MHz superconducting quarter wave 
structure is proposed (Fig. 6). Beside the cavity, the 
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design also includes the axial beam line coupler, the 
superconducting solenoid and the normal conducting 
cathode stalk that is electrically and thermally isolated by 
the RF choke and a thermal gap [36]. 

 

 

Figure 6: 200 MHz – quarter wave Wisconsin University 
SRF gun cavity string. Courtesy NIOWAVE Inc. 

 
The low frequency offers the advantage of a very flat 

field profile in the accelerating gap and introduces less RF 
curvature on the bunch energy profile than an L - band 
device would can. This approach is less sensitive to errors 
in the drive laser timing and the lower magnetic field per 
MV/m ratio gives the potential to twice the peak electric 
fields compared to elliptical cavities. Operationally, the 
design is attractive because of its 4 K mode and the lower 
circulating RF currents in the cathode region, making a 
load lock and the RF choke much simpler. Again, the 
main parameters are summarized in table 1. 

BNL 112 MHz – Quarter Wave SRF Gun 
Beside the elliptical approach to design a high current 

SRF gun for electron cooling at RHIC, BNL also 
investigates a low-frequency quarter wave version to 
provide long electron bunches [37] [38]. In this concept 
even for high bunch charges, space - charge effects can be 
minimized and an electron beam of necessary quality can 
be provided to the cooling section. 

 

 

Figure 7: 112 MHz – quarter wave BNL SRF gun cavity 
string. Courtesy A. Burrill. 

 
A prototype of such 112 MHz SRF gun (Fig. 7) is 

presently under construction by Niowave Inc. in 
Michigan [21]. The project is part of the DOE's Small 

Business Innovation Research (SBIR) and designed to be 
a proof of principle experiment to demonstrate the 4 K 
gun technology as application for low energy electron 
cooling.  

Preliminary a gun exit energy of 2.69 MeV and a beer 
can laser size of R=5.5 mm, L=11.0° (270 ps, 8.14 cm full 
length) is proposed for 5 nC per bunch. Other important 
injector parameters are given in table 1. 

SC CATHODE + ELLIPTICAL CAVITY 
The technological difficulty of all three approaches 

mentioned before, is the integration of non 
superconducting cathode with its limited lifetime in a SC 
cavity. The cathode itself and also the complicated 
mechanism for the cathode exchange increases the 
potential risk of cavity contamination. So the assumption 
was that for milliampere - class SRF guns a 
superconducting metal cathode with its “infinity” life time 
simplifies the design while load lock systems and choke 
filters are not necessary any longer. First investigations at 
BNL measuring photoemission from bulk niobium result 
in QE < 10-5 @ 266nm. Due to this inappropriate value 
the concept of the Pb/Nb hybrid SRF injector using a 
superconducting lead cathode was proposed in 2005 [39]. 

1.3 GHz – 1.6 Cell Pb/Nb Hybrid SRF Gun 
DESY, BNL, Stony Brook University, JLab, Institute 

for Nuclear Studies (INS) in Poland and SLAC 
collaborate to build a hybrid Pb/Nb SRF photo injector 
with lead spot as the emitter. Lead is a commonly used 
superconductor in acceleration, with a critical temperature 
Tc = 7.2 K not very different from niobium. The photo-
emission properties of lead had been studied extensively 
in the past [40]. From these results lead appears to be an 
attractive option for moderate average current sources. 
The best measured QE between 0.2 - 0.3 % @ 213 nm 
would require 2.1 W to generate 1 mA. The optimal 
choice for a lead coating method seems to be arc 
deposition. Modest laser cleaning is sufficient to achieve 
the maximum QE without damage to the coating.  

Figure 8 illustrates a proposed 1.6 cell low loss hybrid 
Pb/Nb gun design. The emitting spot of lead (Ø < 3 mm) 
is located in the back wall centre of the cavity. The 
coupler section is equipped with two HOM couplers, one 
input coupler and a pickup probe. In order to reduce 
transversal kicks a coaxial inset is planned. A solenoid, 
installed directly after the cavity, will be used for 
emittance growth compensation. All expected parameters 
are listed in table 1. 

Baseline tests of two types of half - cell resonators to 
measure the QE of lead at 2 K and to test the RF 
performance of Nb/Pb cavities are reported in [41]. In 
order to improve lead coating and cavity cleaning, two 
half-cell and one 1.6 - cell high purity Nb cavities of the 
TESLA shape were built, additionally.  

The cathode deposition of these cavities was done by 
the Soltan Institute using a mask for shielding the whole 
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inner wall of the cavity except for the cathode location. 
After the coating the lead spot itself needs to be protected 
from the acid and water jets of the treatment procedure by 
another mask. The preparation and the vertical tests took 
place at JLab. 

 

 

Figure 8: 1.3 GHz – 1.6 cell Pb/Nb hybrid SRF gun 
cavity. Courtesy J. Sekutowicz. 

 
During the first vertical test after lead coating, Q-

disease at all three cavities was observed. The hydrogen 
from the air intestinally dissolved in the heated niobium 
wall during the plasma deposition of the lead. In the 
second tests after improving the lead deposition, the 
performance of the two half cells was still not satisfactory 
but the 1.6 cell cavity achieved 46 MV/m without a 
significant Q degradation [42]. In the future further 
studies are planned on coating process, intrinsic Q and 
Q.E. variation during laser irradiation and finally also on 
coaxial coupling. A common goal with the BESSY group 
is the generation of an electron beam for emittance 
measurements in 2010. 

REFERENCES 
[1] J.W. Lewellen, Proc. SPIE, Vol. 5534, pp. 22-36 

(2004). 
[2] R. Xiang et al., Proc. of FEL09, Liverpool, GB, 

Aug. 23-28, 2009. 
[3] C. Hermandez-Garcia, ERL09, Ithaca, NY, USA, 

Jun. 08-12, 2009. 
[4] D.H. Dowell et al., Appl. Phys. Lett. 63 (1993) 

2035. 
[5] H. Chaloupka et al., NIM A 285 (1989) 327-332. 
[6] A. Michalke, PhD Thesis, WUB-DIS 92-5 Univ. 

Wuppertal, 1992. 
[7] D. Janssen et al., NIM A 507 (2002) 314. 
[8] D. Janssen et al., Phys. Rev. ST Accel. Beams 7, 

090702 (2004). 
[9] J. W. Lewellen et al., WG1 summary paper, Proc. of 

ERL09, Ithaca, NY, USA, Jun. 08-12, 2009. 
[10] A. Arnold et al., NIM A 577 (2007) 440-454. 
[11] P. Murcek et al., Proc. of SRF09, Berlin, Germany, 

2009. 
[12] A. Arnold, Proc. of FEL06, Berlin, Germany, p. 

567, 2006. 
[13] A. Arnold et al., NIM A 593 (2008) 57-62. 

[14] A. Arnold et al., AIP Conf. Proc. 1149, 1125-1132, 
(2009).  

[15] R. Xiang et al., Proc. of SRF09, Berlin, Germany, 
2009. 

[16] J. Teichert et al., AIP Conf. Proc. 1149, 1119-1124 
(2009).  

[17] J. Teichert, ERL2009, Ithaca, New York, USA, June 
8-12, 2009 

[18] R. Calaga et al., Proc. of SRF05, Ithaca, USA, July 
10-15, 2005. 

[19] M. Cole, Workshop on RHIC Cooling, Brookhaven 
National Laboratory, May 24-26, 2006. 

[20] R. Calaga, Workshop on RHIC Cooling, 
Brookhaven National Laboratory, May 24-26, 2006.  

[21] A. Burrill, ERL2009, Ithaca, NY, USA, June 8-12, 
2009. 

[22] I. Ben-Zvi, EICC, GSI, Darmstadt, Germany, May 
27-31, 2009. 

[23] J. Smedley, ERL2009, Ithaca, New York, June 8-12, 
2009. 

[24] J. Smedley et al., “Diamond  Amplified  Photo-

cathodes”,  MRS  Fall  2007,  1039‐P09‐02. 
[25] A. Burrill, ERL2007, Daresbury, UK, May 21-25, 

2007. 
[26] I. Ben-Zvi et al., Proc. of SRF09, Berlin, Germany, 

2009. 
[27] M. Abo-Bakr et al., Proc. of SRF09, Berlin, 

Germany, 2009. 
[28] T. Kamps et al., Rev. Sci. Instr. 79, 093301 (2008). 
[29] T. Kamps, ERL2009, Ithaca, New York, USA, June 

8-12, 2009. 
[30] R. Xiang et al., NIM A 528 (2004) 321–325. 
[31] J. Hao et al., NIM A 557 (2006) 138-141. 
[32] Kui Zhao, Kexin Liu, ERL2009, Ithaca, New York, 

USA, June 8-12, 2009. 
[33] J.W. Lewellen et al., “Status of the NPS-FEL”, Proc. 

of FEL08, Gyeongju, Korea, August 24-29, 2008. 
[34] J.W.Lewellen et al., Proc. of LINAC08, Victoria, 

BC, Canada, September 29 – October 03, 2008. 
[35] J. Bisognano et al., Proc. of PAC09 to be published 

online in August 2009. 
[36] R. Legg, ERL2009, Ithaca, New York, USA, June 8-

12, 2009. 
[37] A. Fedotov et al., BNL Collider-Accelerator AP 

Note: C-A/AP/307 (April, 2008). 
[38]A.V. Fedotov et al., Proc. of COOL2009, Lanzhou, 

China, August 31 – September 04, 2009. 
[39] J. Sekutowicz et al., TESLA-FEL Report 2005-09, 

DESY, 2005. 
[40] J. Smedley et al., Physical Review Special Topics – 

AB 11, 013502, 2008. 
[41] J. Sekutowicz, Proc.of PAC07, Albuquerque, New 

Mexico, USA, 2007. 
[42] J. Sekutowicz et al., Proc. of PAC09 to be published 

online in August 2009. 

MOOBAU03 Proceedings of SRF2009, Berlin, Germany

01 Progress reports and Ongoing Projects

26



THE CORNELL HIGH-CURRENT ERL INJECTOR CRYOMODULE∗
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Abstract

Cornell University has developed and fabricated a SRF
injector cryomodule for the acceleration of the high current
(100 mA), low emittance beam in the Cornell ERL injec-
tor prototype. This cryomodule is based on superconduct-
ing rf technology with five 2-cell rf cavities operated in the
cw mode. To support the acceleration of a low energy, ul-
tra low emittance, high current beam, the beam tubes on
one side of the cavities have been enlarged to propagate
Higher-Order-Mode power from the cavities to broadband
RF absorbers located at 80 K between the cavities. Each
cavity is surrounded by a LHe vessel and equipped with a
frequency tuner including piezo-driven tuners for fast fre-
quency control. The cryomodule provides the support and
precise alignment for the cavity string, the 80 K cooling of
the HOM loads, and the 2 K LHe cryogenic system for the
high cw heat load of the cavities. In this paper results of the
commissioning phase of this cryomodule will be reported.

INTRODUCTION

Cornell University’s Laboratory for Accelerator based
Sciences and Education is currently exploring the poten-
tial of a x-ray light source based on the Energy-Recovery-
Linac (ERL) principle [1], which promises superior X-ray
performance as compared to conventional third generation
light sources [2]. As a first step, to study and demonstrate
the production and preservation of a high current, ultra-low
emittance beam, a prototype of the ERL injector has been
developed and constructed, see Figure 1. One of the most
challenging and critical components in the injector is its
superconducting radio-frequency (SRF) cryomodule, host-
ing five SRF 2-cell 1.3 GHz cavities. The cavities in the
module are powered by individual high power (120 kW)
CW klystrons, located on a mezzanine above the injector
prototype. Extensive infrastructure required to operate this
cryomodule has been installed, including the cryogenic re-
frigerator, high power klystrons, and a digital LLRF con-
trol system, see Figure 2. The installation of the injector
components was finished in April 2008. The first commis-
sioning and beam operation period stated in June 2008, and
ended in August 2009 [3]. Currently, parts of the ERL in-
jector, including its cryomodule, are being re-worked to ad-
dress several issues found during the first run period. Beam
operation will resume early 2010.
In the following we will first give a short summary of beam

∗Work supported by NSF Grant No. PHY-0131508 and NSF/NIH-
NIGMS Grant No. DMR-0225180.

† MUL2@cornell.edu

Figure 1: Layout of the ERL injector prototype.

Figure 2: Left: 120 kW CW klystrons. Right, top: Cryo-
genic pumps. Right, bottom: LLRF control hardware.

results from the first run period. The main part of this paper
will then focus on the ERL injector cryomodule. We will
discuss module design and assembly, followed by detailed
results from the commissioning and performance testing of
the injector module. We will end by giving an overview of
the ongoing re-work of the ERL injector cryomodule.

OVERVIEW OF BEAM RESULTS FROM
THE FIRST RUN PERIOD

During the first run period of the ERL injector extensive
commissioning and testing of all main components was
done. Several important milestones where achieved, but
also some issues where found that need to be addressed be-
fore ultimate performance of this injector can be reached.
The DC photo gun is operational since 2006. Excellent
vacuum has been demonstrated, which is essential for good
photo cathode lifetime. Gap voltages of up to 425 kV
have been achieved, close to the design goal of 500 kV.
Field emission at higher voltages however did cause a ce-
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Figure 3: Beam current during high current operation.

ramic puncture, and operation was limited administratively
to 250 kV after repair. Further, stability of the gun laser
system and the gun high voltage power supply were stud-
ied in detail, and some improvements are needed for fu-
ture high beam current operation. While the main focus
during the first run period was on commissioning and low
bunch charge operation, high beam current was also ex-
plored. Figure 3 shows the beam current history during
one of the high beam current operations. Beam currents
of above 8 mA have been achieved, limited primarily by
beam loss due to insufficient stability of some of the beam
parameters at higher currents, as mentioned above. At low
bunch charges, normalized emittances in both planes after
the cryomodule (i.e. at 5 MeV) have been found to be close
to the thermal limit at the cathode for the given laser size
(0.2 to 0.4 mm mrad). Refer to [3] for a detailed discus-
sion of the beam results. Resolving the limitations found
during the first beam operation period is the goal of the
current injector re-work, and includes installation of a new
high voltage gun ceramics with bulk conductivity, improv-
ing the stability and power handling of the laser system,
improving the control circuit stabilizing the gun high volt-
age, as well as addressing two issues found during testing
the injector cryomodule, as discussed below.

MODULE DESIGN AND INNOVATIONS

The ERL injector cryomodule design is based on the
TTF cryomodule [4], with beam line components sup-
ported from a large diameter helium gas return pipe
(HGRP) and all cryogenic piping located inside the mod-
ule. This concept has been significantly redesigned to ful-
fill ERL specific requirements, which include (1) the accel-
eration of a high current beam with up to 500 kW of total
power transferred to the beam, (2) significant Higher-Order
Mode (HOM) power extraction from the SRF cavities, (3)
the preservation of the ultra-low emittance of the electron
beam, and (4) CW cavity operation with high cryogenic
loads. Table 1 lists some of the key specifications of the in-
jector cryomodule. This module also serves as a conceptual
prototype for ERL main linac [5]. Key features and innova-
tions of the injector prototype cryomodule include among

He Gas Return Pipes (HGRP’s)
Support post assy

Post alignment assy
Shield

Vacuum 
vessel

HOM 
loads

SRF 
cavity

Figure 4: Longitudinal cross-section of the ERL injector
module with 5 SRF cavities with HOM beam line absorbers
in between. The module is longitudinally separated in three
sections, each supported and aligned independently.

Table 1: ERL injector cryomodule specifications.

Numb. of cavities / HOM loads 5 / 6
Accelerating voltage per cavity 1 - 3 MV
Fundamental mode frequency 1.3 GHz
R/Q (circuit definition) per cavity 111 Ohm
Loaded quality factor 4.6 × 104 to 106

RF power installed per cavity 120 kW
Required amplit. / phase stab. (rms) 1 × 10−3 / 0.1◦

Maximum beam current (design) 100 mA
Total 2K / 5K / 80K loads ≈ 26 / 60 / 700 W
Overall length 5.0 m

others (see also Fig. 4 and Table 1): (1) A symmetric beam-
line avoids transverse on-axis fields, which would cause
emittance growth. (2) The 2K, 4.5K, and 80K cryogenic
systems in the module have been upgraded to intercept the
high dynamic heat loads. (3) Three magnetic shield layers
effectively shield external magnetic fields. (4) Only one
layer of thermal shield (at 80K) is used. (5) Short mod-
ule end sections minimize the distance between the photo-
emission DC gun and the first cavity. (6) Gate-valves on
each module end, located inside of the module with their
drive units outside of the module, make external gate vales
obsolete. (7) A new cavity string alignment concept sim-
plifies module assembly and provides improved alignment
tolerances. In this concept, the cavities and HOM loads
are mounted via precisely machined, fixed supports to the
HGRP sections. The alignment of the cavities can be im-
proved even further by adjusting the cavity positions via
alignment bolts at the HGRP support posts once the mod-
ule is cold. Refer to [6] for details on the module design.

MODULE ASSEMBLY

Prototypes of the main beam line components (cavities,
HOM loads, input couplers) have been developed, fabri-
cated and tested individually [7, 8, 9]. Following the suc-
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Figure 5: WPM data during cool-down of the injector mod-
ule. Top: Horizontal position of WPM blocks on cavities
1, 3, 4, and 5. Bottom: Vertical position of WPM blocks
on cavities 1, 3, and 4. WPM #2 is not functional.

cessful full system test of a one cavity horizontal test cry-
omodule [10], the full ERL injector SRF cryomodule has
been fabricated and assembled; refer to [11] for details. In
May 2008, the injector module was installed in the ERL
injector, cooled down to 2K, and commissioning started.

COOL DOWN AND ALIGNMENT

The cryomodule was cooled down from room tempera-
ture to 4.2 K over a period of 2.5 days. Above 80K, the
cool-down rate was limited to < 10K/hour to reduce ther-
mal stress. No problems or leaks were found during mod-
ule cool-down. Fundamental mode frequencies of all cav-
ities were measured after cool-down. Prior to any cavity
tuning, a frequency spread of only 17 kHz was found. Dur-
ing cool-down, the shift in cavity positions was monitored
by a wire-position-monitor (WPM) system. To each cav-
ity, a WPM block is directly mounted for measuring the
horizontal and vertical positions of the cavities indepen-
dently, see Figure 5. The observed position shifts during
cool-down are in very good agreement (within 0.2 mm)
with values expected from thermal shrinkage of the cav-
ity support structure and of the WPM block support. After
cool down, the maximum transverse alignment errors of
the SRF cavities in the injector module are ±0.2 mm. Such
excellent cavity string alignment is important for emittance
preservation of the low energy beam in the ERL injector.

STATIC HEAT LOAD AND CRYOGENICS

The static heat leak to 1.8K was measured by closing the
JT valve in the LHe feed and measuring the LHe boil-off
rate. Heaters on the 1.8K system were used for calibration.
These measurements give a static heat leak to 1.8K of 13±4
W, in good agreement with the expected static 1.8K load of
10 W. The dominating part of this static heat load comes
from thermal conduction from ”4.5K intercepts” in the in-

put couplers, support posts and HOM absorbers to the 1.8
K system. Currently, the ”4.5K system” of the cryomodule
is cooled by high pressure helium gas at an elevated tem-
perature of about 6K as a result of non-ideal heat exchange
in the refrigerator system, which increases the estimated to-
tal 1.8K static load from 5 W to 10 W.
The pump skids installed can provide a heat removal ca-
pacity of about 130W at 2 K, or 23 W of dynamic heat load
per cavity. This is above the measured heat transfer limit
through the LHe in the ”chimneys” on top of the LHe tanks
around the individual cavities, which is ≈ 15 W at 2K. The
resulting maximum heat flux of 1.2 W/cm2 at 2K is in very
good agreement with values found in literature.

RF SYSTEM

The injector cryomodule RF system employs five
klystrons, each delivering up to 120 kW of CW RF power
to individual cavities via twin input couplers [7, 12]. The
7-cavity K3415LS tube manufactured by e2v has a satu-
rated output power of about 160 kWCW. To provide sta-
ble regulation of the cavity field, the klystron must have
a non-zero gain and therefore cannot operate in satura-
tion. The klystrons passed the factory acceptance test meet-
ing specifications at 135 kW before shipping. The tubes
were installed, tested again at Cornell, and are preform-
ing well. Figure 6 shows typical transfer curves of the e2v
klystrons, with efficiencies exceeding 50% above 120 kW
output power. The commissioning of the injector RF sys-
tem is described in detail in [13].

INPUT COUPLER

All high power RF twin-input couplers have so far been
processed up to 50 kW under full refection, see Figure 7.
All couplers conditioned well, reaching these power levels
in pulsed operation within 25 to 75 hours of processing (RF
on time). None of the input coupler parts were baked after
assembly to the beam line. The warm part of the couplers
can be baked in situ via heating elements installed on the
couplers in the module, if it should be required to reach
power levels above 50 kW.

Figure 6: Transfer curve of the ERL injector klystron.
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Figure 7: Input coupler processing under full refection
(cavity detuned) up to 50 kW. Shown is the maximum for-
ward power per twin-coupler vs. processing time (pulsed
operation with 2 ms pulse length and 50 Hz repetition rate).

SRF CAVITY PERFORMANCE

All 5 SRF cavities in the injector cryomodule have been
performance tested individually at 1.8K to 2K, see Figure
8 and Table 2. In CW mode all cavities reached accelerat-
ing voltages of at least 2.8 MV when powered individually
(limited by heat flux in the LHe bath), close to the maxi-
mum specification of 3 MV. All cavities show field emis-
sion at higher fields, and cavity processing was done on
some of the cavities to further increase maximum field gra-
dients. All cavities also show low intrinsic quality factors
below 1010 at 2K even at low fields. Note that the cavities
on both ends of the module have the lowest Q values. Early
cavity Q measurements shortly after module cool down in-
dicated that the intrinsic quality factors started out around
1010, and then might have degraded over time. This is also
supported by two measurements of the effective intrinsic
quality factor of all 5 cavities operated together, see Fig-
ure 9. The two measurements have been spaced in time by
several months, and show a further reduction in the intrin-
sic quality factors of the cavities. As of writing the cause
of these low quality factors is still unknown. As discussed
below, the injector cryomodule has been disassembled re-
cently, and the individual cavities are currently vertically
tested to investigate the cause of the low quality factors.
First results indicate no dust contamination, but hydrogen
disease was found on a spare cavity which had received the
same surface treatment as the cavities in the injector mod-
ule. Other potential causes may include losses in the beam
tube and coupler regions (the cavity flanges are thermally
anchored to the ”4.5K” cooling circuit, which was elevated
at a temperature of 6K; this significantly increases the BCS
surface resistance in the cavity end regions), cryo-pumping
of residual gases, or multipacting.

HIGHER-ORDER MODES

The Higher-Order Mode absorbers located at 80K be-
tween the SRF cavities allow for measuring the total HOM
power excited by the beam. At the design bunch charge
(77 pC) and high beam current (100 mA), > 200 W of

Table 2: Cavity Performance. (IC: Input coupler vacuum.)
Cavity CW Limit Pulsed Limit

1 2.8 MV Cryogenics 4.4 MV IC
2 3.0 MV Cryogenics 5.5 MV IC
3 3.5 MV Cryogenics 3.7 MV IC
4 3.4 MV Cryogenics 4.2 MV Quench
5 2.8 MV Quench 5.3 MV Quench
all 2.4 MV Cryogenics - -

Figure 8: Intrinsic quality factor of the five 2-cell injector
SRF cavities as a function of accelerating field gradient at
2K. Also show is the 1 W/cm2 heat flux limit for the LHe
in the chimney connecting the LHe tank around the cavity
to the 2K-2 phase LHe supply line.

HOM power will be extracted at the HOM absorbers [14].
Heaters mounted on the HOM load bodies are used to cal-
ibrate the increase in temperature of the He cooling gas of
the loads as a function of power absorbed in each HOM
load, see Figure 10. However, the maximum beam cur-
rent passed thought the injector module so far was limited
to ≈8 mA with 6 pC bunches. The expected HOM power
exited by such a beam is only a few 100 mW per cavity,

109
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Figure 9: Effective intrinsic quality factor of all five 2-cell
injector SRF cavities operated together as a function of ac-
celerating field gradient at 2K. Shown are two measure-
ments, spaced in time by 8 months.
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Figure 10: Measured temperature increase of the 80K He
outlet gas vs. HOM heater power during calibration.

which is too low to be detected. The damping of HOMs in
the injector cavities by the beamline absorbers was investi-
gated using a vector network analyzer to excite modes via
pick-up antennas located at the cavity beam tubes and at
the HOM loads, see Figure 11. Preliminary results confirm
very strong suppression of monopole and dipole modes
with typical quality factors of only a few 1000.

LLRF FIELD CONTROL

The LLRF electronics for the ERL injector is a im-
proved generation of LLRF system previously developed
for CESR [15], with lower loop latency < 1μs and in-
creased sample rates and ADC resolution (16 bits). Inte-
gral and proportional gains of the PI loop used to stabilize
the RF fields in the cavities have been optimized, as shown
in Figure 12 and 13. At optimal gains, exceptional field
stabilities of σA/A < 2 × 10−5 in relative amplitude and
σp < 0.01◦ in phase (in-loop measurements) have been
achieved, far exceeding the ERL injector and ERL main
linac requirements. The main source of field perturbation
in the injector cavities is a strong ripple on the high voltage
of the klystrons, with relative amplitudes of several percent
and frequencies ranging from 360 Hz to may kHz.
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Figure 11: Vector network analyzer scan for HOMs be-
tween 1.5 GHz to 4 GHz. Shown is the transmission am-
plitude vs. scan frequency. Pick-up antennas on the cavities
and HOM loads where used to couple to the HOMs.

Figure 12: Integral and proportional gain scan to optimize
the gains used in the field control loop. Left: Amplitude
stability (blue: σA/A < 2 × 10−5). Right: Phase stability
(blue: σp < 0.01◦).

CAVITY DETUNING

Though cavity microphonics are not a concern for the
ERL injector with its low loaded quality factor cavities,
it will be the main field perturbation source in the ERL
main lianc, and will determine the RF power required to
operate these cavities. Extensive studies on microphonics,
its sources and coupling to the SRF cavities, and active
detuning compensation have been started therefor on the
ERL injector module as a testbed [16, 17]. Typical micro-
phonics levels of a few Hz rms have been found (Figure
14) with significant differences between individual cavi-
ties and significant changes over time. Measurements with
dynamic sinusoidal forces exerted by a modal shaker on
various external parts of the cryomodule (module support,
waveguides, beamline, cryolines) show that ground vibra-
tions and other mechanical vibrations do not strongly cou-
ple to the SRF cavities, indicating that the major contribu-

Figure 13: FFT amplitude spectrum of the cavity RF field
amplitude for different gain settings. Also shown is the
noise spectrum without input connected to the 50 MHz, 16
bit ADC used in sampling the RF field, corresponding to
an integrated rms fluctuation of 0.1 bits for f< 50 kHz.
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Figure 14: The integrated microphonic spectra for three
different cavities in the ERL injector module.

Figure 15: Top: The cavity field is ramped up to 2.5 MV
in 0.2 seconds. Middle: Lorentz-force detuning without
active compensation. Bottom: Cavity detuning during field
ramp up with active detuning compensation.

tion to cavity microphonics comes from fast fluctuations in
the sub atmospheric He-pressure and the cryogenic system.
Lorentz-force detuning has been compensated reliably us-
ing the fast piezoelectric actuators implemented in the cav-
ity frequency tuners in a feedback loop (Figure 15). The
motor driven frequency tuner (adapted from the blade tuner
design [18]) show good linearity with a frequency resolu-
tion of about 2 Hz per step.

ABSORBER TILE CHARGING

In a search for residual fields along the beam axis in
the injector module, a very low energy beam was passed
through the module. Its transverse position was measured
using beam deflections by RF kick fields excited in the cou-
pler regions of the beam pipe with low RF power, while
the cavities where detuned strongly, see Figure 16. De-
tuning the cavities in these measurements by many band-
widths ensured that the fields inside the cavities are small
and the change in beam energy is negligible. The beam
trajectory obtained this way shows the presence of resid-

Figure 16: Orbit of a very low energy (250 keV) beam in
the injector cryomodule as estimated by measuring trans-
verse kicks by the RF fields in the input coupler regions.
The RF field is exited by a forward power (< 1 kW) with
strongly detuned cavities. The resulting electric RF field
has a quadrupole like pattern. By measuring magnitude and
direction of the kick to the beam at a given forward power,
the beam position in the coupler region can be determined.

ual stray fields between cavities 2 and 3, as well as 3 and
4. Additional kick scans with a DC voltage applied be-
tween the inner conductors of the twin input couplers (up
to 1000 V), confirmed the presence of stray fields in these
regions. Initially, residual magnetic fields where suspected
as the cause of the beam deflections. The cryomodule was
warmed up to room temperature, and access ports at the
side of the module where opened to search for regions of
magnetic fields above a few 10 mG inside the module (be-
tween cavities). No areas of elevated magnetic fields where
found near the beam line. Nevertheless, the suspected ar-
eas of stray fields where demagnetized in-situ. After cool
down the stray fields where gone, but reappeared after a few
days of beam operation. Subsequently, the cause of these
beam deflections was found to be charging up of some of
the absorber tiles at 80K in the HOM loads (see Figure 10)
by small beam losses, thereby generating kV scale elec-
tric fields on the beam axis. DC resistivity measurements
confirmed very high resistivities at cryogenic temperatures
of some of the absorber materials used in the HOM loads
(see Figure 17), resulting in discharging time constants of
several hours to days [19].

CRYOMODULE RE-WORK

Starting in September 2009, the injector cryomodule was
partly dissembled. This re-work of the module will focus
on re-processing the SRF cavities to improve their intrin-
sic quality factors and on eliminating the charging up of
the absorber tiles by beam loss. We are currently exploring
several potential solutions for the absorber charging prob-
lem including (1) coating the absorber tiles with a very thin
conducting layer, and (2) removing all absorber tiles facing
the beam, leaving only tiles tiles facing outwards, which
are shielded from the beam; see Figure 18. The low energy
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Figure 17: Resistivity of RF absorber materials and the
threshold for 1 second time constant.

Figure 18: Left: EB-welder setup to study absorber tile
charging. Middle: DC resistivities. Right: Elkonite support
plate after cutting off the inner facing absorber tiles.

beam in an electron beam welder is used to further study
the charging of the tiles and the resulting beam deflection
as shown in Figure 18, left. In addition, stress relieving
cuts will be added to the absorber plates to further reduce
thermal stresses on the absorber tiles during cool down, see
Figure 19. We are also exploring new absorber materials
with sufficient DC conductivity. For example, we found
that Carbon nano-tubes (CNT) in alumina ceramic show
strong, broadband RF absorption [20]. Figure 20 shows
the complex permittivity of this material. After reassembly

Figure 19: Top: Elkonite plate with stress relieve cuts at the
ends of the 4 ferrite tiles. Middle: Deflection due to ther-
mal contraction during cool down (strongly exaggerated).
Bottom left: Stresses in the absorber plate after cool down.

Figure 20: Real part (left) and imaginary part (right) of
permittivity in the 1-40GHz range for alumina nanocom-
posites with 1% weight multi-wall carbon nanotubes.

of the cryomodule, beam tests will resume early 2010.
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SRF SYSTEM OPERATION ON THE ALICE ERL FACILITY AT 
DARESBURY 
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Abstract 
ALICE (Accelerators and Lasers in Combined 

Experiments) is a 35 MeV energy recovery linac based 
light source. ALICE is being developed as an 
experimental test-bed for a broad suite of science and 
technology activities that make use of electron 
acceleration and ultra-short pulse laser techniques. 
ALICE utilises two super-conducting radio frequency 
(SRF) cryomodules, each with two identical 9-cell, 1.3 
GHz cavities that are powered by 5 inductive output tubes 
(IOTs) from 3 different commercial suppliers. The 
experience gained in both commissioning these systems 
and ultimately operating for energy recovery is presented. 
Developments for a new ERL cryomodule upgrade for 
ALICE are also described. 

INTRODUCTION 
ALICE, formerly known as ERLP [1], is a new R&D 

facility currently being commissioned at Daresbury 
Laboratory. The accelerator is an energy recovery SRF 
linac operating at the nominal beam energy of 35 MeV. A 
high voltage DC photoelectron gun operates at a nominal 
voltage of 350 kV and bunch charge of 80 pC. The bunch 
trains can be of variable length from a single bunch 
regime to 100 μs with a bunch repetition frequency of 
81.25 MHz within the train. The train repetition frequency 
can also be varied from 1 - 20 Hz.  

In addition to the accelerator, several light sources will 
be available for conducting a variety of R&D research, 
including pump-probe experiments. These are (i) an IR 
FEL with wavelength of ~4 μm; (ii) a THz source with 
coherent enhancement of the radiation intensity due to 
sub-picosecond bunch lengths generated by ALICE; (iii) a 
Compton Backscattering (CBS) X-ray source with  
photon energy of 15 or 30 keV depending on the collision 
angle between the photons and electrons. The CBS source 
is powered by a terawatt IR femtosecond laser that can 
also be used as a stand-alone light source for a variety of 
experiments.  

PRESENT ALICE STATUS 
Full energy recovery and demonstration of the 

coherently enhanced THz radiation were successfully 
achieved on ALICE by the beginning of 2009. The 
injector can now reliably deliver beams with bunch 
charges well in excess of 80 pC and with the design 
bunch structure, i.e. 81.25 MHz bunches in trains up to 
100 μs, repeating at 1 - 20 Hz. However, due to a number 
of mostly technical problems, some of the other ALICE 
design parameters have not been achieved at present (see 
Table 1).  

Table 1: ALICE machine parameters 

Parameter  Units 
Nominal Gun Energy 350 keV
Injector Energy 8.35 MeV 
Circulating Beam Energy 35 MeV 
RF Frequency 1.3 GHz 
Bunch Repetition Rate 81.25 MHz 
Nominal Bunch Charge 80 pC 
Maximum Train Length 100 µs 
Maximum Train Repetition Rate 20 Hz 
Maximum Average Current 13 µA 

 
The gun operating voltage of 350 kV was initially used 

for gun commissioning [2] but, after several failures of 
the high voltage insulating ceramics [3],  it was necessary 
to install a more robust but smaller inner diameter 
ceramic, which was kindly provided by Todd Smith 
(Stanford University), which reduced the maximum gun 
operating voltage to ~250 kV. Furthermore, a field emitter 
on the GaAs cathode wafer located close to its centre 
necessitated a reduction of the gun voltage down to 230 
kV. This field emitter is likely to be responsible for a hole 
in the quantum efficiency map of the cathode. This hole 
becomes more pronounced towards the end of the cathode 
activation cycle but virtually disappears after the cathode 
re-caesiation (Figure 1). An improved 500 kV ceramic 
insulator is currently being developed and manufactured 
in collaboration with Jefferson Laboratory and Cornell 
University that will restore the ALICE gun nominal 
voltage to 350 kV.  

 

 
Figure 1: QE maps at end of the activation cycle before 

re-caesiation (left) and after full cathode activation 
including wafer heat cleaning treatment (right). 

Due to excessive field emission from the main linac 
module, designed to bring the beam energy to 35 MeV, 
the beam energy was initially reduced to 21 MeV for the 
machine commissioning conducted for first energy 
recovery demonstration. The corresponding beam energy 
after the injector was 4.8 MeV to allow injection and 
extraction chicanes to operate correctly. Recent work on 
extensive SRF linac cavity conditioning, improvements in 
the cryogenic system  and optimisation of the linac 
operating parameters has allowed ALICE to operate at a #p. a. mcintosh@dl. ac. uk 

 

McIntosh
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higher beam energy of up to ~30 MeV with 40 pC bunch 
charge in  a non-energy recovery mode (the latter will be 
used for the CBS experiments).  

ENERGY RECOVERY AND BEAM 
CHARACTERISATION 

The gun was commissioned and the 350 keV electron 
beam fully characterised at a range of different bunch 
charges of up to 80 pC [4]. Initially, full energy recovery 
was established at 21 MeV beam energy and several 
bunch charges up to 20 pC.  This is illustrated by the RF 
power demand signals from the two superconductive 
cavities of the main linac (Figure 2). Higher bunch 
charges were not not attainable at this time, due to beam 
loading effects in the injector SRF booster cavities.  

   
Figure 2: Main linac RF power demand signals: without 

(left) and with (right) energy recovery. 

Beam loading in the booster cavities was clearly visible 
on the LLRF signals at train lengths of a few tens of 
microseconds and bunch charges above 10 pC (see Figure 
3a). The major impact of this on the beam was that the 
beam energy towards the end of the macropulse was 
lower than at the beginning by a few percent. The effect 
of beam loading was also observed on the Faraday cup 
located in a dispersive section of the injector beam line. In 
the presence of the beam loading, the current measured by 
the Faraday cup is not constant because the beam sweeps 
across the cup aperture due to such change in the mean 
energy during the train length.  
 

a  b  
Figure 3: ALICE SRF cavity LLRF gradient (dark blue) 

and Phase (purple) compensation signals a) WITH 
, to keep beam 

Extensive work on optimisation of the LLRF system 
response and external quality factors of the booster 
cavities has allowed extended operation of the machine to 
~40 pC bunch charge and up to 100 μs train lengths in an 
energy recovery regime (see Figure 3b).  

Towards the end of the latest commissioning period, 
after elimination of a minute vacuum leak detected in the 
gun vacuum vessel followed by a full cathode activation, 

the achieved cathode quantum efficiency was reliably 
~4%, and the cathode dark 1/e lifetime exceeded 800 
hours. This will ensure ALICE operation at nominal 
bunch charges of 80 pC for prolonged periods of time, 
expected to be 2-4 weeks, between cathode re-caesiations. 

ALICE SRF SYSTEMS 
For ALICE design parameters, Booster SRF injector 

cryomodule, with accelerating gradients of 4.8 and 2.9 
MV/m for the 1st and 2nd cavities, (cavity active length of 
1.036m), gives a total module energy gain of 8 MeV. 
Beam is then fed to the Energy Recovery Linac (ERL), 
where its energy is increased up to 35 MeV by an 
identical 2-cavity cryomodule, providing gradients of 
12.9 MV/m per cavity. Table 2 shows the individual 
cavity operating parameters for both the Booster and ERL 
linac cavities, highlighting also the different types of RF 
power sources utilised. 

Table 2: ALICE RF system requirements 

  Booster ERL Linac 
  Cavity BC1 BC2 BC3 BC4 
  Eacc (MV/m) 4.8 2.9 12.9 12.9 
  Qo 5x109 5x109 5x109 5x109

  Qe 7.4x105 4.5x105 7x106 7x106

  Power (kW) 32 20 6.2 6.2 
  Power Source 2 x e2v

IOTs 
CPI 
IOT 

e2v 
IOT 

Thales
IOT 

0.1ms bunch trains @ 20 Hz repetition rate 
 

Both cryomodules were fabricated in industry by 
ACCEL Instruments, GmbH (now Research Instruments, 
GmbH), under commercial licence from FZD Rossendorf 
[5]. From the outset, ALICE has been developed as an 
accelerator R&D facility, whereby modified sub-systems 
can be implemented and thoroughly evaluated with beam. 
As part of this remit, it was decided that a variety of IOT 
solutions would be adopted, to allow Daresbury staff to 
gain valuable operational experience with a variety of 
different configuration power sources.  
 

 
Figure 4: Booster RF configuration. 

beamloading evident and b) WITHOUT
energy ( reen) stable.g
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The high power RF configuration for the Booster 
module is shown in Figure 4, which in order to provide 
the necessary power of 30 kW (BC1) and 20 kW (for 
BC2); two e2v 116LS, 16 kW CW, IOT’s are combined 
and a single CPI CHK51320W, 30 kW CW, IOT is 
utilised, for each cavity respectively. The low duty factor 
employed ensures that each IOT has enough RF power 
overhead to comfortably achieve what is needed for the 
ALICE injector cryomodule. 
 

 
Figure 5: ERL module RF configuration.

For the ERL module, the high power RF system 
comprises a single e2v 116LS IOT for LC1 and a single 
Thales TH713, 20 kW CW, IOT for LC2 (see Figure 5). 
Although for optimised ERL operation, the RF power 
requirement for each cavity is relatively low at ~6.2 kW, 
each IOT should provide sufficient overhead to 
compensate for excessive microphonics and also sustain 
circulating beam (to some degree) when it is not precisely 
phase synchronised in the ERL ring. The stipulated RF 
power for this module, assumes a 25 Hz peak microphics 
susceptibility, however provisional measurements have 
indicated a much better performance, of < 10 Hz. If the 
Qe can be increased to 1e7 for these cavities, a further RF 
power reduction can be anticipated, down to ~4.4 kW, 
based on Equation 1. 
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FIELD EMISSION LIMITATIONS 
All of the ALICE SRF cavities have been vertically 

tested at DESY under contract from ACCEL, between 
July-Dec 2005 in CW-mode and showed excellent 
performance, with acceptable levels of field emission 
(FE) observed (see Table 3). The integrated cryomodule 
performance however, have not matched this level, with 
each cavity showing a relatively early onset for FE (from 
~7 MV/m onwards), limiting by FE induced quench at 
comparatively low gradients, even at a 10% duty factor. 
Table 3 also shows a summary of the high power testing 
performed from May–Sept 2007. It is not fully understood 
as to why the cavities show a limitation due to FE, 

however the fact that all four cavities behave similarly 
with regards to onset of FE activity, indicates a potential 
systematic problem during the processing and/or 
cryomodule assembly at ACCEL. Attempts have been 
made to quantify the magnitude of the FE problem, 
particularly for the higher gradient ERL module linac 
cavities. A major concern being, that local electronics in 
the vicinity of the module will require substantial 
shielding to prevent radiation damage with prolonged use.  

Table 3: SRF cavity vertical test results 

Vertical tests at DESY (July – Dec 2005) 
  Booster Linac 

Cavity BC1 BC2 LC1 LC2 
Eacc (MV/m) 18.9 20.8 17.1 20.4 
FE Onset 15 13.4 9.8 14 
Qo 5x109 5x109 5x109 5 x 109 

Module acceptance testing (May – Sept 2007)  
Eacc (MV/m) 10.8 13.5 16.4 12.8 

Qo 3.5x109@
8.2MV/m

1.3x109@ 
11MV/m 

1.9x109@ 
14.8MV/m 

7.0x109@
9.8MV/m

Qe 2.5x106 2.6x106 6.4x106 4.7x106 
FE Onset 8 8 9 7 
Limitation Quench Quench RF Power Quench 

 
    Figure 6 shows measurements from an ionisation 
chamber radiation monitor, positioned 7 m away from 
LC1 in the ERL module, as gradient is increased. At 7 
MV/m, the peak radiation jumps to 9.2 mSv/hr, which 
then quickly saturates the radiation monitor at 13 mSv/hr 
when the gradient reaches 9 MV/m. At 9 MV/m, 
electronics 7 m away will have an estimated lifetime of 
only 7,700 hrs (assuming a 100 Gy accumulated dose 
fatality limit). On ALICE, the LLRF electronics is 
positioned ~2.5 m away from the ERL linac cryomodule 
and so scaling this measurement, using the inverse square 
power relationship vs distance, we can estimate a 
radiation level of ~100 mSv/hr, which corresponds to a 
LLRF electronics lifetime of ~1,000 hrs (see Figure 7). It 
must be noted however, that the expected lifetime will 
actually be much shorter at the required operating 
gradient of 12.9 MV/m per cavity. 
 

 
Figure 6: Field emission induced radiation. 
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Figure 7: LLRF electronics lifetime at 9 MV/m.

A long-term solution to this FE problem is being 
investigated, such as helium-processing or repeated cavity 
high pressure rinsing, however in the short-term, lead 
shielding of the module itself has been implemented. 

CRYOMODULE COMMISSIONING 
The ALICE cryogenic system commissioning was 

completed in May 2007 and has been reported elsewhere 
[6]. SRF module commissioning and formal acceptance 
testing started with the ERL module on 22/5/2007.  

Booster Module Testing 

 
Figure 8: a) Booster cryomodule cavity inspection and 

b) localised Helium vessel leak location. 

Owing to the lower Qe for the Booster module cavities, 
RF testing was initiated in pulsed-mode for cavity BC2 on 
15/8/2007 and within the first 24 hours reached 10 MV/m 
and on 22/8/2007 reached its maximum gradient of 13.5 

MV/m at 10% duty factor, limited by FE induced quench. 
BC1 also conditioned very quickly from 16/8/2007, 
reaching a maximum peak gradient of 10.8 MV/m at 10% 
duty factor on 17/8/2007, limited by FE induced quench. 

In October 2007, it was observed during a cooldown, 
sequence that the booster module isolation vacuum 
remained at a very high pressure and once at 80 K was in 
fact four decades higher in pressure compared to the main 
linac module. The cooldown was subsequently aborted 
and the module warmed up to facilitate fault diagnosis. It 
was identified that a leak was evident between the LHe 
and isolation vacuum circuits. The module was then 
returned to ACCEL for repair. With the module end-cap 
removed, subsequent inspection revealed a fracture in the 
helium can electron beam weld on cavity 2 (BC2) as 
shown in Figure 8a) and b). A repair weld was performed 
in-situ and the module returned for re-installation on 
ALICE in early 2008. Once installed, the module was 
cooled down and leak checks revealed a successful repair. 
Normal operation of the module was then resumed. 

A year later in October 2008, extensive commissioning 
of the ALICE high power IOTs and high voltage power 
supply (HVPS) unit was taking place. During which time, 
a fault occurred resulting in overheating of cavity BC2’s 
warm window (see Figure 9). On investigation, it was 
revealed that RF power at the time of the failure was very 
low at ~ 300 W, however all of the module protection 
systems were inactive, following an inadvertent change in 
the system configuration. Consequently, the isolation 
vacuum, warm window temperature and arc detector 
protection signals did not initiate a system shut-off. 

 

 
Figure 9: Booster cavity 2 (BC2) warm window failure. 

It is still however not understood how such low level 
RF power could have caused such a failure under these 
conditions. Suspicion of an IOT instability, generating 
higher power outside of the 1.3 GHz detected power, or 
otherwise some form of foreign substance becoming 
attached to the Rexolite window resulting in localised 
heating and thermal runaway, are our only possible 
explainations. As a consequence of this event, the ALICE 
machine protection implementation and procedures have 
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been substantially improved so as to prevent this type of 
failure occurring in the future. 

ERL Module Testing 
From 22/5/2007, cavity LC1 conditioned very quickly 

(within 2 days) upto 12 MV/m in CW-mode, until 
problems were observed with the cavity tuner mechanism. 
On inspection, it was found that the tuner drive rod 
mechanism had worn and subsequently stuck (see Figure 
10). Although this did not prevent continuation of RF 
conditioning, it did require a warm up of the cryomodule 
to affect a repair.  

 
Figure 10: LC1 worn tuner drive mechanism.

This was performed at Daresbury by ACCEL 
personnel, requiring the removal of the module end-cap to 
access the failed motor actuator. Once repaired, a 
maximum peak gradient of 12.8 MV/m at 10% duty 
factor was achieved on 23/8/2007, limited by a field 
emission (FE) induced quench. Limitations  with the 
ALICE cryogenic-plant mass flow diagnostic, in terms of 
its resolution at such low duty factors, has prevented 
accurate load measurements from being performed (for all 
cavities) and so conventional Qo vs Eacc characterisation 
plots are not easily attainable. 

 

 
Figure 11: ERL linac LC2 coupler spring inspection. 

The ERL module cavity LC2 started testing on 
24/5/2007 however at 9 MV/m in CW-mode, excessive 
heating was observed on the input coupler cold and warm 
windows. With the input waveguide disconnected, it was 
found that a co-axial spring was dislodged, reducing the 
RF contact in the coupler coax (see Figure 11). Once 
replaced, commissioning resumed without further 

incidents and on 24/8/2007, a peak gradient of 16.4 
MV/m was achieved with 10% duty factor, limited by 
available RF power. 

INTERNATIONAL CRYOMODULE 
DEVELOPMENT 

The collaborative development of an optimised 
cavity/cryomodule solution for application on ERL 
accelerators has now progressed to final assembly and 
testing of the cavity string components and their 
subsequent cryomodule integration [7]. To date, the 
international partners who have participated in this 
collaborative development; Daresbury Laboratory, 
Cornell and Stanford Universities, Lawrence Berkeley 
Laboratory, FZD Rossendorf, DESY and more recently 
TRIUMF, have identified appropriate sub-system 
solutions to achieve the fundamental requirements for this 
new cryomodule design (see Figure 12), which will be 
installed on the ALICE ERL accelerator at Daresbury 
Laboratory and validated with beam in 2010. 

 
Figure 12: New cryomodule configuration. 

Cavity Fabrication Status 
Two 7-cell niobium (Nb) cavities have been provided 

by DESY. These cavities were originally fabricated and 
tested together in TTF-I as a superstructure. Subsequently 
the cavities have been sent to Cornell for modification. 
LBNL, Daresbury and Cornell have developed a new 
design for the cavity end-groups and associated beam-
pipes, in order to propagate higher order mode power to 
ferrite-lined beam-pipe loads, similar to the HOM 
absorbers used for the Cornell Injector Cryomodule.  
 

 
Figure 13: 7-cell cavity 

Buffered Chemical Polishing (BCP) final treatment, 
since the operating gradient is of the order of 20 MV/m, 
has been performed for the first modified cavity (see 
Figure 13). All flange designs were changed to knife-edge 
conflat interconnections, with brazing to Nb beam tubes 
similar to that used for the Cornell Injector cryomodule. 
The Titanium-Helium vessel and gas return pipe designs 

after final electron-beam welding. 
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were modified to conform to the FZD Rossendorf ELBE 
cryomodule configuration [8].  

So far one of the two cavities has been tested twice in a 
vertical cryostat (see Figure 14). The first test was 
performed after light BCP (10 to 15 microns of surface 
material removal) and HPR. A low field Q of the π-mode 
was measured to be 2.2 × 109 at 1.8 K. In this test we 
were not able to couple to all modes of the fundamental 
pass-band, hence we could not localize the cells 
responsible for the low Q. Also, the coupling was too 
weak to perform reliable RF field calibration and Q vs E 
measurement. After an additional light BCP (about 20 
microns) and HPR, the cavity was re-tested. Again, a low 
Q (1.5 × 109 at 2 K) was measured for the π-mode. This 
time however, we were able to measure low field Q‘s of 
all seven fundamental pass-band modes. These 
measurements indicated that excessive losses in the end 
cell(s) are responsible for the low quality factor of modes 
with high fields in those regions. The π/7 mode, which 
has very low fields in the end cells, has a rather decent Q 
of 1.1 × 1010.  

The second cavity is in the final stage of preparation for 
a vertical test. The results of which, along with close 
examination of the first cavity’s end groups will guide 
further decisions for repeated tests. 

 

 
Figure 14: First cavity prepared for vertical test at Cornell. 

Ancillary Components Status 
The blade tuner used for the TTF superstructure test has 

been changed to a modified Saclay II tuner design so that 

it would fit in the chosen cryomodule envelope. The input 
couplers and HOM loads are chosen to be identical to the 
proven devices used in the Cornell Injector module (see 
Figure 15). The design of the cavity string is carefully laid 
out to fit inside the cryomodule.  

 

 
Figure 15: HOM absorber and input coupler 

Both input couplers have now been baked and 
assembled in a back-to-back configuration, onto a high 
power coupling box to allow for high power conditioning 
(see Figure 16).  

 
Figure 16: Input coupler RF conditioning assembly. 

RF power will be limited to ~10 kW CW during 
conditioning, as gaseous helium (GHe) cooling will not 
be available. Pulsed conditioning will then be performed 
up to the 30 kW limit of the test IOT at Daresbury (see 
Figure 17). 

components in
 the Daresbury cleanroom.
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Figure 17:  High power coupler test stand. 

By utilisation of a cantilevered rail system, the sealed 
cavity string assembly can be rolled into the outer 
cryomodule vessel (see Figure 18). Once positioned, the 
cavity string is then locked in by a single titanium locking 
fixture, which then provides a longitudinal constraint on 
the mechanical component contraction when the 
cryomodule is cooled to cryogenic temperatures. In this 
way, the contraction occurs from both ends of the 
cryomodule towards this central, locked position. This 
ensures that the input couplers (which are positioned very 
close to the central locked reference position) do not get 
exposed to excessive lateral stresses during cool-down.  
 

 
Figure 18: Cavity string 

The vast majority of the cryomodule hardware is now 
either available or under fabrication. It is anticipated that 
both couplers will be RF conditioned and cavities 
available at Daresbury by later this year. All tooling and 
fixtures required for the cryomodule assembly are 
complete and therefore cleanroom assembly of the cavity 
string is expected to start immediately afterwards. Final 
installation of the new cryomodule is scheduled for 
summer 2010, with a thorough beam validation period 
envisaged thereafter. 

FUTURE ALICE DEVELOPMENTS 
The ALICE R&D facility faces several exciting 

challenges in the years 2009-10. First, the Compton 
Backscattering experiment will be conducted with a head-
on geometry that is less demanding in terms of 
laser/electron beam synchronisation compared to a side-
on 90o geometry. ALICE will be able to deliver electron 
bunch charges in excess of 80 pC to the laser-electron 

beam interaction point tightly focussed to a less than 100 
μm spot and with the beam energy close to 30 MeV. At 
the same time, an extensive programme of THz studies is 
planned including the first experiments at the TCF to 
determine the safe limits of human exposure to THz 
radiation. This will be followed by installation and 
commissioning of the IR FEL. Towards the end of 2009 
experiments with EMMA, the first non-scaling FFAG [9], 
will commence and continue throughout 2010. Three 
major upgrades are also expected including installation of 
the load-lock system on the photogun, extension of the 
gun beamline to include diagnostics for full beam 
characterisation before the booster. Many SRF related 
problems have had to be addressed and it is intended that 
the identified ongoing improvements, by optimisation of 
the SRF system operating parameters and verification of a 
new ERL cryomodule, will ensure successful 
demonstration of ALICE operating at its design 
specification of 80 pC acceleration upto 35 MeV in 
energy recovery mode. 

In conclusion, ALICE commissioning has reached the 
point when it is now becoming a true R&D facility 
capable of accommodating and testing novel ideas, and 
conducting proof-of-principle experiments.  
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ERL PROTOTYPE AT BNL

I. Ben-Zvi, BNL, Upton, Long Island, New York

Abstract

A prototype ampere-class superconducting energy re-
covery linac (ERL) is under advanced construction at BNL.
Its motivation, design, special features and status will be
described. The Collider-Accelerator Department at BNL,
which operates RHIC, is planning an electron-ion collider
called eRHIC. The eRHIC electron beam will be provided
by a multi-pass superconducting ERL. At the highest en-
ergy and luminosity, eRHIC will have 5 passes at 260 mA,
whereas an intermediate version of eRHIC (called MeR-
HIC) will have 3 passes at 50 mA. To test the feasibility of
such an ampere-class ERL we are constructing a prototype
ERL designed to operate at up to 500 mA average current.
The BNL R&D ERL will serve as a test bed for eRHIC. It
will operate at 703.75 MHz. Its special features are an SRF
laser photocathode RF gun designed to deliver 2 MeV at
500 mA, a high QE multi-alkaline cathode preparation and
load-lock system, an emittance-preserving merging system,
and a highly damped 5-cell 20 MeV ERL cavity. Tests at
the ERL will include high-current handling, coherent emis-
sions, and emittance performance. The ERL will also serve
as a platform to study HOM damping issues.

CONTRIBUTION NOT
RECEIVED
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TESLA TECHNOLOGY IN CHINA 

Chen Jia-er, Liu Ke-xin, Zhao Kui  
State Key Laboratory of Nuclear Physics and Technology, Institute of Heavy Ion Physics 

Peking University, Beijing, China 
 

Abstract 
Great efforts have been made in China for developing 

TESLA technology since SRF 2007. As a mid-term goal, 
Peking University is striving for constructing a SRF ERL 
test facility to provide coherent radiations. A cryomodule 
of an upgraded DC-SRF injector with a 3.5 cell cavity of 
large grain niobium was designed and constructed for this 
purpose. The field gradient of the 3.5 cell cavity in the 
vertical test at J-Lab is reported as 23.5MV/m. A 
cryomodule consisting of a China made 9-cell TESLA 
type cavity is also presented. As the helium liquefier 
system produced by the Linde Company is being 
commissioned, it is expected that the PKU test facility 
will be able to provide 15-20 MeV high quality e-beam at 
an operating temperature of 2K early next year. Apart 
from PKU, IHEP started a program to build a short 
cryomodule consisting of a 1.3GHz 9-cell low loss cavity 
and related components to serve as a horizontal test stand 
under the frame of ILC collaboration. The R&D of 
500MHz single-cell Nb cavity module as a spare SRF 
component of BEPCII is also in progress. In order to 
manipulate the beam bunch length on the SSRF ring, 1.5 
GHz single cell SRF cavities are being developed at 
SINAP. 

INTRODUCTION 
Great efforts have been made in China for constructing 

superconducting cavities since the last SRF conference. 
To provide coherent radiations a SRF ERL (Energy 
Recovery Linac) test facility (PKU-SETF) was initiated 
by the PKU-SRF group as a mid-term goal [1]. The PKU-
SETF consists of mainly a 5 MeV DC-SRF injector and a 
cryomodule of 9-cell TESLA cavity working at 2k for 
accelerating electrons to 15-20 MeV. An energy recovery 
beam transport loop with two arcs is designed to match 
with the main accelerator. An undulator and a chicane are 
inserted in the loop to produce 4-8 micron laser light.  

Figure 1: The PKU Energy Recovery Linac Test Facility.
 
The PKU-SETF will be implemented in about 3 steps. 

For the first step, the 5 MeV beam from the DC-SRF 
injector will be injected directly to an undulator to 
produce THz radiation. After the main accelerator and the 

energy recovery loop being commissioned, an ERL-CBS 
(Compton Backscattering) device will be constructed to 
produce high flux X-ray of ∼10 keV. Finally with an 11.5 
m long optical cavity, the IR laser light can be produced 
so that PKU-SETF can provide users with various kinds 
of radiations according to their needs. To realize these 
goals, 2-cell, 3.5-cell and 9-cell TESLA type cavities, 
made of both large and fine grain Nb, have been 
developed at PKU. Accordingly cryomodule of DC-SRF 
injector and the main accelerator have been constructed. 
Meanwhile, SRF group at IHEP started a program to 
build a short cryomodule consisting of a 1.3GHz 9-cell 
low loss type Nb cavity and related components to serve 
as a horizontal test stand and an accelerating unit under 
the frame of ILC collaboration. The R&D of a 500MHz 
single-cell Nb cavity, as a spare SRF component of 
BEPCII is also in progress. [2]  At SINAP, Shanghai, 
three 500MHz CESR type SRF cavities are running 
steadily on the SR ring to provide the cycling beam with 
600KW RF power. Besides, 1.5 GHz single cell SRF 
cavities are being developed to manipulate the beam 
bunch length on the SSRF ring.[3] A further growing 
phase on SRF is well getting on in China. 

EFFORTS ON MULTI-CELL SRF 
CAVITIES AT PKU 

Encouraged by the high gradient performance of the first 
single cell cavity with large grain Nb[4], the PKU SRF 
Group started a series of efforts  to develop 1.3 GHz 2-
cell, 3.5-cell and 9-cell cavities with both large and fine 
grain Nb sheets. All these cavities are fabricated in China 
using sheets produced by Ningxia OTIC. Primary cavity 
profiling, surface treatments and field flatness tuning of 
these cavities are completed at PKU. With the help of Dr. 
Kneisel, Prof. Proch and Geng, they are transported to J-
Lab or DESY for further BCP, HPR and heat treatments 
as well as vertical test at 2K. 

 

Figure 2: Pi modes of 2-cell cavity at 1.6, 1.8 and 2.0K. 
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Thanks to the help of ACCEL, the 2-cell cavity with 
large grain Nb was treated and tested at DESY and the 
field gradient reached higher than 40MV/m @ Q0 of 
1.2E10 (Fig.2) as reported by DR. Krzysztof Twarowski. 
The cavity went through a series of preparations before 
the test including 80 μm BCP (Accel), 8000C HT, 100 μm 
EP (Henkel), 4 x HPR, 12000C HT  in Ar atmosphere, 
kept at 90-140 K for 24 hours. No Q disease was 
observed and the residual resistance of the material at 1.5 
K is 4 nano ohms. The conclusion is “Very good cavity 
made of good Nb material“[5]. 

 To meet the practical applications, PKU Group carried 
out fabrications of multi-cell cavities with end groups 
consisting of the input power coupler, HOM couplers, 
signal pick-up and etc.  A fine grain Nb 2-cell cavity with 
end group was made up first (Fig.3) and was tested at J-
Lab. With the treatment by Dr. Kneisel, the field gradient 
was raised from 20 to 28 MV/m @ Q0=1E10 after BCP 
and baking; it was quenched at 30 MV/m. [6] 

 
 
 
 
 
 
 
 
 

Figure 3: A 2-cell cavity of fine grain Nb with end-group. 
 

Before the construction of a 9-cell Nb cavity, a Cu 
cavity with same geometry and a 5-cell Nb cavity were 
fabricated and tested as reported at the last workshop.[4] 
Based on these technological studies a fine grain 9-cell 
Nb cavity without end group  was first manufactured and 
tuned. With the help of Dr. P. Kneisel this cavity was 
first treated by HT & BCP 150 μm and after further 
BCP 50 μm, the field gradient turned out to be 23 
MV/m@Q0=6E9 without quenching [7] which was just 
meet the least specification of our needs (Table 1). 

 
Table 1: Designed Specifications of 9-cell Cavity 

 
Based on the above efforts, a 9-cell fine grain Nb cavity 

with end groups was constructed (Fig. 4) and was 
assembled into a LHe tank as a core component of the 
main accelerating cryomodule, which is to be tested with 
beam at 2K.  

Figure 4: The 9-cell cavity of fine Nb grain with end groups 
in a Liquid He tank. 

 
More 9-cell fine and large grain cavities with end 

groups have been fabricated; they are going to be further 
processed and tested at 2K. 

PROGRESS ON DC-SRF INJECTOR 
WITH A 3.5-CELL CAVITY  

One of most critical and delicate elements of the PKU 
SETF is the DC-SRF electron beam injector. It is 
essentially an integration of a photo-cathode Pierce gun 
with a 3+1/2 SRF accelerating cavity of 1.3 GHz [8]. 

   
.  
 

Figure 5: Schematic design of DC-SC Photo-injector. 
 
Table 2:  Main Parameters of the 3.5-cell SRF Cavity  
Working frequency 1300 MHz  ,  π-mode 

Q0 1×1010 
Eacc 13 MV/m 
Effective Length 0.417 m 
G-factor 242 Ω 
Epeak/Eacc 2.12 
Bpeak/Eacc 4.95 mT/(MV/m) 
Shunt Impedance   r/Q 417 Ω 

 
To obtain high quality electron beam of ~5 MeV, the 

geometrical structure of the Pierce electrode and the first 
half of the SRF cavity are carefully designed so  that there 

RF frequency (cavity at 2.0 K) 1.3 GHz 

Accelerating voltage ~  20  MV/m 

Q0 @20 MV/m 1×1010 

Electron Beam Peak Current 20~50 A 

Bunch Charge About 20~50 pC 

Electron Beam Average Current 1.6~4.0 mA 

External Q of Power Coupler 2×106
～1×107 

Cryogenic losses (stand-by) 12W at 2K 
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will be no crossover inside the cavity. The transverse 
beam waist will be around the exit of the injector 
cryomodule. To compensate the deformation caused by 
Lorentz force and manual tuning, special reinforced 
stiffening rings are applied to the first cavity, especially 
the first half cell so that the field flatness change within 

the±200KHz tuning range is less than 3%. Simulations of 
various parameters have also been made to see the 
possible field of multipacting in the first cavity so as to 
ensure that no multipacting would occur at the operating 
field gradient (Fig.6). Because of the compact structure of 
the special end group, the possible cross talk between 
main coupler and pick up was also examined and it can be 
neglected at the SRF state.  

The specially designed 3.5-cell cavity is made of large 
grain Nb. It has been constructed under strict quality 
control. Before the field gradient test, the cavity was 
prepared with BCP 100 μm and 12500C HT at OTIC. The 
HPR and tuning was done at PKU. The field flatness was 
tune to 94%. Further treatment was done in J-Lab by Dr. 

Geng with BCP 30μm and HPR×3. At first, the field 
gradient was limited by multipacting to less than 10 
MV/m. After 8000C HT to release residual contaminates 
between the grain boundaries, finally the MP barriers 
were conditioned through and the gradient raised up to 
23.5 MV/m. [9] (Fig.7) The field in the first half cell is 
still the limiting factor of the field gradient. 

  
 

 
 

Figure 6: Simulation on multipacting of 3.5-cell cavity.
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: RF Test of 3.5 cell cavity at J-Lab.  

RECONSTRUCTION OF NEW SRF 
EXPERIMENTAL HALL  

Great efforts have been made to reconstruct the old 
building into a new SRF Experimental Hall to house the 
PKU-SETF and related beam lines, control room, laser 
room, cleaning rooms for processing, assembling and 
tuning of SRF cavities as well as the whole cryogenic 
system so as to enable the DC-SRF injector and the 
accelerating cryomodule working under 2K for a number 
of applications. For this purpose the L-140 Helium 
liquefier and related cryogenic facility produced by the 
Linde Company have just been installed in the new SRF 
Hall. It can provide 120l/hr liquid He [10]. The 
acceptance test of the system will be completed by the 
end of this year. 

SRF ACTIVITIES AND RECENT 
PROGRESS AT IHEP, CAS 

So far IHEP has two 500 MHz SRF (Fig. 8) cavities 
running steadily on upgraded BEPCII. Beam current up to  

Figure 8: 500 MHz KEKB type SRF cavity for IHEP. 

500mA per ring have been achieved. Both high power & 
LLRF interlock were developed to prevent SRF from 
damage. To prepare for spare parts a home made power 
coupler was successfully tested up to 270 KW. In addition 
R&D on spare SRF cavity is also progressing well. [11] 

Under the frame of ILC collaboration, The SRF group 
at IHEP started a program to build a short cryomodule 
consisting of a 1.3GHz 9-cell low loss Nb cavity to serve 
as a SRF accelerating unit and a horizontal test stand [12]. 

 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 9:  The cryomodule of 1.3 GHz 9-cell Nb as test stand. 
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For this purpose two 9-cell cavities are in construction. 
Fabrication of related components including dumbbells, 
input couplers, tuner as well as cavity surface treatment 
equipments and etc are well in progress. A new cryogenic 
system is to be installed. RF power source and LLRF 
control system also progress well. 

PROGRESS ON SRF AT SINAP  
Shanghai Synchrotron Radiation Facility (SSRF) is a 

3.5GeV 3rd generation synchrotron light source. Three 
CESR type single cell SRF cavities of ACCEL are 
working steadily on the SSRF storage ring providing 3-
6MV accelerating voltage and transferring up to 600kW 
RF power to the stored beam. [13] Correspondingly, three 
310 KW Klystron RF power amplifiers, a 650W Helium 
liquefier and related components have been working well. 

 
 Table 3: Parameters of the SRF Module of SSRF 

Frequency 499.654 MHz 
Operating temperature 4.2K 
Vacc >2.4MV 
Q0 @2MV 1X109 
Standby losses <35W 
Dynamic heat load at 2MV <65W 
Qext of input coupler 1.8 ×105 

±0.2 ×105 

Power transferable to beam >250 kW 
 
In order to manipulate the bunch length and to suppress 

beam instabilities, a CW passive SRF system with a 
frequency of ~ 1.5GHz is being developed at SINAP to 
provide 1.8-2.0 MV RF voltage. For this purpose, R&D 
efforts are being made on the construction of single and 
multi-cell SRF cavities (Fig. 10). Meanwhile, 
infrastructures for cavity processing and performance 
tests are being built. [14]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Vertical test result of SINAP single cell cavities.

CONCLUSIONS 
It has been 20 years since PKU SRF group started to 

develop the TESLA Technology in China. With the help 
and encouragement from the international community, the 
group managed to establish the capability to construct 
single cell & multi-cell TESLA type SRF cavities and 
related cryomodule for various applications. During these 

days the large grain Nb material jointly developed by 
OTIC and PKU in 2005 with its own merits is interested 
by a number of labs in the world. While the new SRF 
experimental hall equipped with 2k cryogenic system will 
enable the group to have SRF cavities treated and tested 
in situ. Collaborating with the world SRF community, 
high power SRF cavities has been working successfully 
on the colliding rings of BEPCII and also on the SSRF 
ring by transferring hundreds KW of RF power to the 
cycling e-beam. Under the frame of ILC collaboration, 
SRF group of IHEP started to build a short cryomodule 
consisting of a 1.3GHz 9-cell low loss Nb cavity and 
related components to serve as a horizontal test stand and 
an accelerating unit. Meanwhile 1.5GHz cavities are also 
being developed for SSRF. A further growing phase of 
TESLA technology is emerging in China. 
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IMPACT OF CARE - SRF ON FLASH / XFEL AND OTHER PROJECTS 
 

D. Proch, DESY, Hamburg, Germany 

Abstract 
CARE (Coordinated Accelerator Research in Europe) 

[1] describes a collaboration which aimed at 
improvements of existing accelerator facilities. It was 
supported by the European commission in the 
framework of FP6. The dominant R&D activities within 
CARE were related to superconducting accelerator 
systems, especially TTF / FLASH [2]. This report will 
describe the different SRF activities (cavity fabrication 
technologies, surface treatments and inspection, 
industrialisation of electro-polishing, coupler and tuner 
developments, Low Level RF concepts and beam 
diagnostics). The most important advances will be high 
lighted and the impact to new or future SRF accelerator 
systems will be concluded. 

INTRODUCTION 
The JRA-SRF [1] has been active from 1.1.2004 until 

31.12.2008. The purpose was to enhance the 
performance of superconducting cavities and related 
auxiliaries for the operation of a superconducting 
electron linac. Also innovative and promising 
technologies were investigated. A direct impact is 
expected for the operation and performance of FLASH. 
But new, e.g. XFEL [3] or future superconducting 
accelerators (e.g. ILC [4] or energy recovery linacs) will 
benefit from the R&D efforts in JRA-SRF.   

In total 8 partners were involved in the JRA-SRF: 
CEA, CNRS-Orsay, DESY, INFN (INFN-LNL, INFN-
Mi and INFN.Ro2), TUL (Technical University of 
Lodz), IPJ (Swierk), WUT-ISE (Warsaw University of 
Technology) and PSI. In addition four industrial 
partners were attached to JRA-SRF (ACCEL, WSK, 
ZANON and Henkel). The total cost of this activity was 
around 20 M€ including a support of 5 M€ by the 
European Commission (EC). 

The development of superconducting electron linacs 
has been pushed in Europe for more than 10 years. A 
major milestone of this activity was the foundation of 
the TESLA collaboration [5]. The aim of this 
collaboration was to prepare the technical competence 
for the construction of a possible high energy physics 
collider with an energy reach of 500 GeV with possible 
extension to 1 GeV.   This collaboration joined 
laboratories from Europe, USA and Asia. The central 
R&D superconducting linac installation was the TESLA 
TEST Facility TTF at DESY.  

In 2004 the International Technical 
Recommendation Panel ITRP has recommended the 
superconducting solution for the linac technology for a 

future High Energy Physics linear collider. As a direct 
consequence the International Linear Collider effort ILC 
was founded. Based on the technical expertise of 
TESLA ILC initiated a global design effort for a 1 GeV 
collider.  

Although the TTF/FLASH linac at DESY has 
become a FEL user facility, it also serves as test bed to 
gain operating experience for new linac components. 
The TTF test infrastructure is a unique installation for 
preparation and testing of superconducting 1.3 GHz 
cavities. In the last years the main activity at DESY was 
devoted to prepare the technical knowledge for the 
construction of XFEL, a superconducting based new 
light source. The construction of XFEL started in 2008. 

SUMMARY OF MAIN ACHIEVEMENTS 
JRA-SRF activities covered a large field of R&D 

areas for design and performance improvements of 
superconducting cavities as well as upgrades of 
additional components related to the operation of 
superconducting RF accelerating systems. The main 
advancements are 

• An electropolishing (EP) system for processing 
of 9-cell cavities has been designed, built and 
operated at DESY 

• The technology of EP has been successfully 
transferred to industry (two companies in 
Germany) 

• Two different tuning systems for SC cavities 
has been optimized and were finalized by 
adding fast tuner mechanisms 

• A new beam position monitor for operation at 
cryogenic temperatures was designed, built and 
successfully tested in Flash 

• A new non intercepting beam emittance 
monitor, based on Optical Diffraction 
Radiation ODR, was designed, built and 
successfully tested at FLASH  

• New strategies for high power coupler 
conditioning were developed which 
dramatically reduce the effort of coupler 
training 

• Several new hard and software components for 
the low level RF control (LLRF) were 
developed, built and successfully implemented 
in FLASH 

• A superconducting SQUID scanner for quality 
control of Niobium sheets was built and 
demonstrated superior sensitivity as compared 
to the standard normal conducting Eddy 
current device. 
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• The technology of seamless cavity fabrication 
was developed and a first 9-cell prototype 
could be built and was successfully tested 

• The technology of large grain and single 
crystal cavities has been advanced and several 
prototypes were built and tested 

• Dry ice cleaning was applied to cavities and 
RF guns as a novel method to purify surfaces 
without the need to use water 

• An novel electrolyte for electropolishing 
without use of hydrofluoric acid has been 
proposed and was successfully explored on 
samples 

MAIN IMPACTS OF THE JRA-SRF 
ACHIEVEMENTS 

The impact of the JRA-SRF achievements can be 
grouped in two categories:  

A) The design, functionality, treatment and 
performance of hardware or software have reached 
a mature state. In these cases components or 
treatments can directly be used or applied for 
infrastructures which are operating (such as 
FLASH), are under construction (such as XFEL) or 
are under planning (such as ILC). Examples are: 
- The cavity / helium vessel design was optimized in 
respect to cost effective fabrication and for high 
mechanical stiffness (in order to minimize the effect of 
Lorentz detuning). This design will be used for possible 
upgrade of FLASH and also partially for the fabrication 
of XFEL cavities and for the design of ILC modules. For 
any new pulsed superconducting electron linac this 
design will be first choice. 

- The standard electro polishing (EP) procedure for 
multi-cell cavities was finalized and is in operation at 
DESY for more than 150 cavities. This technology was 
successfully transferred to industry and can be 
“ordered” now by any present or future project. The 
European industry now is leader in the industrial EP 
technology. 

 

Figure 1: Electro polishing installation at DESY. This 
system has been copied by industry (ACCEL, Henkel).  

- Niobium sheets are scanned for material defects by 
Eddy current devices. A superconducting SQUID 
detector should result in a higher sensitivity as compared 
to the normal conducting pick up coil presently under 
use. In cooperation with the company a novel SQUID 
scanner was designed, built and tested. The sensitivity of 
the SQUID scanner about a factor of 4 higher when 
comparing the depth of detection of a 50 μm size 
calibration defect in the Niobium sheet.  

 
Figure 2: SQUID scanner 

 
- The design and optimization of slow and fast cold 
tuning systems for cavities is finalized and was approved 
by prototypes. Two versions are available: tuning 
mechanism is placed at the end or at the middle of the 
helium vessel. The first one is the standard solution for 
FLASH and XFEL type accelerators. The second one is 
first choice for accelerators where the absolute length is 
critical, e.g. ILC. 

 

Figure 3: New tuning system for ILC type applications. 
 
- A new type of beam position (re-entrant type of 
cavity) was designed, built and successfully tested at 
FLASH. This monitor complies with the requirements 
of class 100 clean-room assembly conditions and also 
meets the resolution specification of the XFEL. It was 
decided to use this monitor in FLASH. At present this 
monitor is the only choice for use in superconducting 
accelerators similar to XFEL.  
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Figure 4: New re-entrant cavity beam monitor for XFEL 

- The technology for production of seamless cavities 
has been finalized. A patent has been granted for this 
new fabrication technology. Seamless tubes are 
fabricated by a combination of back extrusion and flow 
turning. A computer controlled hydraulic machine 
forms cavity cells from these tubes. The material 
properties, specification and the forming parameters are 
well understood and defined. A first 9-cell hydroformed 
cavity has been successfully tested at a high accelerating 
gradient of 30 MV/m. This fabrication method is ready 
to be used in cases where welding defects limit the 
performance of superconducting cavities. Europe is 
definitely the leader of this technology.  

 
Figure 5: Hydro-forming apparatus for the production of 
seamless Niobium cavities 

 
- The objective of the Low Level RF Control (LLRF) 

has been to advance RF Control Technology in the 
areas of hardware and software to meet the 
requirements for linear collider and linac based free 
electron lasers (FEL and XFEL). The work has been 
focused on the following topics:  
o Pushing the envelope of technical performance such 
as field regulation close to the operational limits of the 
cavities and high power systems  
o Compatibility with tunnel installation including low 
maintenance and radiation   tolerance  
o High degree of automation for large scale system for 
adequate operability of large scale systems  
o Reliability and availability optimization in connection 
with cost reduction  

Overall the LLRF hardware and software currently 
implemented at the RF Gun and at the first cryomodule 
at FLASH as the result of the LLRF work in FP6 are 
considered pioneering work in this field. While several 

other labs and industry just started to follow the 
hardware development in this area, the software 
developed and evaluated in this framework has not only 
improved the field regulation but also paved the way to 
high availability, simplicity of operation, and 
exploration of operation close to the performance limits 
of cavities and high power systems.  

- Input coupler conditioning can be time consuming 
and has the risk of breaking the RF window. New 
strategies have been developed and resulted in 
considerable reduction of conditioning time. This 
achievement is based on three components: stringent 
quality control during fabrication, applying clean-room 
technology 
 
B) There are interesting and promising achievements 
which need additional R&D effort beyond CARE or 
cooperation with new partners or industry. 
Examples are: 
 

- The standard fabrication technology of Nb cavities 
is to form and weld sheet material of small grain 
structure. The intrinsic superconducting materials 
parameters of Niobium might be reduced by the many 
intermediate steps of forging, baking and etching. Large 
grain or even single crystal cavities are formed by 
starting with Nb sheets being cut from the highly 
purified ingot row material. JRA-SRF has fabricated and 
tested very successfully several large grain 9-cell 
resonators and also single cell single crystal cavities. A 
patent has been granted to the fabrication technology of 
single crystal single cell cavities.  The breakthrough of 
this novel technology requires R&D effort by the 
Niobium industry for large scale production of 
appropriate ingot raw material. This would revolutionize 
the Niobium cavity fabrication with respect to 
fabrication cost and cavity performance. JRA-SRF has 
created one of the world leading centers of excellence in 
this field.  

 
Figure 6: Single crystal  Niobium cavity. 

 -Dry ice cleaning is an alternative method to high 
pressure water cleaning. An experimental set up for dry 
ice cleaning has been built and was operated in order to 
determine the optimum parameter set. Sample 
investigations demonstrated that the dry ice cleaning 
effect is superior to the high pressure water process. But 
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this benefit could not be verified with Niobium cavities. 
However dry ice should be an optimum choice where 
the use of water is not recommended. This is the case 
for the normal conducting copper RF gun cavity where 
the water jet would oxidize the copper surface. As first 
experiment the RF gun of FLASH has been cleaned by 
the dry ice method. The dark current of the RF gun 
could be substantially reduced by this procedure.  This 
positive proof of principle experiment will initiate an 
activity to optimize the dry ice cleaning apparatus for 
RF gun cleaning. This effort will be beyond CARE but 
is an example of spin off technology from CARE 
activities. 
 

 
Figure 7: Nozzle of the dry ice cleaning apparatus. 

 
- The standard electropolishing electrolyte is based 

on hydrofluoric acid (HF) which is very toxic. JRA-
SRF has investigated HF free electrolyte. The most 
promising alternative is based on Chocline which forms 
an ionic liquid. Intensive studies with samples explored 
the parameter space of this solution (one PhD work). 
The surface of samples is very shiny, which is 
considered to be a necessary condition for good RF 
performance. The transfer of this technology to cavity 
application is rather complex and could not be finished 
within the scope of CARE. TTC (TESLA Technology 
Collaboration) has recently started a global activity to 
further investigate this novel EP technology. This is 
another example of global impact of the R&D work in 
CARE. 

 

- The characterization of the transverse phase space 
for high charge density and high energy electron beams 
is demanding for the successful development of the 
next generation light sources and linear collider. The 
interest in a non-invasive and non-intercepting beam 
diagnostics is increasingly high due to the stringent 
features of such beams. Optical Diffraction Radiation 
(ODR) is considered as one of the most promising 
candidates to measure the transverse beam size and 
angular divergence, i.e. the transverse emittance. JRA-
SRF has developed a prototype of such monitor. An 
experiment has been set up at DESY FLASH Facility to 
measure the electron beam transverse parameters based 
on the detection of the ODR angular distribution. The 
experiment confirmed that ODR can be used as a non 
intercepting beam size diagnostics, allowing also the 
simultaneous measurement of the beam angular spread. 
The remaining difficulty is to lower the background of 
synchrotron radiation from bending and quadrupole 
magnets.  

 
CONCLUSION 

The “Joint Research Activity (JRA)” CARE-SRF is an 
excellent example of a joined R&D activity by several 
laboratories. It is important to note that the success of 
SFR-JRA is based on a very active and fruitful 
collaboration between all partners from laboratories, 
universities and industries. 

The aim of CARE SRF was to improve existing or to 
develop new components for superconducting radio 
frequency accelerator systems. There is direct impact to 
FLASH and XFEL, but many proposed or planned SRF 
accelerator projects will benefit from the findings of 
CARE SRF.  

The list of CARE SRF documents includes 90 
contributions to conferences, 44 CARE reports, 30 
publications, 19 CARE notes and 2 patents. All 
documents are available on the CARE webpage [1]. A 
compact documentation of all CARE SRF reports and 
talks is under preparation by the author and should be 
available end of 2009 on request [6].  

The advancements of JRA-SRF further strengthen the 
European leadership in the field of superconducting 
electron linacs.  Synergetic benefits of the partners will 
continue even after JRA-SRF ended. The success of 
CARE in FP6 was a helpful pre requisite for the 
approval of EuCARD [7], a similar joined R&D activity 
in the 7th frame work program of EC.  
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Selected 
Achievements

Main improvement Direct impacted 
infrastructure

Future impacted 
infrastructures

Industrialisa
tion

Helium vessel / cavity  
design

low cost, high 
mechanical stiffness

FLASH, XFEL any pulsed SC linac 
for electrons

Standard electro- 
polishing, EP

Industrialisation 
finished 

XFEL all SC linacs world 
wide

Tranfered to 
industry

Tuner design two designs completed XFEL ILC, ALICE, RIB,ERL 
linacs

Beam position monitor high resolution FLASH, XFEL ILC, ALICE,ERLs 

SQUID scanner Higher sensitivity than 
EDDY current device

Built by 
industry

Seamless cavity 
design

no performance 
limitations by welds

FLASH, ERLs Patent 
granted

Low level RF, LLRF Advanced design FLASH, XFEL ILC, ALICE, RIB,ERL 
linacs

Input coupler Short conditioning time FLASH, XFEL ILC, ALIC, ERLs

Large grain / single 
crystal cavity

Cost reduction & 
performance upgrade

FLASH XFEL, Patent 
granted

Dry ice cleaning New cleaning method 
without water

FLASH XFEL, ERLs

Electro polishing 
without Hf acid

Avoids chemical 
hazard

FLASH all SC linacs world 
wide

Beam emittance 
monitor

Non intersepting 
monitor

FLASH ILC, XFEL, 

Cry-Ho-Lab New SCRF test facility FLASH ILC, XFEL, any SCRF 
project  

Table 1: Summary of the main JRA-SRF Achievements and their impact on the Scientific Infrastructure. 
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SUPERCONDUCTING PAUL TRAP FOR ANTIPROTONS

D. Barna, University of Tokyo, Tokyo

Abstract

In the framework of the Asacusa experiment at the
CERN Antiproton Decelerator (AD) we are developing a
linear superconducting Paul-trap to capture and cool the
antiprotons emerging from our RFQ decelerator and further
slowed down when passing through a degrader foil window
to about Ekin ∼ 5-10 keV. In this talk the linear Paul-trap
design and results with a test cavity will be discussed.

CONTRIBUTION NOT
RECEIVED
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THE ATLAS ENERGY UPGRADE CRYOMODULE* 

J. D. Fuerst#, ANL, Argonne, IL, U.S.A.

Abstract 
A new cryomodule containing seven drift-tube-loaded 

quarter-wave resonant cavities has been added to the 
ATLAS heavy ion linac at Argonne National Laboratory 
(ANL).  Initial operation with beam took place this 
summer.  The module provided a stable 14.5 MV of 
accelerating potential (2.1 MV/cavity), a record for 
cavities at this beta.  This paper describes cavity, 
cryomodule, and subsystem performance.  A report on the 
final assembly, commissioning, and operational 
experience is also given. 

INTRODUCTION 
The ATLAS Energy Upgrade project is designed to 

increase ion beam energies by 30-40% in support of the 
nuclear physics program at ANL.  The centerpiece of the 
upgrade is a group of seven new srf cavities operating at 
109 MHz and designed for optimal β = 0.15.  These drift-
tube-loaded quarter-wave resonant (QWR) structures are 
housed in a top-loading box cryomodule which separates 
the cavity vacuum space from the cryogenic insulating 
vacuum.  This cryomodule (Fig. 1) represents the first 
successful demonstration of separate cavity and insulating 
vacuum systems for a low-beta cryomodule.  Figure 2 
shows a section view of one QWR structure and Table 1 
lists cavity parameters.  Details of cavity fabrication may 
be found in Ref. [1].  

 
Figure 1: Cryomodule on-line in the ATLAS tunnel. 

  

 
Figure 2: Model of 109 MHz quarter-wave cavity. 

PERFORMANCE 
The upgrade cryomodule went on-line in late June 2009 

and has been available for operations with beam since 
then.  The data come from measurements made on the 
fully assembled module during initial commissioning and 
after it was installed in the accelerator.  For a discussion 
of individual cavity performance measured during off-line 
single cavity tests, see Ref. [2]. 

 

Table 1: Cavity Parameters 

Frequency  109.125 kHz 

β  0.15 

U0  37 J* 

Active length  25 cm 

EPEAK  48 MV/m* 

BPEAK  88 mT* 

G  40 Ohm 

Rsh/Q  548 Ohm ___________________________________________  

*This work was supported by the U.S. Department of Energy, Office of 
Nuclear Physics, under Contract No. DE-AC02-06CH11357. 
#fuerst@anl.gov *at 3.75 MV/cavity = 15 MV/m 
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Cavity 
Figure 3 shows the quench limit for each cavity.  The 

average accelerating gradient is 11.7 MV/m.  Two cavities 
reach 15 MV/m which represents a voltage of 3.75 MV 
per cavity.  For comparison, the state of the art for 2-gap 
QWR cavities in operation today is slightly over 1 MV 
per cavity. 

 

 
Figure 3: On-line cavity performance. 

 
Accelerating voltages have been measured directly with 

beam.  Table 2 lists beam energy gain per cavity for a 
Carbon +6 ion beam.  Time-of-flight measurements 
provide beam energy, which are used to derive cavity 
accelerating voltage via the TRACK analysis code. 

 
Table 2: Beam-Based Performance 

Cavity 
Number 

Beam 
Energy 
[MeV] 

Cavity 
Voltage 
[MV] 

1 174.0 1.96 

2 184.5 1.89 

3 196.1 2.13 

4 208.5 2.29 

5 219.7 2.12 

6 229.9 1.92 

7 241.5 2.24 

Total voltage   14.5 

 
For the beam energy in Table 2, the measured dynamic 

heat load of the cryomodule was 55W.  At an average 
voltage of 2.1 MV (= 8.3 MV/m accelerating gradient), 
the resulting average Q value is 1.0x109. 

Coupler/Tuner 
Details on the adjustable input coupler design are found 

in Ref. [1].  The ability to vary the coupling from 106 to 
109 has simplified operations and justified the design vs. 
fixed coupling. 

The mechanical slow tuner range is shown in Figure 4.  
Tuning steps during fabrication ensured that each cavity 
achieved the target frequency of 109.125 kHz at the 
midpoint of the slow tuner range of 30 kHz.  The tuners 
are pneumatically actuated using helium gas at 80K and 
operate on-line with a slew rate of about 1 kHz/s, limited 
by the helium gas management system. 

 

 
Figure 4: Mechanical slow tuner range. 

 
Fast tuning is accomplished using VCX (Voltage 

Controlled Reactance) tuners [3].  These reliable units 
have been in use at ANL for over 30 years, but now 
represent the limiting component in terms of cryomodule 
performance.  Figure 5 shows measured cavity 
microphonics during simultaneous operation of all seven 
cavities at an average voltage of 2 MV/cavity.  The rms 
frequency deviation is 1-2 Hz and the maximum 
deviations are well within the fast tuner window of 40 Hz 
[4].  Since operations began at the end of June 2009 none 
of the cavities in this cryomodule have gone out of lock 
due to microphonics. 

 

 
Figure 5: On-line microphonics for all seven cavities. 
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The accelerating voltages listed in Table 2 are limited 
by VCX performance, in particular the finite power 
handling capability of the PIN diodes.  All cavities but 
one are capable of gradients in excess of stable VCX 
operation.  Table 3 shows measured cavity performance 
with the VCX off.  This level of performance can be 
reached if new mechanical fast tuner technology is used 
in place of the VCX.  Some fraction of the gains shown in 
Table 3 can also be realized by reducing the tuning 
window of the existing VCX units.  This is a real 
possibility given the low microphonics signature of the 
cryomodule. 

 
Table 3: Performance without VCX Limitation 

Cavity Number Cavity Voltage [MV] 

1 2.88 

2 2.75 

3 3.75 

4 3.13 

5 2.75 

6 2.08 

7 3.75 

Total voltage 21.1 

RF System 
Except for the VCX PIN diode pulsers located next to 

the module, all the rf systems needed to support eight 
cavities are contained in a single full-height relay rack.  
The amplifiers occupy the lower half and consist of 250W 
solid-state water cooled units.  I&Q type LLRF 
controllers occupy the upper half of the rack and include 
feedback loops for frequency (slow tuner control), phase 
(VCX control) and amplitude (input drive power control).  
The system was assembled in-house and has operated 
without major incident, allowing all seven cavities to be 
phase locked on day one of on-line operations. 

Cryomodule 
Cryomodule performance is described in detail in Ref. 

[5].  The measured static heat load to liquid helium is 15 
W while the load to liquid nitrogen measured 200 W. 

Cooldown data are shown in Figure 6.  Each cavity 
together with the focussing solenoid and the cavity 
support frame is equipped with an independent cooldown 
circuit.  This allows the full cooling power of the 
refrigerator to be applied to each cavity, providing a fast 
cooldown to avoid Q-disease (cavities have not received 
any form of bakeout). 

ASSEMBLY 

Inside Cleanroom 
A model of the clean string assembly is shown in 

Figure 7.  Only those components associated with the 

cavity vacuum space are involved in the cleanroom phase 
of assembly.  This minimizes the required assembly effort 
and reduces the particulate contamination risk. 
 

 
Figure 6: Cooldown rates for cavities and solenoid. 

 
The following components are included in clean 

assembly: 
• Cavities with mounting hardware 
• Input couplers 
• VCX fast tuners 
• Vacuum manifold with pickup loops 
• Evacuation/vent system 
• Cavity-to-cavity bellows 
• Beam valve assemblies 
• Support frame with temporary stands 

 

 
Figure 7: Model of the clean string assembly. 
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Figure 8: Clean assembly in progress. 

 
The clean assembly task required one month of effort 

from two workers, not including the up-front component 
preparation and cleaning.  The success of the clean 
assembly is seen in the performance of the cavities.  
Figure 8 shows the assembled string in the clean room. 

Outside Cleanroom 
After clean assembly, evacuation, and leak checking, 

the string was removed from the clean room and brought 
to the final assembly area.  The string was suspended 
from the cyromodule lid (Fig. 9) and the remaining 
subsystems not associated with the cavity vacuum space 
(slow tuners, coupler drives, instrumentation, cryogenic 
plumbing) were installed. 

Final box closure followed leak checking and 
subsystem checkout.  Figure 10 shows the lid/string 
assembly being lowered into the box.  The box’s top-
loading geometry is reconciled with the separate cavity 
and insulating vacuum spaces by passing the beam valves 
on either end of the string assembly through holes in the 
angled end walls of the vessel.  This design provides 
straightforward access to module internals to conduct 
repairs or to replace a cavity.  An up-to-air venting system 
has been developed and tested for this purpose [6]. 
 

 
Figure 9: Dressed string suspended from cryomodule lid. 

 

 
Figure 10: The lid/string subassembly is loaded into the 
cryomodule. 

Alignment 
During clean assembly the cavities and solenoid are 

rough-aligned automatically by virtue of the inter-cavity 
bellows assemblies.  Once the string emerges from the 
clean room, the cavities and solenoid are aligned with 
respect to the support frame to within 0.1 mm of the 
reference axis.  Compliance in the inter-cavity and 
vacuum manifold bellows is more than sufficient to allow 
the required adjustment. 

Alignment crosshairs are mounted to the solenoid and 
cavities at outboard locations which are visible through 
viewports on the end walls of the cryomodule.  The 
crosshairs are referenced to the beam line axis and allow 
the component positions to be checked after module 
closure and cooldown.  Figure 11 shows the alignment 
crosshairs and viewports. 

COMMISSIONING 
The finished cryomodule was cooled down off-line 

using test ports on the ATLAS refrigeration system.  
Thermal performance was verified and a temporary rf 
system was connected for cavity-by-cavity checkout.  
Subsystems including couplers, slow tuners, and VCX 
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fast tuners were tested.  Low level rf checkouts were 
performed and cavities were conditioned both cw and 
with 2 kW pulsed rf. 

The cryomodule was warmed to room temperature, 
rolled into the ATLAS tunnel, and rigged into position.  
The beam line includes liquid nitrogen cold traps 
immediately upstream and downstream of the cryomodule 
to avoid particulate contamination of the cavities.  In 
addition, all beam line components in the vicinity of the 
cryomodule were cleaned prior to re-installation.  After 
10-15 hours of additional conditioning, the on-line cavity 
performance matched that achieved off-line. 

 

 
 

 
Figure 11: Alignment crosshair mounted on cavity (top) 
and cryomodule endwall viewport (bottom). 

OPERATIONAL EXPERIENCE 
Operations with beam have been underway since late 

June 2009 with a variety of ion species.  Although beam 
intensities are relatively low, no observable losses have 
been detected downstream of the cryomodule.  Beam-
based alignment data suggest some steering effect due to 
solenoid misalignment, but no steering due to cavity 

operation has been measured after performing 
independent checks on each cavity.  The solenoid steering 
is correctable by a straightforward re-alignment of the 
entire cryomodule. 

Subsystems including input couplers, slow tuners, VCX 
fast tuners, rf systems, and cryogenics have operated 
without incident. 

CONCLUSIONS 
The ATLAS Energy Upgrade cryomodule is operating 

with beam, providing 14.5 MV of accelerating voltage in 
4.5 meters.  This is a record for this beta range and 
represents a factor of three performance gain over 
existing ATLAS technology.  An additional 40% 
performance gain could be realized if the VCX fast tuners 
were replaced with newer technology. 

This cryomodule represents the first full demonstration 
of clean techniques for low-β srf cavities.  All subsystems 
including adjustable input couplers, mechanical slow 
tuners, VCX fast tuners, low level and high level rf 
systems are operating according to specification.  
Microphonics are very low and have not been an 
operational issue.   
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Abstract 
The National Superconducting Cyclotron Laboratory 

(NSCL) at Michigan State University (MSU) is currently 
constructing its new reaccelerated beam facility: ReA3. 
ReA3 will provide unique low-energy rare isotope beams 
by stopping fast rare isotopes in gas stopping systems and 
reaccelerating them in a compact linac. The main 
components, which will be explained in this paper, are a 
linear cryogenic gas cell to stop the fast beams produced 
by projectile fragmentation, an Electron Beam Ion Trap 
(EBIT) charge state booster, a room temperature Radio 
Frequency Quadrupole (RFQ) and a linac utilizing 
superconducting quarter wave resonators. An achromatic 
beam transport and distribution line towards the new 
experimental area will complete ReA3. Beams from 
ReA3 will range in energy from 0.3 to 6 MeV/u: the 
maximum energy is 3 MeV/u for heavy nuclei such as 
uranium, and 6 MeV/u for ions with A<50, as the charge 
state of the ions can be adjusted by the EBIT. ReA3 will 
provide pioneering beams for nuclear physics research, 
initially using beams from the Coupled Cyclotron Facility 
at NSCL and later providing reacceleration capability for 
the next-generation rare isotope facility FRIB that will be 
hosted at MSU. The ReA3 concept and status of ReA3 are 
presented, with particular emphasis on the super-
conducting linac. 

INTRODUCTION 
Experiments with reaccelerated beams of rare isotopes 

are at the foremost frontier of nuclear physics research 
[1]. Reaccelerated beams of rare isotopes in the energy 
range of 0.3–12 MeV/u allow for a rich experimental 
program ranging from low-energy Coulomb excitation 
experiments and transfer reaction studies to the study of 
astrophysical reactions. Isotope Separation On-line 
(ISOL) and Projectile Fragmentation (PF) are the two 
methods used to produce high quality radioactive ions 
beams (RIBs) for the nuclear science experiments. The 
NSCL has been using the PF method since 1989 to 
produce fast RIBs for nuclear structure and nuclear 
reaction experiments, especially after the completion of 
the coupled cyclotron facility (CCF) and the A1900 
Fragment Separator in 2001. With the development of gas 
stopping, low energy beams of rare isotopes are available 
from fragmentation facilities [2]. The connection of a re-
acceleration scheme to a gas stopper at NSCL/MSU in the 
framework of the reaccelerator project (ReA3) [3] is of 

particular importance, since it will provide high quality 
beams of nuclei not available in this energy regime at any 
other facility. The reacceleration scheme implemented in 
ReA3 is optimized with respect to these requirements. It 
is based on the acceleration of highly charged (n+) ions 
instead of a scheme based on the acceleration of singly-
charged (1+) ions and stripping. The n+ reacceleration 
scheme has been recognized as the most promising option 
for the reacceleration of rare isotopes at present and future 
facilities. Charge breeding eliminates the large losses in 
efficiency associated with conventional electron stripping 
it allows for a much simpler accelerator structure; it 
makes the accelerator more compact and therefore more 
cost effective [4]. 

THE REACCELERATION CONCEPT 
Figure 1 illustrates the n+ reacceleration concept chosen 

for ReA3 and Figure 2 shows the layout of the 
components. Rare isotope beams with typical energies 
above 50 MeV/u will be injected into a gas stopping 
system, either a linear gas cell or a cyclotron gas stopper. 
The beam from the gas stopper will be mass analyzed and 
sent to a high charge state ion source, which is operated 
as a charge state breeder. Afterwards the ions are 
extracted from the breeder and guided towards a mass 
separator. The n+ ions will pass through an achromatic 
charge state (Q/A) separator to select the desired charge 
state and suppress unwanted background ions before the 
beam enters the accelerator. The ReA3 LEBT will 
transport, bunch and match beams from the Q/A-separator 
into the acceptance of the 4-rod RFQ. To achieve a small 
longitudinal emittance, an external Multi-Harmonic 
Buncher (MHB) is used in the LEBT. Numerical 
simulations and measurements for the REX-ISOLDE 
RFQ have shown that the longitudinal beam emittance 
can be reduced by a factor of four by using external 
bunching, at the expense of lower transmission. 

The linac of the reaccelerator consists of a room 
temperature RFQ and a superconducting (SC) linac. The 
main parameters are summarized in Table 1. The ReA3 4-
rod RFQ will accelerate beams from 12 keV/u to 600 
keV/u with a Q/A ratio between 0.2 and 0.5. The beam 
from the RFQ will be injected into the SC linac, which 
consists of three cryomodules, and which provides the 
bulk of the acceleration. It can accelerate or decelerate 
beams from the RFQ output energy of 600 keV/u to the 
desired final energies ranging from 0.3 to 3 MeV/u for 
uranium. 

 
____________________________________________ 
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Figure 1: Reacceleration concept for ReA3. 
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Figure 2: Isometric view of the ReA3 deck. 

 
The basic components of the cryomodules are the SC 

quarter wave resonators (QWR), optimized for β=0.041 
and β=0.085, and solenoid lenses for transverse focusing. 
The accelerated beams will finally be guided via a beam 
line with magnetic elements to the ReA3 experimental 
area. 

STATUS OF THE LOW BEAM ENERGY 
SECTION 

The large momentum spread of the secondary beams 
produced in the fragmentation process needs to be 
drastically reduced prior to stopping of the fragments. The 
compression is critical in order to keep the effective gas 
thickness in the gas stopper low and to keep the extraction 
times for the exotic isotopes short. Momentum 
compression before the gas stopper is accomplished with 
a solid degrader that reduces the energy of the projectile 
fragments, followed by momentum dispersion by means 
of a dipole magnet and a final wedge degrader shaped to 
match the dispersion. Two lines minimize the risk of 

single-point failure by being able to switch from one gas 
stopper to another. The two dedicated beam lines will be 
beneficial to develop, test, compare, and optimize the 
different gas stopper concepts effectively. A novel 
cyclotron gas stopper and a next-generation cryogenic 
linear gas stopper are planned to be installed. A third line 
without momentum compression will accommodate a 
solid stopper/reionizer system. As an intermediate 
scenario until the cyclotron gas stopper is realized two 
linear gas stoppers will be installed at the momentum 
compression lines. 

After the gas stopping region the singly charged ions 
are guided to the ReA3 platform with electrostatic 
elements. A mass separator is integrated into this transfer 
line to separate the rare isotopes from rest gas ions 
created in the gas cell. The beam optics design of the 
complete beam line is finished along with the design of 
the separator magnet. Mechanical design of the beam line 
assembly is ongoing. 

 On top of the ReA3 deck, which is shown in Figure 3, 
electrostatic beam optics elements guide the beam 
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towards the electron beam ion trap (EBIT) where they are 
injected into the intense electron beam [5]. Inside the 
electron beam the rare isotopes are confined for a few ms, 
while they undergo electron impact ionization. The 
electron beam ion source/trap (EBIS/T) charge state 
breeder has been identified as the most promising breeder 
type with respect to efficiency, breeding time, beam 
quality and purity. The EBIS/T type charge state breeder 
has superior performance in comparison to electron 
cyclotron resonance ion source (ECRIS) based breeder 
system except for the maximum beam intensity available 
with an EBIS/T system. The EBIT will deliver beams 
with a Q/A in the range between 0.2 and 0.5. An offline 
source is foreseen for beam development and breeding 
tests, which can be done in parallel with the linac 
commissioning. The EBIT operates at ultra-high vacuum 
conditions, which results in a very small background 
current. While the EBIT accumulates the rare isotopes, no 
ions can be extracted and hence be delivered to the 
experiment. This mode requires the ionization into the 2+ 
charge state in the roundtrip time of the injected ions. 
With a second EBIT charge breeder, a quasi continuous 
duty cycle could be established, and this is foreseen as a 
future upgrade option. Presently the electron beam system 
of the EBIT is under investigation on a test setup. Up to 
400 mA of electron beam has been produced. The 
superconducting magnet and the drift tube structure of the 
EBIT are under construction. 
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Figure 3: Low beam energy area of the ReA3 deck, 
including the charge breeder, Q/A- separator and LEBT. 

For charge state selection of the highly charged ions 
from the EBIT, a charge state selector is required with a 
mass resolving power of about R~100 for beams with 
emittances of up to 120 mm mrad, which is much larger 
than typical EBIT emittances at 12 keV/u. A large 
emphasis has been given to obtain achromatic mass 
separation since the electron impact processes in EBIT 
type breeders tend to create beams of non-negligible 
energy spreads [6]. Therefore the Q/A-separator follows a 
Nier-type design. A temporary ion source on a high 
voltage platform has been installed for first beam 
commissioning of the Q/A-separator, which is underway. 

For the transport of the highly charged ions and 
transverse matching from the separator to the linac, four 
electrostatic quadrupole doublets and a solenoid lens are 
used. An electrostatic triple bender is implemented in the 
LEBT in order to allow a stable ion source to deliver 
4He1+ beam into the RFQ for SC linac tuning and 
calibration of the beam diagnostics. The bender can also 
deliver beams from the EBIT to the stopped beam area 
and can accept beams from a possible 2nd EBIT in a 
future upgrade. 

The nuclear physics experiments require a beam on 
target with an energy spread of ~1 keV/u and a bunch 
length of ~1 ns simultaneously. Therefore, a longitudinal 
beam emittance of less than 0.3 ns.keV/u from ReA3 is 
needed. For comparison, the longitudinal beam emittance 
of the REX-ISOLDE linac is 1.6 keV/u.ns. Since the 
intensities from the rare-isotope beams will be low, the 
scheme of external bunching upstream of the RFQ can be 
used. Hence a multi harmonic buncher (MHB) [7] has 
been integrated into the LEBT. The MHB uses three 
harmonics of the base frequency of 80.5 MHz and 
consists of two coaxial resonators with a single gridded 
gap and 50 mm drift tube diameter. The triple harmonic 
buncher has been tested and commissioned at the NSCL 
ARTEMIS B beam line recently. The LEBT assembly is 
complete so that commissioning of this section can start. 

STATUS OF THE LINAC 
The first accelerating structure is a normal conducting 

4-rod RFQ structure. Since the beam is already bunched 
at the entrance, the RFQ cell design uses a synchronous 
phase of -20o and an initial modulation factor of 1.15, 
which increases to 2.6 along the length of the RFQ rods. 
These values are a compromise to achieve a reasonable 
ratio between the longitudinal acceptance and emittance. 
An intervane voltage of 86.2 kV is required to accelerate 
ions with Q/A=0.2, which generate an electric peak field 
of 1.6 times the Kilpatrick limit. The transverse phase 
advance is larger than the longitudinal one to avoid 
parametric resonances. Together with the external MHB 
in the LEBT, the ReA3 RFQ should achieve an 82% 
beam transmission. 

 

Table 1: Linac specifications 

Parameter ReA3 value 

Resonance frequency 80.5 MHz 

Injection energy 12 keV/u (β = 0.005) 

final energy for Q/A=0.25 3 MeV/u (β = 0.08) 

Max. A/Q 5 

duty cycle cw 

acceptance 0.6 mm mrad (normalized) 

 
The RFQ parameters require a mini-vane structure of 

6 mm tip radius, mid-cell aperture of 7.3 mm and a length 
of 3.3 m. The RFQ tank has an outer length of 3.5 m. The 
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tank has a square cross section and is made of aluminum. 
The resonant electrode structure is made of copper. 
Extensive cooling of the stems, mini-vanes, tuning plates 
and tank is foreseen in order to remove the rf power of 
160 kW dissipated in operation at highest rod voltage. 
The 4-rod structure is currently under construction at 
Frankfurt University and being prepared for tuning 
measurements.  

The reaccelerator has been designed to deliver beams 
with variable energies depending on the Q/A-ratio of the 
ion species. The charge-to-mass ratio of the ions, which 
can be accelerated with the ReA3 linac ranges from 0.2 to 
0.5. The nominal energy range according to design is 0.3 
to 3 MeV/u for ions with Q/A of 0.25, and 0.3 to 5.8 
MeV/u for ions with Q/A of 0.5, assuming a moderate 
electric peak field in the QWRs. The design operating 
peak surface electric field for the two types of SRF 
cavities used in ReA3, βopt =0.041 and βopt =0.085, are 
16.5 and 20.0 MV/m, respectively. Higher operating 
fields (30 MV/m) are planned for the FRIB driver linac.  
If the ReA3 cavities can be operated above their design 
voltages, higher final beam energies may be possible for 
ReA3. The load to the cryogenic plant may limit the 
operating fields, so high quality factors are needed for the 
resonators. Minimization of frequency fluctuations is also 
needed to ensure amplitude and phase stability. The 
sensitivity of the cavity frequencies to bath pressure 
fluctuations has been reduced by stiffening as verified 
with both numerical simulations and measurements [8]. 

The reaccelerator SC linac consists of a total of fifteen 
80.5 MHz QWR cavities and eight superconducting 
solenoid magnets inside the cryomodules. Each solenoid 
will have two dipole coils to provide alignment error 
corrections. The magnets are NbTi solenoids with a 
40mm aperture. The first cryomodule, which is shown in 
Figure 4, houses two solenoids and one βopt=0.041 cavity. 
The module is used to re-bunch the beam as it travels 
from the RFQ to the second cryomodule. The second 
cryomodule incorporates six βopt=0.041 cavities and three 
solenoids and the third cryomodule contains eight 
βopt=0.085 cavities and three solenoids. Eight βopt=0.041 
QWRs have been fabricated; welding of the helium 
vessels and RF testing is in progress. 

 Four beam diagnostics stations located in the warm 
region between cryomodules will be used for beam and 
SC linac tuning. The diagnostics stations in the linac 
section includeFaraday cups to check transmission of 
pilot beams, timing wire detectors for bunch length 
determination, movable slits for beam scanning purposes 
and foil- and silicon detectors for beam energy 
measurements. A defining aperture or collimator at the 
entrance of the SC linac limits the beam size before it 
enters the second cryo module. Alignment of the beam at 
the exit of a cryo module can be checked by scanning the 
beam position in two diagnostic stations downstream. For 
tuning purposes, energy measurements via scattering of 
particles in a thin Au-foil and bunch length 
measurements, using secondary electrons produced by 
ions hitting a wire, are mandatory in finding the right 

amplitude and phase settings. The beam energy 
measurement can be done independently by time of flight 
measurements as the ions drift between two diagnostic 
stations. 

The first cryomodule has been manufactured, and was 
installed on the ReA3 balcony in the middle of 2009. 
More detailed information on cavity and cryomodule 
production is provided in ref. [9]. The first module has 
been connected to the NSCL cryogenic plant and controls 
wiring and testing have been completed. This re-buncher 
module is presently under investigations including studies 
of the heat load to the cryogenic plant, rf-properties, low 
level rf-controls, and radiation safety. The vacuum vessel, 
the liquid nitrogen shield and the cryogenic header of the 
second cryomodule have been fabricated and assembly is 
ongoing. The cold mass of the second module is in 
preparation in the NSCL clean room. For the third 
cryomodule of ReA3 the mechanical design has been 
completed and material is being ordered. Subassemblies 
of the βopt=0.085 cavities are in production by Niowave, 
Inc. 

 

Figure 4: First cryomodule installed on the ReA3 deck 
containing two solenoid lenses and one βopt =0.041 cavity. 

 
The ReA3 HEBT will deliver the radioactive beams 

from the SC linac to the new experimental area. The beam 
line, consisting of room temperature beam optics 
elements, will be capable of transmitting the highest beam 
energies expected up to a maximum magnetic rigidity of 
1.4 Tm. The beam is tranported down from the ReA3 
deck to the ReA3 experimental facility using two 
achromatic bending segments and three straight sections. 
The first bending segment provides the 90o turn from the 
SC linac towards the new experimental hall and the 
second bending segment in an S-shape to guide the beam 
down to the ground level in the experimental area. A 
cryomodule consisting of a SC solenoid and a QWR with 
βopt  =0.041 will be used to rotate the longitudinal phase 
space of the beam in order to achieve an energy spread of 
~1 keV/u at all energies.  
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Figure 5: Overview of the ReA12 upgrade to the reaccelerator. 

 

OUTLOOK: ReA12 
A second stage for the reaccelerator is the planned as an 

extension of the ReA3 linac to a maximum energy of 
12 MeV/u for uranium and up to about 20 MeV/u for 
lighter nuclei, called ReA12. This upgrade is an essential 
part of the FRIB project [10]. The ReA12 upgrade will be 
funded through FRIB, whereas ReA3 funding is provided 
by MSU. 

In contrast to a fixed velocity profile acceleration in a 
drift-tube linac, every cavity of the NSCL reaccelerator is 
powered by a single rf-amplifier and can therefore be 
independently phased. As a result, the energy gain is fully 
tuneable and any energy in the range stated above can be 
delivered to the experiment. The ReA12 section will 
significantly broaden the scientific program with 
reaccelerated beams, because the Coulomb barrier can be 
reached in nuclear physics experiments even with all 
isotopes that become available through FRIB.  

As shown in Figure 5, the ReA12 upgrade will require 
three additional cryomodules with βopt=0.085 cavities 
identical to the third cryomodule of ReA3. The cavities 
will be operated at a temperature of 4.5 K as in the ReA3 
case, but with peak surface electric field of 30 MV/m, 
which is the FRIB specification for the cavities. As the 
beam transport line to the experimental area requires a 
bending magnet downstream of the third ReA3 
cryomodule a re-buncher module for matching of the 
longitudinal phase space of the beam to the following 
cryomodule will be required. This module is a copy of the 
module foreseen for the ReA3 beam transport line to the 
experiments. The transport system to the experimental 
area of ReA12 will provide transverse and longitudinal 
focusing to control precisely the transverse beam size, the 
bunch length and the energy spread delivered to the 
experiment. The layout follows the ReA3 transport and 
beam distribution system, taking into account the higher 
rigidity of the beam. 
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SPALLATION NEUTRON SOURCE STATUS AND UPGRADE PLANS* 

J. Mammosser ,  ORNL, Oak Ridge, Tennessee, U.S.A.

 Abstract 
The Spallation Neutron Source (SNS) has demonstrated 

beam power operation of 1MW after a rapid   ramp-up 
period of three years.  Recent results from high intensity 
beam studies have demonstrated the linac and storage ring 
will operate at the design current and linac at its design 
pulse width without difficulty. Preliminary measurements 
of beam loss at full current were promising, and now SNS 
is ready to operate at beam powers close to or at 1MW. 
During this beam power ramp-up period a good 
understanding of the superconducting linac operating 
parameters, issues was obtained and current limitations to 
operating gradients will be presented in this paper as well 
as some of the planning details to prepare for the  
machine power upgrade over the next few years. 

CURRENT MACHINE STATUS 
During the last machine run period, the beam power 

was increased to 865KW for the first time. While running 
at this beam power, problems were uncovered with the 
stripping foil after several premature foil failures.  The 
beam power was then reduced to 400KW to protect 
additional foils for the last two months of the run period 
until the problems could be identified. At the end of this 
run a high intensity beam run was performed to determine 
if the operating parameters of the linac, mainly the RF 
pulse could be increased in the following run to reach 1 
MW beam power operation, the Department of Energy 
(DOE) design goal.  The linac was setup for full pulse 
width at design current and ran to demonstrate design 
parameters.  During this study it was determined that the 
storage ring could adequately store and extract the full 
beam intensity of 1.5x1014 protons per pulse. The 
extraction screen is shown in Fig. 1.  

  The machine was then shutdown for the scheduled 
summer maintenance period.  During this extended 
maintenance period the stripper foil system was opened 
and the problem wre identified and new foil holders and 
foils were installed.  When the machine was brought back 
online in mid September as scheduled and the beam 
power was steadily increased to 1 MW on September 18th 
and ran there for an extended period.  Currently the 
machine is operating at a beam power of 820KW.  In Fig. 
2, the operations metrics chart for the beam on target is 
shown. 

 

 
 

Figure 1: Screen shot demonstrating full beam intensity in 
protons per pulse, extracted from the storage ring.   

 

 
 

Figure 2: Current SNS operating status, beam to target 

 
 
 

________________________________________________________________________________________________ 

* SNS is managed by UT-Battelle, LLC, under contract  DE-AC05-00OR22725 for the 
U.S. Department of Energy 
# mammosserj@ornl..gov 

#

metrics charts from operations web page. 
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Another important factor to control and understand 
with proton machines is the beam loss which must be 
minimized to avoid high activation rates for beam line 
components.  High activation rates can affect the ability to 
perform routine maintenance activities by increasing the 
complexity of the setups and procedures used.  This is 
especially true for the storage ring where losses are 
typically higher.. During the high intensity beam run the 
ring beam losses were monitored for 1MW equivalent 
beam which was comparable to that of the production run 
at 865KW.  Additionally the losses were captured for the 
24uC case with no additional beam tuning which showed 
higher losses but these could be improved by further 
tuning. In Fig. 3 the ring beam loss comparison is 
presented which shows no major concerns for 1MW 
operation in the ring. 

  

 
 

Figure 3: Beam losses comparison for the storage ring. 

 
To date many of the SNS machine design parameters 

have been met and others are very close to their design 
specifications [1].  In Table 1, a comparison of parameters 
achieved to that of the machine design parameters is 
presented. 

 

Table 1: Comparison of design parameters to that 
achieved for SNS. 

Parameters 
 

Design Highest 
Produc-
tion Beam 

Beam Energy (GeV) 1.0 0.93 + 
0.01 

Peak Beam current (mA) 38 40 
Average Beam Current 
(mA) 

26 24 

Beam Pulse Length (ms) 1000 670 
Repetition Rate (Hz) 60 60 
Beam Power on Target  
(MW) 

1440 1.01 

Linac Beam Duty Factor 
(%) 

6 4.0 

Beam intensity on Target 
(protons per pulse) 

1.5 x 1014  1 x 1014  
 

SCL Cavities in Service 81 80 

SUPERCONDUCTING LINAC STATUS 

The superconducting linac consists of 11 cryomodules 
each holding 3 medium beta cavities and 12 cryomodules 
each holding 4 high beta cavities.  This allows for a 
design energy gain from 185MeV to 1GeV.  Currently the 
33 medium beta (MB) cavities are operating slightly 
above specifications of 10MV.m and 47 of the 48 high 
beta (HB) cavities are operating slightly below design 
specifications of 15.5 MV/m.  One of the HB cavities has 
never been operated due to a damaged higher order mode 
coupler.  The superconducting cryomodule operating 
gradients are shown as a function of position in the linac 
in Fig. 4.  Cryomodule 12 was out of service and was 
repaired and installed in the linac in the January of 2009. 
Cryomodule 12 had several problems including high 
fundamental power coupling out HOM couplers in two of 
the cavities as well as vacuum leaks on the helium circuit 
and cavity to insulating circuit.  Repairs were made to this 
cryomodule and during the qualification testing plasma 
cleaning of the niobium surface was performed [1]. This 
was to test if this method would be useful for reducing 
field emission.  The plasma test was successful with gains 
of a few MV/m for some of the cavities after applying a 
very light processing equivalent to 1 minute of plasma on 
the surface.  Cryomodule 12 was then installed in the 
tunnel were it has been operating with gradients around 
the average for High Beta Cavities.  With the repair of 
cryomodule 12, 80 of the 81 superconducting cavities are 
operating in the linac.  Most of the cavities installed in the 
superconducting linac are primarily limited by field 
emission.  Data collected during operation, tune up and 
physic study periods on these cavities has led to a full 
optimization of the linac gradients to maximize energy 
gain and reduce trip levels to a reasonable number.  What 
was learned during this time was that the field emissions 
from one cavity can strongly all others in its cryomodule, 
what we call the collective effect.  The linac is now one of 
the most robust systems installed in the machine with a 
few trips per day.  So far no indication of degradation in 
gradient performance over time for these cavities has 
been identified.  This infers that the cavity field emission 
is very stable; gradients are not reducing or increasing 
with time operating.  With a successful attempt applying 
plasma cleaning to a fully assembled cryomodule, plans 
are to spend the next year studying plasma cleaning and 
developing procedures to apply this cleaning method to 
the installed linac cryomodules. Plans are to apply the 
plasma cleaning method to the HB and selective MB 
cavity in an attempt to achieve the superconducting linac 
design energy gain of 1GeV.  Currently the linac produces 
930MeV of energy gain with 10MeV of reserved control.     

If successful with this plan we will have established a 
new cleaning method for superconducting cavities which 
could be applied at any step of the qualification process.  
Currently qualifying superconducting cavities suffer from 
high failure rates during the qualifying process mainly 
due to field emission. 

 

Proceedings of SRF2009, Berlin, Germany MOODAU01

01 Progress reports and Ongoing Projects

63



 
Figure 4: Superconducting cavity operating gradients optimized for collective limits. 

 

THE POWER UPGRADE PLANS (PUP)

The power upgrade plan for the SNS beam energy was 
approved by DOE January of 2009 to critical decision 1 
(CD1).  The plan identifies an increase in the linac energy 
from 1 GeV to 1.3 GeV plus some reserve by adding 9 new 
HB cryomodules to the end of the superconducting linac.  
Along with the additional cryomodules, an accelerator 
improvement plan (AIP) for increasing the beam current 
from 26mA to 42mA was developed.   In order to be ready 
for PUP, several critical efforts are underway with regards 
to the superconducting linac.  First SNS would like to 
improve the performance of the linac cryomodules an 
collective energy gain of 930MeV to 1GeV by applying 
plasma cleaning to the installed cryomodules which a proof 
of principle has been demonstrated with reducing cavity 
field emission in the HB cavities.  Reducing field emission 
is a critical step if one wants to maximize the usable 
(collective) gradient of modules produced.  This 
development once demonstrated successful, can be directly 
applied to the PUP cryomodule fabrication plans.  Currently 
however there is not a clear understanding of why the HB 
cavities performance is dominated by field emission.  The 
second requirement before starting PUP is to adapt the 
existing cryomodule designs to meet 10CFR851 and more 
specifically the pressure vessel code.  Currently SNS is 
taking steps towards building the first spare HB cryomodule 
and through this process both cavity concerns are being 
addressed by studying field emission during the processing 
of these cavities and redesigning the cryomodule outer 
vacuum shell for ASME pressure vessel code requirements.  
This first cryomodule is critical to developing solutions to 
the existing problems and gaining experience and training 
personnel prior to the start of PUP.  

Field Emission Reduction 
A series of HB cavities are currently being qualified at 

Jefferson Lab in Newport News Virginia.   Currently what 
is known about the field emission in the HB cavities is that 

even though many of the processes have been improved 
since the original linac cavities were processed and 
qualified, the performance has not changed.  What seems to 
be  a mystery with these results is that the same procedures 
that are used on the ILC cavities (except for the chemistry) 
when applied to the HB cavities the HB cavities are still 
limited by field emission when ILC cavity performances are 
reaching 30MV/m with no sign of field emission.  A 
complication to sorting this performance difference out 
(ILC and HB) is the heavy multipacting barriers 
encountered with HB cavity testing.  The multipacting also 
generates many x-rays which can be confused with field 
emission.  Also during the testing of these cavities one 
cavity has extremely high amounts of radiation produced 
during its test cycle.  This cavity HB54 has had several 
processing cycles and the performance has not changed 
significantly even after extended high pressure rinses       
(68 hours) and cycles with no additional chemistry.  HB54 
has had a full internal inspection of the niobium surface an 
no defect or suspect defect was found.   

One ways identified to reduce the multipacting in the HB 
cavity is to remove the higher order mode resonant form tile 
hook.  One of the HB cavities has had both HOM hooks 
removed and is currently being E-beam welded to close the 
HOM post holes.  Tests are planned to study the cavity with 
no hooks to see if this improves the understanding of the 
contribution of x-rays generated from the HOM hook 
multipacting.   

Another avenue to reducing field emission seems to be to 
electropolish the cavity surface.  Electropolished cavities 
statistically, achieve higher gradients and have less field 
emission.  Plans are to also electropolish some of the HB 
cavities to determine if it should become part of the baseline 
procedure which is currently using a buffered chemical 
polish procedure.   
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 Modifying the SNS Cryomodules Design for 
Pressure Vessel Compatibility 

One year ago a decision made to move the pressure 
boundary of the SNS cryomodule from the cavity helium 
circuit to the cryomodule outside vacuum jacket and end-
can envelope.  The reason for this design change was due to 
the fact that the cavity and helium vessel materials are not 
listed materials in the ASME pressure vessel code.  By 
moving the boundary to the outside vacuum shell the 
problem of applying the code to the cryomodule became 
achievable in a reasonable amount of time. This decision 
was also based on a code interpretation that refers to tube 
heat exchangers where the pressure boundary can be moved 
from the high pressure tubes inside to the envelope of the 
heat exchanger body.  Advantages to moving the boundary 
condition to the cryomodule outside are many and here are 
a few important ones. All the SNS cryomodule vacuum 
shell materials are listed in ASME.  This means that the 
code rules are clear and can be directly applied without 
additional material testing.  The outside shell will never 
reach the cavity operating temperature of 2.1K due to 
flashing of the liquid.  Stainless steel, the boundary material 
has excellent toughness at cryogenic temperatures and is 
corrosion resistant. Using the cavity and helium jacket 
vessel as the boundary puts the material testing 
requirements at very low temperatures.  Additionally the 
outer vacuum shell and end can envelopes can be 
individually pressure tested without the cavity string 
inserted into the structure other words the all cavities may 
require pressure testing if the previous pressure boundary of 
the cavity helium circuit was utilized.   

 Currently the cryomodule vacuum shell and end-
can designs are being modified for applying the pressure 
boundary to these components.  Minor changes were 
required to material dimensions and flanged joints were 
added to the end of the vacuum shell. The end can design  
had more extensive changes including a dished head at the 
vacuum shell location and a round shape to the return and 
supply bayonet cans. 

CONCLUSIONS 
The Spallation Neutron Source has now demonstrated 

1MW beam power and has in doing so reached its DOE 
design goal.  This is a world record for pulsed neutron beam 
power and has established the SNS facility as a world class 
machine for neutron sciences experiments.   Currently steps 
are being taken to prepare for the power upgrade plan for 
the linac and ion source.  The superconducting linac is 
operating with good availability and plans are to develop a 
path forward to reduce field emission throughout the 
superconducting linac while building the first spare HB 
cryomodule.  Along with this effort a redesign of the 
existing cryomodule is underway to meet 10CFR851 
requirements.  Plans are to build out the first spare 
cryomodule within the next year.  
I would like to thank J. Galambos, S.H. Kim and S. 
Henderson for providing some of the materials to complete 
this document and for the many discussions explaining 
details of the machine performance and associated data and 
graphs. Also I would like to thank the SNS staff for all their 

hard work bringing this machine up to its design goal of 
1MW, this effort has produced a world class facility for 
basic energy sciences. 
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STF STATUS AND PLANS

H. Hayano, KEK, Ibaraki

Abstract

The superconducting RF test facility (STF) in KEK is
aiming to promote R&D of superconducting linear acceler-
ator to be used in the International Linear Collider (ILC).
The phas·10−1 STF construction was completed in 2008.
They included high power RF operation of four 1.3GHz SC
cavities in the short-cryostat and infrastructure construction
to support the superconducting accelerator module fabrica-
tion. The new phase, STF phas·10−2 plan is aiming to re-
alize ILC RF unit construction and demonstration its per-
formance together with preparation and study of industrial
production. We will construct 12m-long ILC-RDR cry-
omodules including total 26 superconducting cavities and
1 SC quadrupole magnet. It has also ILC structure elec-
tron beam generated by a photo-cathode RF gun and con-
ditioned by following two SC capture cavities. Phas·10−2
also includes the compact bright X-ray source development
referred as ‘quantum beam project’ which is founded by the
MEXT as an intermediate milestone. The industrialization
of cavity fabrication and cost reduction is also one of the
targets of this phas·10−2 construction. This paper summa-
rized the STF phas·10−1 results and conclusion, and plans
of phas·10−2.

CONTRIBUTION NOT
RECEIVED
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STATUS OF THE SPIRAL 2 PROJECT AT GANIL  

 T. Junquera#, on behalf of the Spiral 2 project team         
IPNO, CNRS/IN2P3, Univ. Paris Sud, Orsay, France                                      

Abstract 
Spiral 2 is a new European facility for Radioactive Ion 

Beams being constructed at the GANIL laboratory (Caen, 
France). Based in a High Intensity multi-ion Accelerator 
Driver (Superconducting Linac), delivering beams to a 
High Power Production system (converter, target, and ion 
source), producing and post-accelerating Radioactive Ion 
Beams with intensities never reached before. The 
preliminary safety report was released at the beginning of 
2009, opening the official nuclear licensing procedures. 
Detailed studies of buildings, tunnels, and associated 
infrastructures were also finalized, allowing initiating 
ground works in 2010. The major components of the 
accelerator (injectors and Linac), have been presently 
ordered. The Superconducting Linac Accelerator 
incorporates many innovative developments around the 
Quarter-Wave Resonators and their associated cryogenic 
and RF systems.  The first operation is scheduled for 2012 
with an initial experimental program prepared within a 
large international collaboration with many institutions 
and laboratories around the world. 

INTRODUCTION 
The GANIL facility [1] (Caen, France) is one of the 

major Rare (or Radioactive) Ion Beam (RIB) and stable-
ion beam facilities for nuclear physics, astrophysics and 
interdisciplinary research in Europe. Since the first beams 
delivered 25 years ago, the performances of the GANIL 
accelerator complex, was constantly improved with 
respect to the beam intensity, energy and available 
detection systems (the new Spiral facility is operated from 
2000). In recent years, RIBs, have been recognized by the 
international scientific community as one of the most 
promising avenues for the development of fundamental 
nuclear physics and astrophysics, as well as in 
applications of nuclear science. 

Between the existing and the next-generation facilities 
(FAIR project in GSI-Germany, and EURISOL), Spiral 2 
is an intermediate-generation facility which meets the 
criteria of European dimension in terms of physics 
potential, site and size of the investment as it was 
recognised in the ESFRI (European Strategy Forum on 
Research Infrastructures) roadmap.  

The French government approved the construction of 
SPIRAL 2 facility at GANIL, in 2005. Its construction 
cost (200 MEuros) is shared by the French funding 
agencies CNRS/IN2P3 and CEA/DSM, the regional 
council of Basse-Normandie and international partners. 
The construction of the SPIRAL 2 is supported by the EU 
FP7 through the Preparatory Phase contract since 2008. 

SCIENTIFIC CASE OF SPIRAL 2 
A complete presentation of the scientific case of the 

facility, going beyond the scope of this contribution, can 
be found in the White Book of SPIRAL 2, the Letters of 
Intent and the Technical Proposals for SPIRAL 2 (see ref. 
[2]). Hereafter a few examples of a rich and multipurpose 
scientific program [3]: 

• Physics of Exotic Nuclei and Nuclear Astrophysics: 
basic nuclear science research, trying to establish a 
bridge between the nucleon-nucleon interaction 
inside a nucleus and the underlying quarks and 
gluons as well as understand the mechanism of 
interaction between nuclei. This research progresses, 
in particular, using nuclei with unusual neutron-to-
proton ratios, artificially produced in laboratories. 

• Neutrons for Science: One of the more interesting 
possibilities, with the SPIRAL2 facility is related to 
the production of a high neutron flux in the energy 
range from several hundreds of keV up to about 40 
MeV. The facility will offer a unique opportunity for 
material irradiations and cross-section 
measurements, both for fission-related topics 
(notably Accelerator Driven Systems and 
Generation-IV fast reactors) and for nuclear fusion-
related research. 

• Research with high intensity stable beams delivered 
by the SC Linac: An experimental hall will be 
dedicated to the experiments with the Super 
Spectrometer Separator (S3) and in-flight production 
of exotic nuclei using LINAC heavy-ion beams. The 
most important physics topics to be addressed with 
this top-level equipment are nuclear haloes, N=Z 
nuclei, nuclear structure studied via deep-inelastic 
collisions as well as physics and chemistry of heavy 
and super heavy nuclei. The S3 will also provide 
access to many short-lived isotopes of refractory 
elements which are difficult to produce using ISOL 
technique. 

LAYOUT AND PERFORMANCES OF THE 
SPIRAL 2 FACILITY 

The SPIRAL 2 facility (Fig. 1) is based on a high-
power, superconducting linac driver, which will deliver a 
high-intensity, 40 MeV deuteron beam as well as a 
variety of heavy-ion beams with mass-to-charge ratio of 3 
and energy up to 14.5 MeV/nucleon. A possibility of 
construction of a second injector for heavy-ions with a 
mass-to-charge ratio 6-7 has been integrated in the base-
line design of the facility. 
 _____________________    

# junquera@ipno.in2p3.fr 
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The main RIB production scheme of SPIRAL2 is based 

on the fast-neutron induced fission of uranium target. 
Using a carbon converter, a 5 mA (CW) deuteron beam 
and a high-density (up to 11 g/cm3) 2.3 kg uranium 
carbide target, the fission is expected to reach a rate of up 
to 1014/s.  The intensities of the  post-accelerated  RIB in 
the mass range from A=60 to A=140 will be of the order 
of 106 to 1010 particles/s (pps) surpassing by one or two 
order of magnitude existing facilities. For example, the 
intensities should reach 109 pps for 132Sn and 1010 pps for 
92Kr. A direct irradiation of the UC2 target with beams of 
protons or 3,4He can be used if higher excitation energy 
leading to higher production rate for a specific nucleus of 
interest or if much smaller targets with fast release 
properties are required. The heavy and light-ion beams 
from LINAC can also be used directly on different 
production targets to produce high-intensity light RIB 
with the ISOL technique. 

The extracted 1+ radioactive ions will be subsequently 
injected to the 1+ / n+ charge breeder (ECR ion source) 
and post-accelerated to energies of up to 20 MeV/nucleon 
(up to 7-8 MeV/nucleon for fission fragments) by the 
existing CIME cyclotron. Thus, using several different 
production mechanisms and techniques, SPIRAL 2 would 
allow users to perform experiments with a wide range of 
neutron- and proton-rich nuclei far from the line of 
stability. One of the important features of the future 
GANIL/SPIRAL1/SPIRAL2 facility will be the 
possibility to deliver up to five stable or radioactive 
beams to different users simultaneously in the energy 
range from keV to several tens of MeV/nucleon. 

The civil construction of SPIRAL2 is divided into two 
phases (Fig 1). The first one (LINAC buildings and 
associated experimental areas) is going to begin in 2010 
with a goal to provide first stable-ion beams in 2012. The 

second phase (RIB production building and DESIR 
facility) will start in 2011 aiming to begin the operation in 
2013-2014. The construction of LINAC is already well 
advanced with, in particular, the serial production and 
tests of super-conducting cavities, ion sources and beam-
line components. 

The reference planning was adopted in September 2007 
(Fig.2). The present situation is displayed in the same 
graph, showing how several major milestones 
(safety/licensing procedures and buildings contracts) were 
accomplished during the past months, and confirming the 
initial project schedule with only a few months of delay.  

 

 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  The Spiral 2 reference planning and present 
situation of the major project milestones. 

CONSTRUCTION OF THE DRIVER 
ACCELERATOR 

The baseline layout of the Driver Accelerator (Figure 3) 
was frozen in October 2006 [4]. At this date the design of 
the main components was launched and, today, only 
minor aspects have significantly changed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Layout of the GANIL/SPIRAL existing and future SPIRAL2 facilities. 
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Figure 3: Spiral 2 Driver Accelerator.  
 

In Table 1 are presented the accelerated ions with 
their intensities and energy ranges. In Table 2, a list of 
the main components. 

Table 1: Driver Accelerator Beams  

beam p+ D+ ions ions 

Q/A 1 1/2 1/3 1/6 

I (mA) max. 5 5 1 1 

Womin(Mev/A) 2 2 2 2 

Womax(Mev/A) 33 20 14.5 8.5 

CWmax beam 
power (KW) 

165 200 44 48 

 

Table 2: Driver Accelerator Characteristics 

     Total length: 65 m (without HE lines) 

      D+ : ECR ion source 
      Heavy Ions:   ECR Ion Source 
      Slow and Fast Chopper  
      RFQ (1/1, 1/2, 1/3)   &   3 re-bunchers 
      Frequency: 88 MHz 
      12 QWR beta 0.07 (12 cryomodules) 
      14 QWR beta 0.12 (7 cryomodules) 
      1 KW Helium Liquifier (4.2 K) 
      Room Temperature Q-poles 
      30 Solid State RF amplifiers (10 & 20 KW) 

 

Injector 
Complete tests of the two ion sources are planned in 

parallel with the buildings construction, before their 
final installation in the Linac tunnels. The Heavy Ions 
source with its mass analyzer and beam diagnostics are 
presently being tested in the CNRS/LPSC laboratory in 
Grenoble. First beams were obtained at the beginning 
of this year, and a complete test program, including the 
test of a new ECR source with SC coils. 

The light ion source (protons and deuterons) with its 
beam transfer line and diagnostics are tested in the 
CEA/Saclay laboratory. Different test phases, including 

beam characteristics measurements, beam diagnostics, 
and other beam handling equipments, are proposed for 
one complete year, starting in December 2009 and 
finishing beginning of 2011.   

The construction of the RFQ cavity, under the 
responsibility of CEA Saclay laboratory, has started 
this year. A 4-vanes copper cavity composed of 5 
sections, 1 meter long each, dissipating 240 KW, with 
an electrode voltage of 110 KV and output energy of 
0.75 AMeV.  The first section will be delivered and 
tested before the end of this year, with the goal to 
assembly and test the complete cavity in the tunnel 
mid-2011.  

 SC Linac 
The SPIRAL2 SC Linac  [5] [6], is composed of 2 

families of 88 MHz SC QWR resonators (β=0.07, 
β=0.12), which permits the acceleration of all ions and 
energies mentioned in table 1. The basic principle of 
this design was to install the SC resonators in separate 
cryomodules (1 QWR per cryomodule in the β=0.07 
section and 2 QWR per cryomodule in the β=0.12 
section).  

 

     
Figure 4:  SC Linac Cryomodules. 

Between each cryomodule (Fig. 4), beam focusing is 
performed by means of 2 warm quadrupoles with short 
vacuum/diagnostics boxes in between. Even if the 
cryogenic losses are higher, compared to other designs 

 β: 0.07 

 β: 0.12 
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implementing 4, 5 or 6 resonators in a cryomodule, it 
offers several major advantages: flexible beam tuning 
system with RT Q-poles, space for beam diagnostics at 
room temperatures and optimized mechanical supports 
with precise alignment possibilities. 

The two families of resonators have been developed 
in parallel by two partner laboratories (CEA Saclay for 
the β=0.07, and IPN Orsay for the β=0.12).   
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Figure 5: β=0.07 QWR tests at 4.2 K.  
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Figure 6: β=0.12 QWR tests at 4.2 K.  

The results of all QWR tests are presented in Fig. 5 
and 6. For the β=0.07 QWR it includes one prototype 
and the two pre-series resonators (fabricated by SDMS 
and Zannon companies). For the β=0.12 QWR only the 
first 6 series resonators (fabricated by RI company) are 
presented. All these results confirms the good quality 
The reproducibility is very good, nearly all the 
resonators have reached an accelerating gradient close 
to 10 MV/m (corresponding to Epk values of 50 
MV/m), compared to the design goal of 6.5 MV/m. 
The Q0 at this nominal value is higher than 109 at 4.2 
K, which corresponds to a thermal load of 10 W per 
resonator. 

A very challenging goal has been also reached  
during fabrication procedures: for nearly all resonators, 
controlled after manufacturing, the frequency was 
within the ± 20 KHz range, and the beam axis 
alignment (between inner electrode and beam ports) 
better than 0.4 mm.  

The two first cryomodules have been tested during 
the last year (Fig. 7 and 8) in complete cryogenic and 
RF conditions. Many tests covering all the aspects have 
allowed the launch of the series fabrication of all 
components, including the cryogenic interface boxes 
integrating regulation and process valves. 

 
Typical results obtained in these tests: 
• Resonators dynamic losses: 10 W   
• Static cryogenic losses: between 10 en 15 W, 

including cryomodule, valve box and transfer line. 
• RF power levels between 5 and 10 KW were 

injected into the cavities. 
 

              
Figure 7:  Cryomodule type A (β=0.07). 

 

             
Figure 8: Cryomodule type B (β=0.12). 

The frequency tuning system of the two types of 
resonators is different: mechanical deformation of the 
resonator external body for the β=0.07, and a new 
plunger system located on the high magnetic field side 
of the resonator for the  β=0.12 (Fig. 9). This system 
can be implemented in two ways: fixed or adjustable 
plungers to compensate frequency shift and for fine on-
line frequency control. 

The RF power couplers, are developed by the 
CNRS/LPSC laboratory in Grenoble [8]. These 
couplers have a fixed coupling position on the cavities, 
so the Qext adjustment must be done for the maximum 
current to be accelerated (5mA).  The nominal CW RF 
operating power ranges between 5 KW and 15 KW. 
During the initial prototyping phase several couplers  
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Figure 9: Resonators Frequency tuning with plungers.  

were conditioned and tested at high  power (40 KW), 
giving very useful information on multipacting and 
conditioning procedures. Some of these prototypes 
have been installed and tested at full power in the 
cryomodules (Fig. 10). The contracts for the series 
production (28 couplers) were finalised beginning of 
2009, and the first couplers have been recently 
delivered. 
 

    
Figure 10:  RF power coupler. 

RF  Systems 
The RF system design proposed for Spiral 2 (Fig. 11) 

is based on two main components: 
• Solid State amplifiers with external full power 

circulators  (developed by GANIL laboratory) 
• Digital Low Level RF system  incorporating 

frequency tuning control (developed by CEA 
Saclay) 

 

 
Figure 11:  RF power and LLRF systems. 

The basic unit amplifier is a commercial 10 KW 
model developed for FM broadcasting applications. It 
is composed by 4  modules of 3 KW and adapted for 
the accelerator specifications [9]. Two 10 KW 
amplifiers can be coupled to obtain 20 KW (Fig. 12). 

Both models (10 and 20 KW) have been extensively 
tested in a special test-bench installed in the GANIL 
laboratory, and, later, powering the QWR during the 
cryomodule tests at the locations of Saclay and Orsay 
laboratories. Some improvements have been proposed 
and the series contract is in preparation for the end of 
this year. 

  

    
Figure 12: (left) two 10 KW combined to deliver 20 
KW, (right) 10 and 20 KW circulators. 

 The control of all RF cavities of the Driver 
Accelerator (SC resonators, RFQ cavity and re-
bunchers resonators installed between the RFQ and the 
SC Linac), will be performed by a new Digital Low 
Level RF system which is presently under 
development. The first prototypes must be tested with 
SC resonators before the end of this year.  These 
systems include VME interfaces, and perform 
independent amplitude and phase control of each 
cavity, as well as the accurate control of its QWR 
associated tuning system. 

SPIRAL 2   SAFETY  ASPECTS   
Spiral 2 is the first major facility for nuclear research 

to be concerned by a recent new law (2007) regulating 
the nuclear related facilities in France. GANIL is 
already a nuclear facility and, for Spiral 2 
authorizations, it is considered as an extension of the 
existing facility. During the last three years preliminary 
safety studies and initial talks with the National 
Nuclear Safety Agency have resulted in a final 
agreement for the licensing procedure: A global Safety 
Assessment report for Spiral 2 project will be 
presented, leading to a single Ministry Authorisation 
Decree with several steps.  

This report must include: 1) Preliminary Safety 
reports of the two phases. 2) Operating ranges of the 
whole facility. 3) Study of the impact on the 
environment. 

The preliminary report covering the Phase 1 
(Accelerator and first experimental areas) was 
completed and presented to the authorities in April 
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2009. The complementary reports covering Phase 2 
(RIB production and associated experimental areas) 
will be released at the end of this year. 

Table  3 : Spiral 2 Operational Dose Rates  

  Technical Staff 
People and 

Environment 

Normal 
operation 

< 2 mSv/year < 10 µSv/year 

Incidental 
situation 

< 10 mSv/year < 10 µSv/incident 

Major 
incident 

< 20 mSv/incident < 100 µSv/incident 

Major 
accident 

Variable, according 
to situation and 
potential impact 

< 1 mSv/accident 

• offices, labs and workshops limit:  7. 5 µSv/h 
• maintenance operations limit:  100 µSv/h 

 
The Radiation Dose Rates goals adopted by the 

Spiral 2 project (Table 3) have important consequences 
on the design of the Linac accelerator and associated 
buildings.   

Concerning the beam losses in the SC Linac and 
High Energy lines, the main goal is to operate with a 
maximum level of 1 W/m. This is supported by 
extensive beam dynamics calculations [7], taking into 
account both the corrected and uncorrected errors.  
These errors were introduced in a statistical way for 
1400 different Linac configurations and 1 million 
macro-particles trajectories were analyzed for each 
configuration resulting in a total integrated loss of 0.02 
W for the whole  linac), and maximum localised 
losses.peak of 0.64 W. The radioprotection calculations 
were performed with distributed losses of 0.6 W/m or 
the cryomodules and 0.2 W/m at the level of Q-poles. 
To operate within the dose rate limits adopted by the 
project, the following shielding characteristics are 
necessary: floor level of tunnels for Linac and High 
Energy lines at –9.5 m, concrete walls of thickness 80 
cm around tunnels and 3 m of earth filling above the 
tunnels upper wall). This shielding allows operating 
with some margin on the distributed losses, and 
accepting localised undetected losses of 50 W for long 
time periods. 

 PHASE 1 BUILDINGS 
During the last two years an intensive work has been 

developed for the definition of the buildings technical 
specifications, followed by a contract (November 
2008) for detailed studies and construction works of 
the Phase 1 buildings (Accelerator, Experimental 
Areas, and Infrastructures). A detailed schedule was 
recently proposed: beginning of ground works in June 
2010, with a progressive availability of different 
tunnels and buildings between May and October of 

2011. A major decision on buildings constructing 
principles was to install all facilities underground. The 
level of Linac tunnel floor will be -9.5 m with a beam 
axis at  -8 m and an available tunnel height of 6 m. Two 
major design guidelines oriented this choice: 
earthquake event and external aggression resistance, 
and radioprotection shielding. A technical tunnel 
running parallel to the Linac tunnel and other 
equipment rooms will allow to install all cables, water 
cooling and some RF and electronics components that 
must be located in the linac proximity. 

All the technical activities (labs and workshops, 
including the SC cavities preparation area, clean room 
and cryogenics tests) will be installed at ground level. 
The RF amplifiers and the Helium liquefier will be also 
installed on top of the Linac minimising the distances 
to the cryostats and RF couplers. Total surfaces of the 
two levels, including the wall thickness are 8300 m2. 
Figure 13 shows a cut view of the underground tunnel, 
at the level of the cryogenic line connection. The 
access to the Linac tunnel for components installation 
is made through special pits and elevators.  

    

 
Figure 13: Underground Linac tunnel.  

 

CONCLUSIONS 
Many technical aspects and developments of the 

Spiral 2 project and proposed physics programs are not 
covered in this paper, particular emphasis is given to 
the topics of relevant importance for this high intensity 
accelerator, together with general information on the 
Linac design aspects, safety, and buildings. Other very 
challenging topics in this project are the Radioactive 
Ion Beams production, its licensing aspects and the 
associated buildings and infrastructures. These topics 
are far beyond the scope of this .conference, but 
interesting and useful information about the design and 
prototyping developments can be obtained in the 

Beam axis  
     - 8 m 
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project Web site [2]. More recently, the preparation of 
the first experiments with Spiral 2 have been discussed 
in a recent Scientific Advisory Committee, confirming 
the interest of the international community for the 
performances offered by  this new facility. 
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Abstract 
The Soreq Applied Research Accelerator Facility, 

SARAF, is currently under construction at Soreq NRC. 
SARAF is based on a continuous wave (CW), 
proton/deuteron RF superconducting linear accelerator 
with variable energy (5–40 MeV) and current (0.04-2 
mA). Phase I of SARAF consists of a 20 keV/u ECR ion 
source, a low energy beam transport section, a 4-rod RFQ, 
a medium energy (1.5 MeV/u) transport section, a 
superconducting module housing 6 half-wave resonators 
and 3 superconducting solenoids, a diagnostic plate and a 
beam dump. Phase II will include 5 additional 
superconducting modules. The RFQ is in routine 
operation with protons since 2008 and has been further 
operated with molecular hydrogen and deuterons at low 
duty cycle. RF conditioning of the RFQ to enable 
deuteron CW acceleration is on going. The RF fields and 
dynamic cryogenic losses of the superconducting module 
have been measured with a VCO and the phase and 
amplitude stability at high fields has been measured with 
the SARAF LLRF system. Furthermore, proton and 
deuteron beams have been accelerated through the 
superconducting module. These were the first ever ion 
beams to be accelerated through half-wave resonators. 
Recent SARAF Phase I commissioning results are 
presented. 

SARAF OVERVIEW 
SARAF is currently under construction at Soreq NRC 

[1]. It will consist of a medium energy (up to 40 MeV) 
high current (up to 2 mA, CW, upgradeable to 4 mA) RF 
superconducting linac of protons and deuterons, beam 

lines and a target hall with several irradiation stations. A 
schematic layout of the facility is given in Fig. 1. Details 
on its required parameters and a technical description of 
its components are given in [2]. 

Due to the technical novelty in the accelerator, the 
project has been divided to two phases. Phase I includes 
the ECR ion source, the RFQ, a prototype 
superconducting module (PSM), a diagnostic plate (D-
Plate) and a beam dump (See Fig. 2). Phase I further 
includes the design of the full accelerator (based on beam 
dynamics simulations [3]) and the design and risk 
reduction of foreseen applications. Phase II includes 
construction of rest of the accelerator and its applications. 

This paper present recent commissioning results of 
SARAF Phase I. A brief summary of the RFQ 
conditioning effort is given. The emphasis is on the PSM 
and on beam operation results of both protons and 
deuterons. 

PHASE I COMMISSIONING 
The SARAF accelerator is designed, manufactured, 

installed and commissioned by RI Research Instruments 
GmbH [4], in collaboration with Soreq NRC personnel. 

Phase I is fully installed on site. The ECR source is 
routinely operated. Details on its construction and 
commissioning can be found in [5].  The RFQ and PSM 
are still under intense commissioning, which is described 
in the following sub-sections. In parallel to 
commissioning each of the components, beam operation 
with both protons and deuterons through the RFQ and the 
PSM has been demonstrated and is described in detail 
below.  

 
Figure 1: Schematic layout of SARAF. The PSM includes 6 β=0.09 HWR cavities. The first Phase II SC module 
includes has the same lattice. The latter 4 modules each include 8 β=0.15 HWR cavities.  
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Figure 2: Schematic view of SARAF Phase I. 

RFQ 
The SARAF RFQ is a 176 MHz 4-rod CW RFQ [6]. 

The main challenge in this RFQ is removing 250 kW 
from its ~3.8 meter rods, an unprecedented heat density.  

The RFQ commissioning is comprised of two processes 
which are being executed in parallel: RF conditioning up 
to 65 kV, the voltage that is required for deuteron 
acceleration and beam commissioning, mainly with 
protons that require half of the deuteron field. 

The RF conditioning effort is ongoing for the last three 
years. Work up to September 2008 yielded unstable 
results, which enabled deuteron operation with a duty 
cycle not higher than 15% [7].  

During February 2009 the RFQ rods were dismantled 
and re-machined in order to circumvent extensive field 
emission between the bottom part of the rods and the 
stems of the opposite voltage rods. Following two months 
of conditioning, it was possible to reach the nominal 
deuterons power, 260 kW, with a duty cycle of 80% for 
periods of up to 30 minutes [8]. 

The latter conditioning campaign ended when one RF 
blade of one of the RFQ tuning plates melted. This plate 
was replaced, but a different RF blade melted. When the 
RFQ was opened to replace the tuning plate, it was 
discovered that the low energy plunger partially melted as 
well (See Fig. 3).  

 
Figure 3: View of the open RFQ from above the rods. 
Note the melted plunger tip and the burned RF blade in 
the tuning plate's left side. 

In parallel, it became evident during conditioning that 
above 200 kW, the RFQ end plates' temperatures are 
continuously rising and RF trips occur before they reach 
thermal equilibrium. 

The above results prompted an intensive, detailed, 3D 
finite element simulation of RF fields and surface currents 
and the subsequent heat loads in several RFQ regions. 
This effort resulted in new designs for the tuning plates, 
end plates and plungers. Details of the simulations and 
new design are beyond the scope of this paper and will be 
presented in another publication. The new components 
were installed in the RFQ in August 2009 and currently it 
is under conditioning. 

Although the SARAF RFQ is still not performing up to 
its design goals, its recent upgrade emphasized a main 
advantage of the 4-Rod RFQ, namely the relative 
simplicity of opening it and replacing its components.  

PROTOTYPE SUPERCONDUCTING 
MODULE (PSM) 

The PSM includes six 176 MHz, β=0.09 half wave 
resonators (HWR) made of bulk Nb and three 6 T 
superconducting solenoids inserted amongst them. A 
drawing of the PSM is given in Fig. 4.  

 
Figure 4: The SARAF PSM, containing 6 SC HWRs 
(β=0.09) and 3 SC solenoids (reproduced from [9]). Beam 
height is 1400 mm above floor. 

Details of the PSM manufacturing, design parameters 
and cavity vertical cold tests are described in Ref. 9. 

The results of the first acceleration of protons through 
the PSM, with only the first three cavities, were presented 
in Ref. 8. Recent RF commissioning of the PSM and 
preliminary beam operation results are given in Ref. 10.  

In the following we describe in more detail recent beam 
operation through the PSM. A deuteron beam has been 
passed through a detuned PSM and a proton beam was 
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accelerated by all 6 cavities working in parallel under the 
control of the SARAF LLRF system [11]. 

Deuteron beam operation 
A deuteron beam has been passed through a detuned 

PSM in order to measure the needed RFQ power for 
deuteron operation and to check the alignment of all 
Phase I components (Fig. 2). 

The deuteron beam was with a low duty cycle of 10-4 
(100 μsec pulses at a frequency of 1 Hz). The 
instantaneous current at the LEBT was 4.6 mA. The RFQ 
power was administered at a duty cycle of 10%, to ensure 
continuous operation at and above the expected nominal 
power. We measured the summed signal of the two 
MEBT BPMs, the beam current at the D-Plate Faraday 
Cup and the beam energy by extracting Time-of-Flight 
from the two D-Plate phase probes, which are 1.2 m apart. 
Details of Phase I beam diagnostics are given in Ref. 12. 

The results for beam energy and current measurements 
at the D-Plate and MEBT are given in Figures 5 and 6. 

 
Figure 5: Deuteron beam energy and instantaneous 
current at the D-Plate, following acceleration at the RFQ 
and drift through the detuned PSM. The dashed red line 
marks the deduced optimal RFQ power. 

Fig. 5 shows that the beam reaches its nominal energy 
of 3 MeV at an RFQ power lower than the value needed 
to reach maximum transmission. This has been observed 
also for proton beams [13] and is consistent with beam 
dynamics simulations [14]. 

 
Figure 6: Deuteron MEBT BPMs signals and 
transmission through RFQ+PSM, from the D-Plate 
Faraday Cup current divided by the LEBT current. The 
dashed red line marks the deduced optimal RFQ power. 

Fig. 6 shows that the maximum transmission is 
approximately 59%. Quantitative comparison between 
transmission through the RFQ and the PSM is not 

possible at this point, since the MEBT BPMs are not 
calibrated to provide a beam current measurement. 
However, the similarity of the patterns indicates that the 
beam transmission is dictated by the RFQ. This result is 
lower than the previously reported value of 70% [7], 
probably because the beam current and emittance at the 
RFQ entrance were lower at the previous run, as 
discussed in the proton beam transmission sub-section. 

The results of Figs. 5 and 6 indicate that the nominal 
RFQ power for deuteron operation should be 252-253 
kW. This value includes beam (approximately 7 kW in 
this case). This value is slightly higher than 4 times the 
nominal RFQ power for protons, which was recently 
measured to be 58 kW. The source of this increase is not 
clear yet, since recent comparisons between the RFQ 
voltage and the input power show no significant losses 
due to dark current. Notice that the nominal power for 
protons was reduced with respect to the value given in 
Ref. 13, due to the re-machining of the RFQ rods [8]. 

Fig. 7 shows deuteron beam transverse profiles at the 
D-Plate, as a function of the RFQ power duty cycle. 

 

 
Figure 7: Transverse beam profiles of the deuteron beam, 
when accelerated by the RFQ and passed through the 
detuned PSM. Profiles are given for several RFQ power 
duty cycles. Top: Horizontal. Bottom: Vertical. 

It can be seen that the X profile is slightly wider and off 
center by approximately 5 mm, whereas the Y profile is 
sharper and centered. The Y profile was centered by 
adjusting the field in the quadrupole situated between the 
PSM and the D-Plate, whereas the X profile was less 
sensitive to this device. This indicates that the beam 
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entered that quadrupole off its axis in the Y plane. The 
steerers down stream of the PSM were not used. 

Fig. 7 further shows that up to a duty cycle of 30% In 
the RFQ power, there is hardly an effect on the beam 
profile, which indicates that there are no significant 
thermal movements of the rods in the average power 
range of 26 through 78 kW.  

Proton Beam Operation 
A proton beam at a duty cycle of 10-4 has been 

accelerated through the PSM with all six cavities in 
operation, up to energy of 3.7 MeV. The RFQ power was 
CW. Stable operation was limited to 15-20 minutes, 
mostly due to instabilities induced by cavities 4 and 5. 

The accelerator parameters were set based on beam 
dynamics simulations using the code TRACK [15]. Due 
to the distance of about 1 meter between the RFQ exit and 
the first PSM cavity, the latter must be used as a buncher. 
Bunching takes place as the beam drifts through the 
second cavity and acceleration starts only at the third one. 
This is clearly demonstrated by beam dynamics 
simulations [3]. The PSM cavities voltages and 
synchronous phases that were used in the 3.7 MeV 
protons run are given in Table 1. 

Table 1: Accelerating voltages and synchronous phases 
for the 3.7 MeV proton beam run. The corresponding 
Epeak and Eacc are given for reference. 

Cavity 
Acceleration 
voltage [kV] 

Epeak 
[MV/m] 

Eacc 
[MV/m] 

Synchronous 
Phase [deg] 

1 150 4.5 0.9 -95 
2 85 2.6 0.5 0 
3 700 21.0 4.3 0 
4 550 16.5 3.4 -20 
5 550 16.5 3.4 -20 
6 900 27.0 5.6 -20 

 
The values of Eacc were extracted from the 

acceleration voltage by using the acceleration length 
Lacc=(n_gap/2)·β·λ, where β=0.094 and λ=1.70 m for the 
PSM's 176 MHz cavities.  

Tuning the PSM cavities was performed by rotating the 
phase at low accelerating voltage (usually around 150 – 
200 kV), finding the phase where the beam energy is 
maximal, and then setting the phase to the synchronous 
value that is given in Table 1. An example of a cavity 
tuning in this run is given in Ref. 10. 

The beam energy increase along the PSM is given in 
Fig. 8. These beam energy measurements were performed 
via the Time-of-Flight method, using two phase probes at 
the D-Plate. In addition, the simulated energy values after 
each cavity are given, and good agreement is obtained. 

The above run was repeated in the following day and 
the results were consistent with the original one. In this 
run, beam energy was measured also via Rutherford 
scattering off a gold foil, using the SARAF beam halo 
monitor [16]. The Rutherford scattering and ToF results 
were consistent, as can be seen in Ref. 10. 

 
Figure 8: Proton beam energy increase along the PSM 
cavities. RFQ exit energy is included. Measurement 
results are consistent with bean dynamic simulations. 

As mentioned above, stable operation with six cavities 
was not possible continuously for more than 15-20 
minutes. By that time, one of the cavities, usually 4 or 5 
will have tripped. The recovery time was several minutes, 
but this prevented beam emittance measurements. 

A possible explanation of the observed instabilities 
might be insufficient processing of cavities 4 and 5. 
Operation at medium acceleration voltage of these 
cavities might cause significant changes in the power load 
of the cryoplant, which in turn cause liquid Helium 
pressure variations that trip the cavities. To avoid this 
problem in general, the cavities' heaters are controlled by 
the LLRF, to ensure that the total (heater + RF) power 
from each cavity is constant. This level was set to 9 W per 
cavity in this run. Fig. 9 shows the cryoplant trends 
during the six cavity run and during the run with cavities 
4 and 5 detuned. A clear correlation between the stability 
of cryoplant power (depicted by the LHe inlet valve 
opening trend) and that of PSM operation is observed. 

 
Figure 9: Cryoplant trends during the proton beam runs 
with six and four cavities. As long as the cryoplant power 
(PSM LHe inlet valve opening) is unstable, numerous 
trips occur. Stable power is related to excellent pressure 
stability (< ±1.5 mbar) and continuous operation.  

Based on Ref. 10, it is possible that cavity 4 generated 
much more than 9 W while in operation, but cavity 5 
seemed to produce lower power. Subsequent tests of the 
LLRF modules exhibited frequent spikes in module #5, 
which might have caused some of the observed trips. 
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Proton Beam Transmission 
For the run described above, the proton beam 

transmission from the LEBT to the D-Plate was only 42% 
(2.1 mA instantaneous current at the D-Plate, with respect 
to 5.0 mA at LEBT), significantly lower than the 
abovementioned deuteron value (59%) and the previously 
reported proton value (60%) [8]. Based on Fig. 6, this is 
due solely to the RFQ. Subsequent proton runs at lower 
instantaneous current exhibit higher transmission, up to 
approximately 70% at 2.1 mA. An RFQ transmission 
increase at reduced current was previously observed [7]. 
Since the LEBT deuteron emittance is better than for 
protons, and the LEBT proton emittance at 2.0 mA is 
better than at 5.0 mA [7], it is probable that the 
transmission reduction is due to increased LEBT 
emittance.  

Nevertheless, since the previous proton result was 
recorded before re-machining the RFQ rods, we 
investigated whether the re-machined rods might reduce 
the transmission. The RFQ electric field has been 
originally tuned with tuning plates that altered the cells' 
resonance frequency and relative field value. This resulted 
in a generally uniform field with variations of 5% peak to 
peak [6]. When the rods were re-machined [8], the cells' 
capacitance was significantly reduced. In order to re-tune 
the RFQ, tuning plates had to be lowered or even 
removed. Unfortunately, the overall effect was not 
enough. The rods themselves were slightly shifted to 
increase the capacitance, but all in all, the field uniformity 
was significantly reduced, as can be seen in Fig. 10. 

 
Figure 10: RFQ relative electric field profile before and 
after the rods re-machining. The large variation at the 
RFQ downstream side might be a partial cause of the 
decreased beam transmission.  

Beam dynamics simulations using the above two RFQ 
field distributions are given in Fig. 11. It is seen that the 
existing distribution reduces beam transmission by less 
than 5%. The additional beam loss is in the high energy 
part of the RFQ. This is consistent with Ref. 6, where a 
simulated field decrease of 70% in part of the RFQ causes 
a decrease of 15% in transmission.  

In conclusion, although the existing RFQ field 
distribution might account for some of the transmission 
reduction, there are probably additional causes. One 

should note that the given beam dynamics results are for a 
perfectly aligned beam, entering the RFQ with transverse 
emittance of 0.2 π·mm·mrad. Slight relative misalignment 
between the LEBT and the RFQ and a larger LEBT 
emittance might increase the non-uniform field effect. 

 
Figure 11: Simulated beam loss along the RFQ based on 
the original field profile (yellow) and the existing field 
profile (pink). The light and dark blue profiles are for the 
existing profile with a voltage higher by 1 and 3 kV, 
respectively. Each macro particle corresponds to 8 nA of 
actual beam.  

Longitudinal Emittance of Protons 
In order to obtain quantitative measurements of the 

accelerated proton beam, we detuned cavities 4 and 5, and 
with the remaining cavities were able to run continuously 
for several hours. We set cavities 1-3 to the values of 
Table 1, cavity 6 to 400 kV, and varied the phase of 
cavity 6. For this variation, the beam energy and its 
energetic width are plotted in Fig. 12. 

 
Figure 12: Proton beam energy and energetic width at the 
D-Plate, as a function of cavity 6 synchronous phase. 
Cavities 4 and 5 are detuned. Beam energy was measured 
by both ToF and Rutherford Scattering (RS). Energetic 
standard deviation (STD) was measured by RS. STD 
values include the detector's and target's contributions. 

These energy and energetic width values were used to 
extract the longitudinal emittance of the proton beam at 
the exit of cavity 3. Notice that usually, the "measuring 
cavity" (cavity 6) is set to a bunching phase of -90 
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degrees, its voltage is varied, which in turn changes the 
energetic width without changing the beam energy, and 
the bunch length is measured for each setting [17 and 
references therein]. In our case, the voltage was constant 
and the phase was changed, varying both the beam's 
energy and energetic width, as shown in Fig. 12. 

The beam longitudinal transfer is described by a drift 
transfer matrix from the exit of cavity 3 to cavity 6, an 
acceleration element with energy gain Uacc through 
cavity 6 and another drift element from cavity 6 to the D-
Plate. Algebraically, the phase and energetic widths at the 
D-Plate (ΔΦx, ΔEx) are generated from the cavity 3 
variables (ΔΦe, ΔEe) by: 
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where X1 and Yi  are given by: 
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where φ is the synchronous acceleration phase, T is the 
beam period (T=1/f, f=176 MHz), m is the proton mass 
and Di are the relevant drift distances.  

The beam matrix σx at the D-Plate is given by: 
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where the matrix R is defined in Eq. 1 and σe is the beam 
matrix at cavity 3. While in Ref. 17 longitudinal 
emittance is extracted from the bunch length (σ55), here it 
emerges from the energetic width (σ66). Further algebraic 
development of the algorithm is beyond the scope of this 
paper and is presented elsewhere [18]. Based on it, the 
energy variance at the D-Plate is given by: 
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Figure 13: Energy variance at cavity 6 (Eq. 2) versus the 
energy gain per degree in this cavity. A polynomial fit is 
valid in only part of the energy gain range. 

The basic assumptions in the algorithm are that all 
cavities effects on the beam are linear and the effect of 
space charge is negligible. A metric of the validity of 
these assumptions in our measurement is the fit of the 
energy variance σ66x(X1) to a second order polynomial in 
the variable X1 (see Eq. 2). A plot of the measured energy 
variance versus X1, the energy gain per degree, and its fit 
to a second order polynomial, is given in Fig. 13. One can 
see that a polynomial fit is valid only in a certain range of 
the energy gain per degree. This may imply that the PSM 
setup for this proton run was not optimal and non-linear 
effects were eminent, or it may be a space charge effect.  

Indeed, fitting the energy variance to a polynomial in 
the valid range dictated by Fig. 13, generates a rms 
longitudinal emittance of 120±5 π·deg·keV/u at the exit of 
cavity 3. This value is higher than the RFQ exit result (30 
π·deg·keV/u), measured using the D-Plate Fast Faraday 
Cup (FFC) and reported in Ref. 7. 

This emittance growth is a result of the phase setup, in 
which the phase of cavity 3 was set to 0, and cavities 4 
and 5 were detuned. It may also be a result of the change 
in the RFQ field uniformity (Fig. 10) between the two 
measurements. Future emittance measurements will be 
taken with a more linear setup. 

Transverse Emittance of Protons 
The transverse emittance was measured by a slit and 

wire system, which is part of the D-Plate, and is described 
in Ref. 12. This measurement was taken with cavities 1-3 
at the setup of Table 1 and cavities 4-6 detuned. The 
energy at the exit of cavity 3 was 2.02 MeV (See Fig. 8). 
The raw data was analyzed by the code SCUBEEx [19]. 
The X-X' projection of the transverse phase space and the 
transverse emittance values are given in Fig. 14. 

 
Figure 14: Left: X-X' projection of the transverse phase 
space of the proton beam with cavities 1-3 set to the 
parameters of Table 1 and cavities 4-6 detuned. The plot 
was generated by SCUBEEx. Right: Emittance values 
calculated via SCUBEEx [18]. 

Notice that the X-X' plot in Fig. 14 includes the beam 
ellipse (dark blue) and a satellite distribution (light blue), 
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which source is not yet clear. The r.m.s. normalized 
transverse emittance was extracted by both SCUBEEx 
and an internal Soreq algorithm [20], where in both 
methods it was attempted to exclude the effect of the 
satellite distribution.  

The combined result of the two algorithms is 0.l4±0.02 
π·mm·mrad. This value is significantly lower than the 
previously reported result at the RFQ exit (with the same 
measuring apparatus and a similar LEBT setup) [7]. This 
may be due to the very low RFQ transmission (42%, as 
reported above), which might be cutting off a significant 
amount of the beam's phase space. 

SUMMARY AND OUTLOOK 
The commissioning of Phase I of SARAF is on-going 

and is approaching finalization. The current challenges 
include conditioning the RFQ to enable acceleration of 
CW deuteron beams and optimizing the PSM to reach the 
proton and deuteron beam target values.  

Several RFQ internal parts have been re-designed and 
installed. This effort should enable CW deuteron 
operation.  

Low duty cycle 2.7 and 2.1 mA deuteron and proton 
beams have been accelerated through SARAF Phase I, up 
to energies of 3.0 and 3.7 MeV. For deuterons, the PSM 
cavities were detuned. For protons, all 6 cavities were 
operated in medium and high field and provided 
acceleration consistent with the predictions of beam 
dynamics simulations. 

Finalization of protons and deuterons beam 
commissioning through the entire Phase I is foreseen for 
the end of 2009.  
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ISAC-II: STATUS OF THE 20MV UPGRADE 

R.E. Laxdal, R. Dawson, K. Fong, A. Grasselino, M. Laverty, M. Marchetto, A.K. Mitra, T. Ries, 
I. Sekachev, Q. Zheng, V. Zvyagintsev, TRIUMF, Vancouver, Canada 

R. Edinger, PAVAC Industries, Richmond, Canada 

Abstract 
The ISAC-II heavy ion linear accelerator has been in 

operation at TRIUMF since 2006. The high beta section 
of the accelerator, consisting of twenty cavities with 
optimum β0=0.11, is currently under production and is 
scheduled for completion in 2009. The cavities are 
superconducting bulk Niobium two-gap quarter-wave 
resonators with a frequency of 141 MHz, providing, as a 
design goal, a voltage gain of Veff=1.08 MV at 7 W power 
dissipation. Production of the cavities is with a Canadian 
company, PAVAC Industries of Richmond, B.C. after two 
prototype cavities were developed, produced and 
successfully tested. Cavity and cryomodule production 
details and test results will be presented and discussed. 

INTRODUCTION 
The ISAC-II linac was first commissioned in 2006[1]. 

The existing linac (SCB section of Fig. 1) consists of 
twenty quarter wave cavities housed in five cryomodules 
with four cavities per cryomodule. The first eight cavities 
have a geometric beta of 5.7% and the remainder a 
geometric beta of 7.1%. Each cryomodule is also 
equipped with a single superconducting solenoid of up to 
9T in close proximity to the cavities. The cavities operate 
at 106MHz and produce an effective acceleration of 
>1.1MV for a cavity power of 7W at 4.2K. The average 
operating gradient corresponds to a peak surface field of 
30-35MV/m and is significantly above the performance at 
other heavy ion linacs operating in cw mode. 

TRIUMF is nearing completion of the ISAC-II Phase II 
upgrade[2] consisting of the addition of twenty more 
cavities at beta=11%. The cavities will be housed in three 
cryomodules with six cavities in each of the first two 
modules and eight cavities in the third (SCC section in 
Fig. 1). Each cryomodule has one superconducting 
solenoid symmetrically placed in the cryomodule.  The 
Phase II addition will double the voltage gain of the 
ISAC-II superconducting accelerator. The plan is to 
install the completed and tested cryomodules by the end 
of 2009.  

SRF facilities at TRIUMF (Fig.1) include a preparation 
room for parts cleaning, a cavity test area with overhead 
crane, cryogenic services and test pit, a clean assembly 
area and high pressure water rinse area. A new lab for 
BCP etching has recently been added. 

CAVITIES 
 The phase II superconducting cavity is shown in Fig. 2.   

The cavities are quarter wave resonators (QWR) patterned 
after structures built for the low beta section of the INFN-

Legnaro heavy ion linac. The cavities have a simple 
construction with a cylindrical shape, a rigid upper flange 
and an annular lower flange designed for mounting a 
removable tuning plate. The helium jacket is a cylinder of 
reactor grade niobium formed from two sheets and 
welded to the upper and lower flanges. A cavity of similar 
structure is used in the ISAC-II Phase I linac. The chief 
difference here is that in Phase II the inner conductor 
beam port region is outfitted with a donut style drift tube. 
The drift tube is formed from machined end caps welded 
to an inner beam tube surrounded by an outer rolled and 
welded shroud. The whole donut drift tube assembly is 
then bored out and welded to the cylindrical inner 
conductor. The cavity specification is to operate at 
141.44MHz (12th harmonic of the bunch frequency) at a 
gradient of 6 MV/m corresponding to a peak surface field 
of 30MV/m and peak magnetic field of 60mT with a 
cavity power ≤7W. Other cavity parameters are shown in 
Table 1. Two cavity prototypes were successfully 
developed and tested in 2008 [3, 4]. A further seventeen 
production cavities have been delivered thus far. 

 

 
Figure 1: ISAC-II Phase II SC-linac upgrade. 

  

Figure 2: The 141.44MHz rf cavity for Phase II. 
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Table 1: Parameters of the Phase II Cavity 

Processing Steps 
Standard processing involves visual inspection, room 

temperature frequency measurement, degreasing and a 
60-80 μm BCP etch. The etching facility houses a large 
fume hood sufficient in size to do the heavy ion quarter 
waves or multi-cell elliptical cavities. An in line chiller 
coil keeps the acid at 12C as it is pumped through the 
cavity during the etching procedure. A photo of the cavity 
after etching is shown in Fig. 3. The cavities are then 
assembled with a stainless steel top flange bolted to the 
niobium flange. The vacuum seal between the stainless 
steel and the niobium is formed with indium. The 
stainless steel flange is used to mate with the helium 
delivery system and is outfitted with a mechanical damper 
assembly that is inserted into the inner conductor. Pre-
cool tubes of thin wall stainless pass through the neck of 
the stainless steel flange and inside the inner conductor 
and helium jacket to flow cold helium gas to the bottom 
of the cavities during cool-down.  

 

 
Figure 3: Phase II cavity after etching. 

After the cavity assembly is complete they are rinsed with 
high pressure ultra pure water for forty minutes and air 
dried in a clean room for 24 hours. Next the cavities are 
assembled onto the cryostat top assembly flange, outfitted 
with sensors and inserted into the cryostat. The cavities 
are baked for 48 hours at 85C then the cryostat thermal 
shield is cooled with LN2. After 24 hours of pre-cool by 
radiation the cavity is cooled with LHe. 

Prototyping 
Cavity prototyping studies began with PAVAC in 2007. 

Two copper full scale models were produced to establish 
the welding fixtures, manufacturing steps and frequency 
tuning. These were followed by the fabrication of two 
niobium cavities. The machining, forming and e-beam 
welding are done at PAVAC while the pre-weld etching 
and frequency tuning are done by TRIUMF. The final 
cavities after delivery to TRIUMF received a 100 micron 
chemical etch and HPWR before testing in the single 
cavity cryostat. The results of the cold test are shown in 
Fig. 4. Both cavities exceeded specification with an 
average gradient at 7W cavity power corresponding to a 
peak surface field of 38MV/m. 
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Figure 4: RF characterization Qo vs Ep of the two Phase 
II prototypes. 

Production 
 Cavity production started in 2008 at PAVAC Industries 

with a planned delivery of three separate batches 
(6+6+8=20 cavities) corresponding to the number of 
cavities to be assembled in the three cryomodules of the 
ISAC-II Phase II linac. To date seventeen cavities have 
been delivered, with seven cavities cold tested, six 
cavities remaining to be tested and with four cavities 
rejected. The performance tests of the cavities for the first 
cryomodule are shown in Fig. 5. The plot shows that all 
six cavities meet or exceed the ISAC-II specification in 
single cavity tests of a peak surface field of 30MV/m at 
7W cavity power. The average accelerating gradient 
corresponds to a peak surface field of 35MV/m at 7W. All 
cavities are within 15kHz of the goal frequency of 
141.44MHz well within the tuning range of the flexible 
tuning plate.  

frequency MHz 141.44 
Aperture mm 20 
Gap mm 35 
Drift Tube mm 80 
Outer Diameter mm 180 
Inner Diameter mm 60 
Height mm 560 
beta  0.11 
TTF  0.936 
U/Ea

2 J/(MV/m)2 0.067 
RSQ0 Ω 26 

EP/Ea  4.9 
BP/Ea mT/(MV/m) 10 
Veff @7W (design) MV 1.08 
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Figure 5: Performance curves for the six cavities for the 
first Phase II cryomodule. 

Frequency tuning: According to our experience with the 
prototype cavities the frequency shift between 300K and 
4K (including thermal contraction, air-vacuum change 
and pressure change) is 264 kHz and this provides the 
target frequency for the manufacture. Cavity production 
consists of steps for parts machining, tuning and welding. 
The cavity tuning during the production is based on a 
cavity RF model and measurements for frequency 
sensitivities and prototype production experience for 
shrinks after welds. There are three main tuning steps: 

• Cavity length adjustment before flanges welding; 
with a sensitivity of -268 kHz/mm  

• Acceleration gap adjustment before the beam ports 
welding; beam ports sensitivity 120 kHz/mm 
assuming movement at both gaps 

• Final trim of bottom flange; with sensitivity ~8 
kHz/mm 

• A custom etching step to reduce the cavity frequency 
in a controlled way by 0-40kHz as required.  

 
Custom etching: According to analysis of the cavity with 
a CST Microwave Studio Sensitivity model a uniform 
removal of material will result in a neutral frequency 
swing since the removal from the top half exactly 
compensates for the removal from the bottom half. 
However a removal from either half exclusively will 
result in a 2kHz/μm frequency shift with a frequency 
reduction when removing at the root end and a frequency 
increase when removing from the drift tube end. During 
etching the cavity is positioned with the drift tube end up . 
For custom etching the cavity is filled only half full for a 
specific time to preferentially etch the root end and to 
drive the frequency down. After a prescribed time to 
reach the desired frequency the cavity is filled the rest of 
the way to complete the required full cavity etch. With 
this technique we deliberately target a manufacturing 
frequency that is 20kHz higher than the post BCP goal in 
order to allow custom etching to bring the frequency into 
specification.  
 
Sludge build-up: The acid is delivered to the bottom of 
the cavity and is removed from the top with an overflow 
tube. The first results from the new BCP chemical 

laboratory gave unpredictable resonant frequency shifts 
after initial etching. The problem was traced to a non 
uniform etching of the cavity due to: 

• turbulent flow of acid inside of the cavity during 
the etching process as the acid is continuosly 
supplied to the cavity. This is now solved by 
supplying the acid with a ring with multiple ports 
pointed upward that reduce the turbulence  towards 
the cavity wall 

• "sludge" build-up – the contaminated acid drifts to 
the bottom of the cavity during etching and slows 
the removal rate at the root end. This is now 
mediated by removing the spent acid periodically 
from the cavity during etching with another pick-
up ring close to the bottom 

 
Cavity repair: The four rejected cavities are due to a 
common fault; a vacuum leak opening up in the saddle 
weld joining the drift tube assembly to the inner 
conductor. The joint in question is shown in Figure 6.  
 

 
Figure 6: Saddle weld responsible for leaks in four 
cavities after BCP treatment. Arrow indicates crack. 

After the weld the joint is surface polished to make a 
smooth transition but this step causes a thinning in the 
melt zone. In each case the cavity leak opens after the 
final etching treatment. PAVAC led a corrective action 
with the goal to recover the leaking cavities. The weld is 
not accessible from the bottom flange so it is necessary to 
remove the inner conductor from the cavity assembly. The 
repair involves cutting out the inner conductor from the 
cavity at the top flange to gain full access to the saddle 
weld. The saddle weld is then repaired. Next the top 
flange and inner conductor flange material are cut back to 
prepare for a joining butt weld to secure the inner 
conductor back into the cavity. A niobium supporting ring 
is then welded into the top flange for mechanical strength. 
So far one cavity has been treated in this way as a proof 
of principle. The performance plot for Cavity 8 is shown 
in Fig. 7 indicating that the repair strategy is successful. 
The other cavities are now getting similar treatment over 
the coming weeks.  
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Figure 7: Cavity performance for Cavity #8 after repair of 
the vacuum leak in the drift tube to inner conductor weld.  

CRYOMODULES 
The Phase-II cryomodules are identical in many respects 
compared to the Phase I cryomodules[5]. A key design 
choice was to maintain the philosophy of incorporating a 
single vacuum space for thermal isolation and beam/rf 
volumes. This has been the historic choice in the low-beta 
community (ATLAS, INFN-Legnaro, JAERI) but recent 
proposed facilities in development or assembly have 
chosen separated vacuum systems (SARAF, SPIRAL-II, 
FRIB). The decision to maintain a single vacuum comes 
from our experience with Phase I operation of the SC-
linac. We have seen very little evidence of degradation in 
cavity performance over the first two years of operation 
even after repeated thermal and venting cycles. 
Procedures are followed to help mitigate cavity 
degradation: 1. Initial cavity treatment and overall 
assembly using HPWR and clean conditions  2.  vacuum 
materials and components to be free from particulate, 
grease, flux and other volatiles 3. Maintain a LN2 cooled 
cold trap upstream and downstream of the linac to prevent 
volatiles migrating from the beamline into the 
cryomodule 4. Cryomodule venting with filtered nitrogen 
5. Pumping and venting of modules at slow rates to avoid 
turbulences.  
All cryomodules are assembled in a `dirty’ assembly area 
to check the fitting of all components. Next the assembly 
is completely dismantled, all parts are cleaned in an 
ultrasound bath, rinsed with 18MΩ water at high pressure 
and dried in a clean room before assembly.  
 

Design Features 
There are some differences between the Phase I and Phase 
II cryomodules that either address small deficiencies in 
the Phase I design or are required due to the longer size of 
the Phase II cryomodules: 1. The vacuum tanks are 
essentially the same with dimensional differences to 
accommodate the internal components. The eight cavity 
SCC3 has an extra set of ribs on the lid and sides to 
reduce vacuum deformation on the larger areas. The 
mounting footprint is also elongated to give more 
stability. 2. The cavities and solenoid are supported from 
a rigid strongback that is in turn supported from the tank 
lid by support rods.  In the SCB cryomodules a three 

point mounting system was used to suspend the 
strongback. The decision here is to adopt a four point 
system to reduce the freedom in the movement of the cold 
mass.  The strongback assembly is considerably more 
robust than in the SCB due to the increased cold mass and 
length.  3. In the SCB the LN2 cooling for the side shields 
and the coupling loop is delivered in one series circuit. In 
the SCC the delivery to the coupling loops is achieved 
with parallel channels to reduce the size of the fittings on 
the coupling loop. 4. The solenoid mounting system is 
completely modified in SCC and is based on a linked strut 
system to aid in alignment. 5. The helium reservoir is 
redesigned with thicker wall material and a purchased 
“tee” section. Bulkheads are incorporated into the weld 
seams to make all welds external. The service stack for 
the helium space is now outfitted with a 12.5cm high 
spool piece that houses the feedthroughs and ports for all 
of the cryogenic and vacuum diagnostics. Provision for 
level sensor replacement has been added with ports on the 
top of the reservoir. Cables and He distribution lines are 
installed before final weld on each end of the reservoir. 
The welding is done in place of the SCB indium seals that 
were prone to early leaks. 6. The mu metal thickness has 
been increased from 1mm to 1.5mm. 7. The cleanliness of 
the cavities is now protected by a direct venting system to 
the rf pick-up ports. This allows direct venting of the 
cavities using filtered nitrogen instead of venting from the 
thermal isolation vacuum. The vent gas can flow for any 
operation where there is a risk of contamination as in 
during loading of the top assembly into the cryomodule. 
 
Mechanical Tuner: In the Phase I system the cavities are 
tuned by a lever arm that pushes against a tuner plate on 
the bottom end of the cavity. The lever arm is actuated by 
a long push rod that extends to the top of the cryomodule 
through a bellows to a linear servo motor[6]. The system 
works well and provides high performance tuning for 
high gradient operation. The tuner motor is an expensive 
item and development work subsequent to the Phase I 
installation has resulted in a new design using a ball 
screw drive to replace the linear motor. The brush-less 
servomotor contains its own single turn absolute sine 
encoder. The power and encoder signals are connected 
through long cables to a matched digital servo-amplifier. 
The output shaft of the motor is connected directly to the 
anti-backlash internally preloaded precision ball screw 
nut, through a stiff bellows coupling. The anti-backlash 
nut is fixed rigidly to the anti-backlash liner guides that 
provide perfectly reproducible vertical straight-line 
motion resulting in a vertical position resolution of at 
least 0.03 microns (corresponding to an eigenfrequency 
shift of 0.2Hz) with a positioning bandwidth of at least 30 
Hz. The interface connections are designed to retrofit the 
SCB low beta SRF tuner rod connector design. 
 
Coupling Loop:  The Phase I variable coupling loop[7] 
uses a rack and pinion mechanical arrangement and 
Teflon guide bearing. An Aluminum nitride ceramic 
washer provides a thermal path between the inner and 
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outer conductor. The outer conductor is directly cooled 
through a LN2 cooled heat exchange block. However  
side loads from the LN2 cooling lines cause stiffness in 
some units in the mechanical motion at cold temperatures. 
A redesigned coupling loop with non-magnetic cross-
roller bearings and symmetric loading has greatly 
improved the mechanical motion and the new design is 
being employed in SCC 

Status 
The cryomodules are labelled from SCC1 to SCC3. The 
first two modules, SCC1 and 2 contain six cavities while 
SCC3 contains eight cavities. Because of space 
constraints in the clean room and available personnel only 
one cryomodule is assembled at a time. Each cryomodule 
will receive at least one cold test in the SRF facility 
before delivery to the linac vault. SCC1 is now fully 
assembled, cold tested and is ready for installation in the 
linac. SCC2 is now in clean assembly with the start of the 
cold test scheduled in ~1 month. Cryomodule SCC3 is 
fully fabricated and has been assembled in the dirty area 
(without cavities) in preparation for clean room assembly. 
All cryomodules are to be assembled and installed in the 
linac vault by year end. 
 

SCC1 Test Results 
SCC1 is now completely tested. In all two full cold tests 
were completed. The first test was done with WPM 
installed (see below) and the second was done as a final 
installation without WPM. The cold tests: 1. establish the 
repeatability of the alignment under thermal cycling, 2. 
provide the warm offsets required in the cold mass to 
achieve the prescribed alignment tolerance when cold, 3. 
check the performance of the cavities and the rf 
ancillaries, 4. determine the cryogenic performance given 
by the static load at 4K and the LN2 consumption and 5. 
confirm the integrity of the vacuum. The completed SCC1 
top assembly is shown in Fig. 8 as the cold mass is 
lowered into the vacuum chamber prior to the first cold 
test. Measurements prior to the cold test confirm that the 
mu metal reduces the remnant magnetic field below 
20mG in the cavity region as per specification.  
 
Alignment: Due to the design changes between the Phase 
I and the Phase II cryomodules it was decided to repeat 
the use of the Wire Position Monitor (WPM) alignment 
system for SCC1. Here stripline monitors are attached to 
the cold mass using off axis alignment posts and a wire is 
passed along the axis of the monitors that carries a driving 
rf signal. The monitors pick up the signal from the wire 
and record the position of the wire with respect to the 
WPM axis. Monitors are placed on each cavity with two, 
one upstream and one downstream, on the solenoid. The 
specified alignment tolerance is the same as that for phase 
I: ±200microns for the solenoid and ±400microns for the 
cavities. In addition to the WPM system optical targets 
are placed in the beam ports of the upstream and  

 
Figure 8: Cryomodule SCC1 assembly prior to the first 
cold test. 

downstream cavities and in the upstream and downsteam 
port of the solenoid to periodically chart the position of 
the cold mass in relation to the beam axis. The beam axis 
is defined by optical targets on the upstream and 
downstream beam port flange of the vacuum tank. Both 
the optical targets and the WPM give useful information. 
The optical targets give periodic information on the 
position of the cold mass line with respect to the beam 
axis while the WPM give continuous monitoring of the 
position of the whole cavity string. The WPM data is 
essential to know if there is any warping or twisting of the 
support structure that occurs during cooldown.  
In the first cold test two complete thermal cycles were 
done from room temperature to 4K to test for the 
repeatability of the cold mass. The four point mounting 
system proved quite rigid and showed less swing than was 
found in the three point mount of the phase I cryomodule. 
The position of the cold mass from one cold condition to 
the next was unchanged within the measurement error 
±50μm. The first test proved that the solenoid vertical 
beam position contracts by 4.25 mm while the cavity 
beam  positions contract by 3.5 mm during the change 
from warm/atmosphere to cold/vacuum. To counter the 
effects of rf steering due to the asymmetric geometry of 
the QWR the cavity is required to be 1.25 mm below the 
beam axis. This is accomplished by aligning the cavities 
when warm 0.5mm below the solenoid. This warm off-set 
established in the first test was used to set the position of 
the cavities prior to the second test. The second test 
confirmed that the required alignment tolerance was met 
with the solenoid within ±100μm and the cavities within 
±250μm of the goal position. 
 
Cavity performance: The first test confirmed that all 
cavities were functional and that the rf ancillaries were 
performing as expected. Three amplifiers were available 
for the test. Various cavities in sets of three were locked 
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at the design frequency to prove the performance of the 
tuners and to explore any cross-talk between tuners. The 
individual cavities were also tested. In this case all 
cavities reached a reasonable gradient but there was 
heavy field emission; clear signs of cavity pollution. 
Before the second test several steps were taken to reduce 
the chances of particulate contamination including: 
cleaning of the clean room, rinsing of the cavities and 
thorough cleaning of the vacuum vessel and LN2 liner.  
The results of the second rf tests are shown in Fig. 9.  

The test results indicate that the cavities are clean with 
very little field emission even at high field. However the 
average gradient in the test corresponded to a peak 
surface field of 28MV/m down from 35MV/m in the 
single cavity tests. Comparing to Fig. 4 the shape of the 
curves is quite different leading us to believe that the 
cavities are contaminated with Q-disease. The cooldown 
to the cavities was not particulary slow with the transition 
from 200K to below 50K taking ~2 hours. Nonetheless in 
a severely polluted cavity this could be enough to cause 
the observed performance degradation. Future tests will 
involve trying to diagnose the severity of the hydrogen 
contamination in single cavity tests. We have seen the 
presence of hydrogen contamination in one dedicated 
study of a Phase II cavity but no systematic study of Q-
disease of these cavities has been done. We are also 
looking for a hydrogen degassing furnace in the 
Vancouver area to reduce the hydrogen concentration in 
the niobium. There is some speculation that the hydrogen 
may be absorbed by the niobium during contact with 
water during the various rinsing stages. The temperature 
of the BCP stage is monitored closely and so we do not 
suspect improper etching procedures.    

In other measurements the He pressure sensitivity for 
the production cavities is -1 Hz/Torr which is ~3 time less 
than for the prototype due to better stiffening during 
cavity assembly. Lorentz force detuning measured at 
these tests was -1 Hz/(MV/m)2 which is the same as for 
prototypes. 
 
Cryogenic Performance: The cryogenic performance is 
established by measuring the static helium load after full 

thermalization. Full thermalization occurs within ~2-3 
days of achieving a liquid level in the helium reservoir. 
The static load is measured by closing the supply valve 
and diverting the return exhaust helium through a gas 
meter. It is found that the static load is 24.5W. This is 
somehat higher than expected considering that the static 
load for the Phase I cryomodules is only 13W. There is an 
extra support strut and increased length and component 
size in the Phase II cryomodule so this explains some of 
the increase but the large difference is not easily 
explained.  The LN2 usage while thermalized is about 5-6 
liters/hour the same as for the Phase I modules. 

INSTALLATION 

Amplifiers 
As part of the upgrade of the ISAC-II superconducting 
linac, twenty solid state amplifiers are on order from QEI 
Corporation, NJ, USA. We have now received 12 
amplifiers. A prototype amplifier has been tested 
thoroughly prior to series production. The gain of the 
amplifier, the 3 dB bandwidth and output power were 
measured and are within the specification. Gain linearity 
is within  ± 0.5 dB and phase linearity is within ± 2.0 dB 
for the output power range from 1 to 250 watts. The 
amplifier gain is measured to be 65 ± 0.75 dB, which is 
10 dB higher than specified.  The phase noise of the 
prototype amplifier is estimated by tests into both a 
dummy load and one of the prototype cavities. These 
measurements are compared to the same values using a 
tube amplifier. The solid state amplifier is significantly 
less noisy than the tube amplifier. For the solid state 
amplifier the average noise value is 0.0044º rms in the 
frequency range of 2-200 Hz. The average noise for the  
tube amplifier in the same frequency range is 0.098º rms. 
The integrated value of phase noise in the bandwidth of 2 
– 200 Hz was specified to be less 0.3º rms. These 
amplifiers are being installed in the power supply room 
adjacent to the accelerator vault with a remote interface 
through the EPICS protocol.   

 

CRYOGENIC SYSTEM 
The Phase I cryogenic system consists of a Linde TC50 

cold box configured with a 79gm/sec KAESER 
compressor. Helium produced in the cold box is fed to a 
1000 liter dewar. The LHe is delivered to the 
cryomodules at 4K through vacuum jacketed LN2 cooled 
helium transfer lines with a slight overpressure in the 
dewar. The cryomodules are fed in parallel from a main 
supply manifold (trunk) through variable supply valves. 
The level in the cryomodules is used to control the 
opening of the supply valves. The vapour from the 
cryomodules is returned either in a warm return line direct 
to the compressor during cooldown or through a cold 
return line back to the cold box during normal operation.  

The Phase II addition ot the cryogenic system (shown 
with Phase I in Fig. 10) essentially duplicates the Phase I 
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Figure 9: Rf performance of the cavities in SCC1 during 
the second cold test. 
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system. A second Linde plant has been installed identical 
in every respect to Phase I except that a second recovery 
compressor was not ordered. The system has been 
installed by TRIUMF and commissioned. The measured 
liquefaction with LN2 pre-cool is 240ltr/hour and the 
refrigeration power is 600W. The stability of the helium 
pressure is within ±7mBar well within the capability of 
the tuner. 

 
 

 
 
 

 

 

 
 

 

Figure 10: The cryogenics system for ISAC-II Phase I and 
II. 

Cryomodules 
The first cryomodule will be installed in the vault 

starting Oct. 15 followed each month by another module. 
The inistallation will include final alignment, cable and 
hardware connections and vacuum pumpdown. After each 
installation the cryomodule will undergo a complete in 
situ cold test to establish the functioning of all on-line 
systems. Full beam commissioning will commence in 
January of 2010. 

SUMMARY 
Seventeen of the twenty production cavities for the 

ISAC-II Phase II linac are delivered to TRIUMF. Six of 
the cavities have met specification and been installed in 
the first cryomodule. Cold tests confirm the operation of 
all sub-systems. Cavity test results from the cold test give 
an indication of some reduced Q that may be related to 
hydrogen contamination. Six cavities are still to be tested. 
Four cavities experienced a vacuum leak after the final 
cavity etching. The manufacturer has devised a plan to 
recover the leaking cavities. The first repaired cavity has 
been tested successfully at TRIUMF. The rest of the 
repaired cavities and the remaining production cavities 
are expected in the next six weeks.   

A new BCP chemical laboratory is now operational at 
TRIUMF. A sensitivity model of the cavity was 
successfully used for tuning of the cavity frequency with 
BCP. 

The installation in the accelerator vault has now begun. 
The first eight quadrupoles of the high energy beam line 
have been removed in preparation for the installation of 

the stands and supporting infrastructure for the SC-linac 
addition. We expect to begin beam delivery in April 2010.  
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HIGH FIELD Q-SLOPE AND THE BAKING EFFECT* 

G. Ciovati#, Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 
The performance of SRF cavities made of bulk Nb at 

high fields (peak surface magnetic field greater than about 
90 mT) is characterized by exponentially increasing RF 
losses (high-field Q-slope), in the absence of field 
emission, which are often mitigated by a low temperature 
(100-140 °C, 12-48h) baking. In this contribution, recent 
experimental results and phenomenological models to 
explain this effect will be briefly reviewed. New 
experimental results on the high-field Q-slope will be 
presented for cavities that had been heat treated at high 
temperature in the presence of a small partial pressure of 
nitrogen. Improvement of the cavity performances have 
been obtained, while surface analysis measurements on 
Nb samples treated with the cavities revealed significantly 
lower hydrogen concentration than for samples that 
followed standard cavity treatments. 

INTRODUCTION 
The most outstanding issue related to the basic 

understanding of the superconductivity of high-purity, 
bulk Nb in strong radio-frequency (RF) fields is the 
occurrence of a sharp increase of the RF losses when the 
peak magnetic field, Bp, reaches about 90 mT; 
consequently limiting the operational accelerating 
gradient of SRF Nb cavities for particle accelerators to 
about 25 MV/m. This phenomenon was discovered in 
1997, after the development of improved surface cleaning 
techniques allowed the preparation of cavities which 
achieved high surface fields, without being limited by 
“extrinsic” losses, such as those caused by field emission. 

Experiments showed that the onset of the newly 
discovered “anomalous” losses, which are commonly 
referred to as “high field Q-slope” or “Q-drop”, range 
between 80 – 110 mT (it has been established that the Q-
drop is a magnetic field phenomenon), depending on the 
particular material-processing combination. Lower onset 
of the Q-drop is typically associated with “rougher” 
surfaces. 

Currently, two types of high-purity (residual resistivity 
ratio greater than 200) Nb material are used for cavity 
fabrication: fine grain (ASTM 5), and large (cm2 size) 
grain or even single crystal. The two techniques currently 
used for the final surface polishing of Nb cavities are 
Buffered Chemical Polishing (BCP) or Electropolishing 
(EP). 

An empirical “cure” for the Q-drop had already been 
discovered in 1998 and consisted of a low-temperature 

(100-140 °C, 48h) baking of the cavities in ultra-high 
vacuum. Later experiments showed that the benefit of 
baking and the baking parameters (time and temperature) 
depend significantly on the cavity material-processing 
combination. These findings are summarized in Ref. [1]. 

A model which describes all the experimental results 
related to the Q-drop and the baking effect is yet to be 
found. The solution to this problem will help devising 
new, possibly cheaper, ways of improving the overall 
performance of Nb cavities. In addition, it will give 
important clues to the understanding of loss mechanisms 
in high-temperature superconductors, comparatively more 
difficult to understand than Nb, which are being 
investigated for future SRF applications. 

Several models to explain the Q-drop and the baking 
effect had been proposed over the last decade, but strong 
contradictions between each one of them and 
experimental results were found, as more experiments to 
test their assumptions had been carried-out over the past 
years. Reviews of such models and experimental results 
can be found in Ref. [1]. 

Temperature mapping of the cavity surface during high-
power RF tests at 2 K consistently show strong, non-
uniform heating occurring in the high-magnetic field area 
of the cavity, causing the Q-drop. The regions of the 
cavity where the strong heating occurs are referred to as 
“hot-spots”. 

In this contribution we will briefly review two models 
which give a good description of the observed Q0(Bp) 
dependency, without making any particular assumption on 
the physical origin of the hot-spots. In addition, we will 
review the latest model (so called “oxygen pollution 
model”) concerning the Q-drop and recent experimental 
results which contradict some of its hypothesis. We will 
then review recent theoretical and experimental results 
indicating a connection between the Q-drop and magnetic 
vortices pinned or entering the Nb surface. Finally, we 
will present some new experimental results on the attempt 
to reduce surface defects and impurities in Nb by 
“passivating” it with a thin nitride layer. 

MODELS THAT DESCRIBE THE Q0(Bp) 
CURVES 

One model which provides a good description of the 
Q0(Bp) curves was proposed by Gurevich [2] and is based 
on an analytical solution of the 2D thermal diffusion 
equation which includes the extra power localized in a 
small defect region. The results show that a hot-spot of 
radius much larger than the defect size is produced. The 
sum of N non-overlapping hot-spots yield an expression 
for the global surface resistance of the cavity, which is 
then used in the heat balance equation for the temperature 
of the cavity surface exposed to RF field. The solution of 
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such equation is expressed in the following parametric 
dependence Q0(Bp): 
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where g, Q0(0) and Bb0 are fit parameters. g is a parameter 
which is related to the number and intensity of hot-spots, 
Q0(0) is the Q0-value at low field and Bb0 is the thermal 
breakdown field in absence of defects. 

A recent model proposed by Weingarten [3] gives an 
expression for a field-dependent surface resistance 
obtained assuming that defects of density ns0 with smaller 
values of the lower critical field (B0) than Nb are present 
on the surface and that the size of the normal conducting 
regions increases with increasing magnetic field, above 
B0. The field-dependent surface resistance given in [3] is 
an infinite product expansion: 
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where the first term in the sum describes the low-field Q-
increase while the second term describes the medium and 
high-field Q-slopes. λ is the penetration depth, Bc is the 
thermodynamic critical field at the He bath temperature, f 
is the resonant frequency and κ is the Ginzburg-Landau 
parameter. The expression in Eq. (2) is added to the BCS 
and residual resistance to determine the total surface 
resistance, Rs(Bp). The cavity quality factor is then 
calculated through the usual relation Q0 = G/Rs. κ, ns0, B0 
and the residual resistance, Rres, are used as fit parameters. 

Figure 1 shows, as an example, the Q0(Bp) data at 1.4 K 
for a typical bulk Nb cavity affected by the Q-drop and 
the curve fits using the two models mentioned above. The 
data are taken from [4]. The fit parameters of the two 
models and the fit correlation factor, r2, are reported in 
Table 1. Both models provide a good description of the 
data with reasonable values of the fit parameters. It should 
be mentioned that 25 terms of the product expansion in 
Eq. (2) were needed for a good fit using Weingarten 
model [5]. 

Although both models mentioned in this Section give a 
good description of the Q0(Bp) curves, the question of 
what are the “defects” which cause the hot-spots remains 

unanswered. In the next Section we will briefly review the 
latest model which tries to answer this question and recent 
experimental results which contradict it. 
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Figure 1: Typical Q0(Bp) curve of a bulk Nb cavity limited 
by the Q-drop fitted with Gurevich and Weingarten 
models. The data are from a CEBAF single-cell measured 
at 1.4 K [4]. 

Table 1: Fit parameters and fit correlation factor for 
Gurevich and Weingarten models applied to the data 
shown in Fig. 1. Values of λ = 36 nm and Bc = 190 mT 
were used in Eq. (1) 

Gurevich model Weingarten model 

Q0(0) 5.5×1010 Rres (nΩ) 5 

Bb0 (mT) 115 B0 (mT) 1.5 

g 0.18 ns0 (1/m2) 2×1010 

r2 0.960 κ 1.767 

  r2 0.985 

“OXYGEN POLLUTION” MODEL 
A recent model which attempts to explain the physical 

origins of the hot-spots causing the Q-drop is the so-called 
“oxygen pollution” model. The idea that a pollution layer 
at the Nb surface is involved in the Q-drop and the baking 
effect had been already put forward by Safa in 2001 [6]. 
Oxygen is the impurity whose diffusion length in Nb is 
comparable to the RF penetration depth, for the typical 
baking parameters. Oxygen concentrations high enough to 
change the superconducting properties of Nb had been 
measured at the Nb/oxide interface by surface analytical 
methods. A refinement of the model includes the effects 
of both oxygen diffusion and oxide decomposition in 
determining the oxygen concentration at the metal/oxide 
interface, after the low-temperature baking [7]. The 
calculation shows a minimum of the oxygen concentration 
in the temperature range 120°-150°C for a 48 h long bake-
out, in good agreement with the baking parameters which 
give the highest improvement of the cavity performance. 
The diffusion mechanism is also consistent with the 
following experimental results: 
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• The onset of the Q-drop increases continuously by 
increasing the baking time from 3 h to 60 h [8]. 

• The BCS surface resistance decreases continuously 
by increasing the baking time from 3 h to 48 h [9]. 

According to the oxygen pollution model, the hot-spots 
are caused by magnetic vortices being pushed in the Nb 
surface at a Bp-value corresponding to the onset of the Q-
drop. Regions with high concentration of interstitial 
oxygen (grain boundaries, for example) result in a local 
reduction of the surface barrier, from the value of Hc1 of 
pure Nb (∼ 170 mT at 2 K) down to the Q-drop onset, at 
about 100 mT. Another mechanism which is also known 
to lower the surface barrier is roughness: this may explain 
why the Q-drop onset is typically lower in BCP-treated 
cavities than EP-treated ones (for fine-grain Nb). 

Baking at 120 °C, for 12 h to 48 h, depending on the 
grain boundary density, dilutes the interstitial oxygen near 
the surface over a larger volume, effectively lowering its 
concentration within the RF penetration depth. This effect 
will push the surface barrier against vortex penetration to 
higher values, toward Hc1 of pure Nb. 

In the last two years, experiments were carried out at 
various laboratories to further test the oxygen pollution 
model and the results are in contradiction with the model 
predictions. In particular, the following results have been 
reported: 

• The Q-drop was not re-established in a previously 
baked cavity, after additional baking at 120°C/48 h in 
1 atm of pure oxygen. Measurements on samples by 
Secondary Ion Mass Spectroscopy (SIMS) confirmed 
the presence of a higher oxygen concentration at the 
Nb surface after baking in oxygen atmosphere [10]. 

• The Q-drop did not improve after baking a cavity 
“in-situ” at 400 °C/2 h, although the interstitial 
oxygen should have diffused deeper into the bulk by 
baking at such high temperature [11]. 

• Measurements of the sub-surface oxygen profile by 
diffuse X-ray scattering on a single-crystal Nb 
sample revealed a diffusion length of only about 2 
nm after baking at 145 °C/5 h, in spite of the 40 nm 
diffusion length as calculated using the diffusion 
equation [12]. This result is shown in Fig. 2. 

 
Figure 2: Atomic oxygen concentration profile as a 
function of depth into Nb below the oxide layer, measured 
on a single-crystal Nb sample before and after baking. 
The figure is taken from Ref. [12]. 

While the role of oxygen as the impurity leading to the 
Q-drop is significantly diminished by the experimental 
results mentioned above, recent theoretical and 
experimental work [13, 14] still support the idea of the 
hot-spots being caused by magnetic vortices oscillating at 
the Nb surface under the action of the RF field. These 
findings will be briefly reviewed in the next Section. 

HOT-SPOTS DUE TO MAGNETIC 
VORTICES 

Theoretical calculations show that RF losses due to the 
motion of vortices at the Nb surface can certainly generate 
hot-spots at high field, which cause the cavity quality 
factor to drop. There are two possible ways in which 
vortices can cause losses at the Nb surface:  

• Vortices with segments pinned near the surface 
oscillate under the Lorentz force given by the RF 
field, causing losses. 

• Vortices can be pushed into the surface when the 
amplitude of the RF field exceeds the local surface 
barrier. The periodic motion of such vortices 
produces losses. 

Losses Due to Pinned Vortices 
Because of the incomplete Meissner effect in technical 

Nb, trapped vortices are always present upon cooling a 
Nb cavity below Tc, in the presence of a residual DC 
magnetic field. The resulting distribution of pinned 
vortices can be highly inhomogeneous and the pinning 
efficiency depends on the treatments applied to the Nb. 
Figure 3 shows a schematic representation of a vortex 
pinned near the surface: the pinned vortex segments 
oscillate under the action of the RF field. By solving the 
equation of motion of the pinned vortex segments, the 
dissipated power can then be calculated [13]. 

 
Figure 3: Vortex pinned by a chain of defects near the 
surface. The solid line shows the equilibrium vortex shape 
due to competition of pinning and image attraction forces. 
The dashed lines show instantaneous vortex profiles for 
B(t)=Bp and B(t)=–Bp, between which the vortex line 
oscillates. The figure is taken from Ref. [13]. 

Magnetic vortices move under the action of a thermal 
force, proportional to the product of the vortex entropy 
times the local thermal gradient [15]. Pinned vortices can 
therefore be de-pinned if a thermal force greater than the 
pinning force is applied. The pinning strength in pure Nb 
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is fairly weak, compared to other technical 
superconductors such as NbTi and Nb3Sn, making it 
feasible to displace vortices by applying moderate thermal 
gradients. An estimate of the thermal gradient |∇T|c 
needed to de-pin vortices at 2 K is given by [16]: 

 
2

0

1

1.5
2
c c

c
c

J TT K mm
B T
μ∇ ≅ =  (3) 

where Jc = 1 kA/cm2 is the critical de-pinning current 
density, Bc1 = 170 mT is the lower critical field at 2 K, Tc 
= 9.25 K is the critical temperature and T = 2 K is the He 
bath temperature. 

The hypothesis of hot-spots being caused by pinned 
vortices can therefore be tested by applying a thermal 
gradient of the order of the value calculated with Eq. (3) 
across the 3 mm thick walls of a Nb SRF cavity and look 
for changes in the thermal maps of the cavity, before and 
after applying the thermal gradient. Such kind of 
experiments were done recently at JLab [14] and clearly 
showed changes in the intensity of the hot-spots, after a 
thermal gradient of about 0.5 K/mm was applied by 
heaters glued to the outer surface of a large-grain cavity. 
Although a proof of principle for pinned vortices as being 
one of the causes for the hot-spots was achieved, the 
applied thermal gradient was not high enough to really 
push vortices away from the RF surface. Most likely, 
what happened was a re-distribution of the pinned 
vortices over a larger area. 

In order to fully test the hypothesis of pinned vortices 
generating hot-spots and the possibility of improving the 
cavity performance by applying a high enough thermal 
gradient, a series of experiments are planned at JLab 
where a scanning laser light, directed on the inside surface 
of a Nb cavity, will act as a “thermal broom” to push 
trapped vortices deeper into the bulk. 

Losses Due to Vortex Penetration 
At high peak surface magnetic fields, approaching the 

lower critical field of Nb, vortices overcome the surface 
barrier, locally depressed in some areas, and enter the Nb 
surface. The simplest way to describe this is to solve the 
equation of motion of a vortex subjected to the Lorentz 
force generated by the RF field, the image force, 
attracting the vortex to the surface, and the viscous drag 
force, opposing the motion [13]. The solution of such 
equation is shown, as an example, in Fig. 4: a single 
vortex enters the surface when Bp exceeds the local 
penetration field, Bv. As the RF field changes sign, the 
vortex is pulled toward the surface, while an anti-vortex is 
pushed in, when –Bp = –Bv, and annihilates with the 
vortex inside the surface. This phenomenon repeats for 
each RF period. It is important to notice that the 
calculation shows that the characteristic time, τ, it takes 
for the vortex to travel a distance of the order of the 
penetration depth is much smaller than the RF period. The 
maximum power, P0, dissipated by this mechanism is 

twice the work done by the Lorentz force to bring a vortex 
from the surface deeper into the bulk: 

 0
0

0

2 vBP ωφ
π μ

=  (4) 

P0 = 1.4 W/m at 1.5 GHz and Bv = 140 mT. 
 

 
Figure 4: Trajectory u(t) of a vortex entering the surface at 
Bp = Bv during one RF period. The dashed line shows the 
trajectory of an anti-vortex entering the surface at –Bp = –
Bv. The figure is taken from Ref. [13]. 

High-Field Losses Due to Vortices 
Theoretical calculations show that the local dissipation 

due to pinned vortices produces a long-range temperature 
distribution, which spreads out on the scale ∼ 2d/π (d is 
the cavity wall thickness). Even if these temperature 
variations are weak, they can nevertheless produce strong 
variations in the surface resistance Rs of the surrounding 
areas, because of the exponential dependence of RBCS on 
temperature [13]. This non-linear Rs can be estimated as 
follows: 

( ) ( )0 0, coth
4s BCS

rR r R T r r
d

σ πω ⎛ ⎞= >⎜ ⎟
⎝ ⎠

 (5) 

( ) ( ) ( )0 0 0 2
0 0

, , , ,p p
B

B T P B T
k T T

σ ω ω
πκ

Δ=  (6) 

where P0 is the dissipated power at the local heat source 
of size r0 , κ is the thermal conductivity, Δ is the energy 
gap and T0 is the He bath temperature. 

NEW RESULTS ON NIOBIUM SAMPLE 
MEASUREMENTS 

While experiments and calculations highlight the 
contribution of magnetic vortices to high-field losses, 
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what impurity or defects on the Nb surface are involved in 
this process and how the low-temperature baking affects 
them is still unclear. Niobium samples had been cut from 
the “hot” and “cold” spots of a single-cell cavity and have 
been analyzed at Cornell using a variety of surface 
analytical tools [17]. The results showed no difference in 
terms of surface roughness, oxide structure or crystalline 
orientation between the two types of samples. What was 
found is that “hot” samples had a larger local 
misorientation angle than “cold” ones, as measured by 
Electron BackScatter Diffraction (EBSD). The local 
misorientation angle is related to the density of lattice 
defects (vacancies and/or dislocations) near the surface. In 
addition, it was found that the local misorientation angle 
in “hot” samples is reduced by the low-temperature 
baking (120 °C/ 40 h). 

Samples characterization by Point-Contact Tunneling 
(PCT), have been done at Argonne on Nb samples 
prepared by EP, before and after baking [18]. The results 
show that unbaked samples have a high zero-bias 
conductance value, indicating the presence of 
quasiparticle states inside the superconducting energy 
gap. The zero-bias conductance value is significantly 
reduced by the low-temperature baking. This reduction 
was explained by the less scattering by magnetic 
impurities near the surface. Oxygen vacancies in the non-
stoichiometric niobium pentoxide were proposed as the 
source of magnetic impurities.  This interpretation 
somehow contradicts experimental results showing that 
the Q-drop does not re-occur in a baked cavity after the 
oxide is removed with hydrofluoric acid and a new one is 
grown by water rinses [8]. In addition, measurements of 
the magnetic susceptibility in Nb samples done at DESY 
showed an increase of the Curie constant after baking. 
This was interpreted as an increase of the concentration of 
localized magnetic moments [19]. 

THE ROLE OF HYDROGEN 
Hydrogen is one of the main impurities in Nb and it is 

known to suppress superconductivity when the bulk H 
concentration is greater than about 10 wppm (a 
phenomenon referred to as “Q-disease”). Cavities affected 
by the Q-drop do not show Q-disease and therefore the 
bulk hydrogen concentration is expected to be low. 
Nevertheless, several surface analysis methods revealed a 
high concentration of hydrogen in a few nanometer region 
at the metal/oxide interface. Hydrogen may segregate and 
be “trapped” near the surface by impurities (for example 
oxygen) lattice defects and stress fields. In what follows, 
we indicate several observations found in the literature 
which may link hydrogen to the surface measurement 
results described in the previous Section: 

• Thermal desorption studies showed two hydrogen 
desorption peaks at 130 °C and 198 °C, interpreted as 
hydrogen desorption from surface and subsurface 
sites [20]. This observation may explain the 
reduction of surface hydrogen concentration by 

baking, as measured by Nuclear Reaction Analysis 
(NRA) [4]. 

• Measurements by Positron Annihilation 
Spectroscopy (PAS) show that the defect density 
(vacancies) increases with hydrogen concentration in 
Nb samples [21]. Hydrogen readily enters Nb during 
chemical etching or mechanical polishing, possibly 
being the source of the high defect density in the 
“hot-spot” samples. 

• Hydrogen affects the magnetic behavior of Nb by 
lowering the magnetic susceptibility for increasing H 
concentration [22]. It is possible that hydrogen is the 
magnetic impurity invoked by the PCT results. 

Although it is not yet clear how hydrogen can explain 
all the wealth of experimental results related to the Q-drop 
and baking effect, the findings mentioned above certainly 
suggest that it should be considered carefully. 

Because hydrogen has a high affinity and mobility in 
Nb and is the main residual gas in ultra-high vacuum 
(UHV) systems, state-of-the-art surface analytical 
methods are necessary to well characterize its presence in 
Nb. In fact, this might have been one of the factors which 
discouraged surface scientist in the past to strongly pursue 
this research in relation to the Q-drop. In addition, little is 
known about the magnetic interaction of hydrogen in Nb 
and how it may affect the superconducting behavior of 
Nb. Further studies on this topic would be beneficial. 

NEW RESULTS ON CAVITY HEAT 
TREATMENTS 

From what was discussed in the previous Sections, it is 
clear that a significant improvement of the cavity 
performance, both in terms of quality factor and 
maximum accelerating gradient, could be achieved by 
reducing the amount of impurities and defects within a 
few hundred nanometers from the Nb surface. One way to 
accomplish this is to heat treat the cavity at high 
temperature (∼ 800 °C) for a few hours in a UHV furnace. 
Such heat treatment would reduce the density of lattice 
defects, such as dislocations and vacancies, reduce the 
amount of interstitial hydrogen, and dissociate the oxide 
layer, leaving only 1-2 monolayers of NbO on the surface.  

One problem with this approach is that residual gases 
inside the furnace would be re-absorbed by Nb upon cool-
down and subsequent exposure to air and water. A way to 
overcome this had been already proposed at SLAC in 
1971 and consists of forming a thin (∼ 10 nm thick) 
nitride layer on the surface at some intermediate 
temperature (∼ 400 °C) by thermal diffusion of nitrogen 
during cool-down [23]. The expectation is that the nitride 
layer would “passivate” the Nb surface and prevent 
hydrogen and oxygen absorption from the atmosphere. 
The nitride layer should be thin enough not to change 
significantly the superconducting properties of Nb. Of 
course, no chemical etching should be done afterwards. 

We attempted this process first on a large-grain single 
cell cavity (CEBAF shape; Nb from OTIC, Ningxia, 
China). The main residual gases in the furnace and the 

TUOAAU01 Proceedings of SRF2009, Berlin, Germany

05 Cavity performance limiting mechanisms

92



temperature profile during the heat-treatment are shown in 
Fig. 5. A nitrogen partial pressure of about 10-5 mbar was 
maintained in the furnace at 400 °C for about 15 min by 
regulating the opening of a needle valve, connected to the 
furnace through a vacuum line. Semiconductor grade 
nitrogen was supplied at the inlet of the needle valve 
through a regulator.  Large-grain niobium samples were 
prepared following standard cavity preparation techniques 
(150 μm removal by BCP, 600 °C/10 h heat treatment in 
the vacuum furnace, 10-15 μm removal by BCP) and the 
surface was nano-polished at Wah Chang. The samples 
were heat-treated in the furnace with the cavity, and a 
depth profile of the major impurities (N, O, C, H) was 
measured by SIMS at North Carolina State University 
[24]. In the same setup, a sample which was not heat-
treated was also measured. The only noticeable difference 
between the heat-treated versus non heat-treated samples 
was a lower hydrogen concentration by about two orders 
of magnitude in the heat treated sample. Nevertheless, no 
nitride layer was found on the heat-treated sample. 
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Figure 5: Partial pressures and temperature profile during 
the first attempt at surface passivation of a Nb cavity. The 
temperature was maintained at 800 °C for 3 h, then 
dropped to 400 °C in about 45 min, hold at 400 °C for 20 
min while nitrogen was admitted into the furnace, 
followed by cool-down at 30 °C. 

After the heat-treatment, the cavity was degreased in a 
ultrasonic tank filled with water and detergent for about 1 
h, followed by standard high-pressure water rinse (HPR) 
for 1 h, drying in a class 10 clean room, flange assemblies 
and evacuation on a vertical test stand. The high power 
RF test results at 1.7 K are shown in Fig. 6: the Q0 at low 
field improved by about 50%, the Q-drop is still present 
but the onset increased by about 15%. The cavity was 
then baked on the test stand at 120 °C/12 h in UHV and 
the following RF test showed no Q-drop, up to a quench 
field of 136 mT (corresponding to an accelerating 
gradient of 31.9 MV/m in a 9-cell ILC cavity). 

A new baseline was established by removing about 5 
μm from the inside cavity surface by BCP. The cavity was 
limited by Q-drop starting at Bp = 98 mT. The heat-

treatment procedure was repeated, although this time the 
cavity was held at 120 °C for 12 h inside the furnace, 
before the final cool-down. Again, the cavity was only 
degreased and high-pressure water rinsed afterwards. The 
Q0 at low field improved by about 25%. No Q-drop was 
observed up to a quench field of about 118 mT. Still, the 
sample measurements showed no nitride layer being 
formed on the Nb surface. 
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Figure 6: Q0(Bp) curve measured at 1.7 K on a CEBAF 
single-cell cavity made of large-grain Nb before and after 
the heat-treatment shown in Fig. 5 and additional low-
temperature baking. 

In the following set of measurements, no nitrogen was 
admitted in the furnace at 400 °C, yet similar 
improvements of the cavity performance, as mentioned 
above, were obtained. At the moment it is not clear why 
no nitride layer was formed on the Nb surface. 

Another set of measurements was done on an ILC 
single-cell built by AES with fine-grain (Wah Chang) Nb. 
The baseline was measured at 2 K after about 120 μm 
removal by vertical EP (done by C. Crawford at JLab) and 
showed Q-drop starting at about 107 mT. The cavity was 
heat-treated using the same parameters as shown in Fig. 5, 
but without N2 injection. No chemical etching was done 
afterwards. The RF test results at 2 K showed an 
improvement of the low-field Q0 by about 30% and of the 
Q-drop onset by about 15%. The high-field performance 
drastically improved after additional “in-situ” baking at 
120 °C for 24 h: the cavity quenched at Bp = 180 mT 
(corresponding to an accelerating gradient of 42 MV/m in 
a 9-cell cavity), as shown in Fig. 7. 

Similar improvements of the cavity performance as 
described above were measured on another large-grain 
cavity (ILC shape; Nb from Tokyo Denkai, Japan). The 
experimental results on both cavities and samples will be 
described in more details in a forthcoming publication. 

The preliminary work described in this Section showed 
that an improvement of the cavity performance can be 
obtained by a high-temperature heat-treatment, without 
subsequent chemical etching. The furnace cleanliness and 
vacuum level are most likely very important conditions to 
achieve such improvement. Although somewhat 
improved, the Q-drop could not be eliminated without the 
low-temperature baking. 
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Figure 7: Q0(Bp) curve measured at 2.0 K on an ILC 
single-cell cavity (AES001) made of fine-grain Nb before 
and after the heat-treatment shown in Fig. 5 (but without 
N2 injection at 400 °C) and additional low-temperature 
baking. 

SUMMARY AND CONCLUSIONS 
The occurrence of strong RF losses causing the Q-drop 

in bulk Nb cavities is a phenomenon which still lack a 
clear explanation. It is known that these losses are non-
uniform (“hot-spots”) and occur in the high magnetic field 
region of the cavity. Two models exists which describes 
well the Q0(Bp) curves, based on the calculation of the 
surface resistance with the inclusion of “defects”. 

Which kind of “defects” are involved in the Q-drop and 
the baking effect is still an open question: recent 
experimental results, both on cavities and samples, 
contradict the predictions of an “oxygen pollution” model. 
This model had provided a fairly good description of 
other experimental results. 

Recent experimental and theoretical calculations 
indicate that magnetic vortices, either pinned or entering 
the RF surface, may be the source of the hot-spots. New 
experiments to push pinned vortices deeper into the bulk 
by laser heating are being planned at JLab. 

Recent sample measurements indicate that a high 
density of lattice dislocations and/or vacancies near the 
surface is related to the hot-spot locations. In addition, 
quasiparticle states have been measured inside the 
superconducting energy gap of electropolished Nb 
samples. The density of these states is reduced by baking.  

Experimental results reported in the literature suggest a 
possible role of hydrogen in the Q-drop and the baking 
effect. More high-quality research in this direction is 
needed. Improvements of the cavity performance have 
been achieved by high-temperature heat treatments, 
without subsequent chemical etching. A new type of 
furnace with cleaner conditions and flexibility towards 
admission of various gases is being designed at JLab, in 
collaboration with local companies. This furnace will be 
used to fully test the idea of surface passivation, in order 
to reduce the density of lattice defects and impurities. 
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CRYSTALLINE MICROSTRUCTURE ROLE IN THE HIGH FIELD
Q-SLOPE∗

A. Romanenko† , CLASSE, Ithaca, NY, USA

Abstract

Samples, which were cut out from high field Q-slope
limited small and large grain BCP- and EP-treated niobium
cavities, were analyzed using EBSD, FIB/TEM, and EELS.
Dislocation density maps were obtained from raw EBSD
data based on the procedure outlined in [1, 2]. Subsequent
vacuum annealing of samples at 100-120∘C resulted in an
observable change in the geometrically necessary disloca-
tion density in large grain BCP and small grain EP samples.
TEM images of the samples prepared by FIB did not re-
veal any observable differences in the oxide/metal interface
structure. In addition, no suboxide clusters, cracks or other
interface irregularities were observed in both baked and un-
baked samples. EELS analysis of the elemental composi-
tion revealed about 5 nanometers of oxide followed by a
sharp decrease of the oxygen signal with no extended layer
of significant oxygen content. MCR analysis of EELS data
showed that the best fit is provided by three components:
niobium pentoxide, interfacial layer of an intermediate Nb
oxidation state and bulk niobium. Mild baking followed
by the air exposure for a few weeks did not result in any
changes in the Nb and O signals as deduced from EELS
data. A new possible explanation for the HFQS based
on dislocations as premature flux entry sites is suggested.
Mild baking effect is proposed to be due to dislocation
density reduction enabled by vacancy-assisted dislocation
climb.

INTRODUCTION

The origin of the high field Q-slope (HFQS) in SRF nio-
bium cavities remains to be unclear, although many models
were proposed over the last few years. One of the major
obstacles for understanding the effect is a lack of detailed
physical knowledge about niobium surface structure. The
key hint to understanding the HFQS is the mild baking ef-
fect. Mild baking is a UHV annealing of a cavity at 100-
120∘C for 1-2 days depending on the grain size. Applying
mild baking to HFQS-limited cavities eliminates the HFQS
in electropolished and large grain BCP cavities, and might
in some cases improve the performance of small grain BCP
cavities. A physical mechanism, which underlies changes
in niobium properties due to baking, is unknown.

Up to now, the focus of surface studies was mostly on in-
terstitial impurities (oxygen, hydrogen, nitrogen etc.) and
on the oxide structure. It was motivated by the calculated
oxygen diffusion length in niobium (a few tens of nanome-
ters for two days baking period), which roughly agrees with

∗Work supported by NSF
† aroman@fnal.gov

the thickness of a baking-modified layer, and by the strong
effect interstitial oxygen has on superconducting properties
of niobium. In this contribution we report results for crys-
talline lattice microstructure in the context of the HFQS,
which was not previously studied.

Samples used throughout this project were dissected
from hot and cold areas identified with thermometry in
the HFQS-limited cavities. For clarity, areas, which ex-
hibited stronger (weaker) HFQS and consequently stronger
(weaker) RF dissipation, will be called hot (cold) spots.
Details on cavity tests, thermometry, and cavity dissection
are reported elsewhere [3, 4]. In this particular contribu-
tion we analyze samples from small grain (about 1 mm)
BCP and EP cavities and large grain (tens of centimeters)
BCP cavity.

In the first part of this study we investigated a surface
dislocation structure of niobium cavity samples before and
after mild baking utilizing EBSD mapping.

In the second part of the investigations we analyzed
niobium surface structure within the penetration depth
using FIB-prepared samples from hot and cold spots.
TEM/STEM was used for atomic scale imaging, and elec-
tron energy loss spectroscopy (EELS) provided a nanome-
ter scale elemental analysis.

EBSD RESULTS

Cornell Center for Materials Research Leica 440 SEM
equipped with the HKL Nordlys detector for EBSD mea-
surements was used for data acquisition. HKL software
was used for data processing and local misorientation cal-
culations. The information depth for EBSD is about 50-
100 nm for niobium, which is comparable to both coher-
ence length 𝜉 ≈ 40 𝑛𝑚 and London penetration depth
𝜆 ≈ 40 𝑛𝑚. Hence, the information obtained directly char-
acterizes the near-surface region, which is relevant for the
RF performance.

In the first part of this study, crystalline orientation maps
with a 1-2 𝜇m step size were obtained for hot and cold
spots. After the crystalline orientation maps were obtained,
local misorientation maps were calculated from them. A
local misorientation (LM) at a pixel is defined as an average
misorientation (in degrees throughout this contribution) be-
tween the pixel and its neighbors. Thus, LM is a measure
of a local crystalline lattice distortion, which should be inti-
mately related to dislocations since dislocations accommo-
date plastic deformations. In Fig. 1 LM distributions for
small grain BCP, large grain BCP, and small grain EP cases
are shown. From the plots the LM is on average shifted to-
ward higher angles in hot spots as compared to cold spots.
Magnitude of the shift is strongest in large grain BCP sam-
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Figure 1: Local misorientation distributions for hot and cold spots in small grain BCP (left), large grain BCP (center), and
small grain EP (right) cavities.

ples, whereas small grain EP and BCP samples exhibit a
weak shift.

In the second part of the study, a few samples from
each type were baked at 120∘C (mild baking) for about 2
days and reanalyzed with EBSD in order to look for any
changes. Comparisons of LM distributions before and af-
ter mild baking are shown in Fig. 3–4. In the small grain
BCP case there is almost no change observed. Mild bak-
ing of the large grain BCP sample shifted LM distribution
to lower angles. Finally, in the case of the small grain EP
both hot and cold samples exhibited a significant shift to-
ward lower LM angles.

Having obtained crystalline orientation maps of the sam-
ple surface, it is possible to extract dislocation density
distributions from them following the procedure outlined
in [1, 2]. As a result, a lower bound estimate on the dis-
location densities of pure screw and edge types can be ex-
tracted. For two hot and cold spots from the small grain EP
cavity, a dislocation density tensor components were cal-
culated. In Fig. 5 an average of 4 pure screw dislocation
types is shown for hot and cold samples before and after
mild baking. In Fig. 6 a distribution of 12 pure edge dislo-
cation density is presented. An average dislocation density
is defined as

𝜌𝑎𝑣𝑔 =

√∑
𝑖

𝜌2𝑖

where sum is taken over 𝑖 types of dislocations (4 for screw
and 12 for edge). An absolute value of average disloca-
tion density for not baked samples was of order 1010 𝑚−2,
which would be helpful for later discussion.

Both local misorientation distributions and calculated
dislocation density maps show mild difference between hot
and cold spots before baking, with the strongest difference
observed in the large grain BCP case followed by milder
difference in small grain BCP and EP cases. A relative
magnitude of the difference is consistent with thermometry
data (for details see [4]), which shows that large grain BCP
cavities have the strongest temperature difference between
hot and cold spots at highest achievable fields. Small grain
BCP and EP cavities, on the other hand, exhibit a relatively
mild difference between hot and cold spots, which is the
case for dislocation densities as well.

Figure 2: Typical TEM bright field micrograph of the hot
spot sample (image obtained by P. Ercius). From left to
right on the micrograph: crystalline bulk Nb, amorphous
Nb oxide, polycrystalline Pt protective layer.

Another apparent conclusion, which is not obvious from
local misorientation distributions, is the cell-like distribu-
tion of dislocations visible in both screw and edge dislo-
cation density maps. The typical size of each cell from
Fig. 5- 6 is about a few tens of micrometers.

After mild baking of small grain EP samples, a signifi-
cant decrease in both screw and edge dislocation densities
is observed. In the large grain BCP case the change due
to baking is strong as well. This correlates well with the
experimental fact that all EP and large grain BCP cavities
are free of the HFQS after mild baking is applied. Small
grain BCP cavities, on the other hand, do not respond con-
sistently to mild baking. In some cases an improvement
in the HFQS onset field or the HFQS severity is observed,
while in other cases no benefit is attained. And, again, in
good correlation with cavity experiments, local misorien-
tations and dislocation densities almost do not change for
small grain BCP samples.

FIB/TEM AND EELS RESULTS

In order to prepare samples for TEM/STEM and EELS
investigations FEI Strata 400 STEM/FIB system was used.
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Figure 3: Local misorientation distributions for small and large grain BCP samples before and after mild baking.

Figure 4: Local misorientation distributions for small grain EP samples before and after mild baking.

Before any ion milling was applied, a protective layer of
platinum (Pt) was deposited by an e-beam, followed by the
ion beam deposition of an additional platinum layer. Thick-
ness of the e-beam deposited platinum was about 100 𝑛𝑚,
and the ion-beam deposited layer was about 1 𝜇𝑚 thick.
Two samples from the small grain EP cavity were prepared
by FIB: one from the hot spot as is, and one from another
hot spot after mild baking.

FEI Tecnai G2 F20 TEM/STEM system equipped with
EELS capable of atomic scale imaging and chemical analy-
sis was used for sample studies. Typical TEM micrographs
obtained on both samples are shown in Fig. 2. Images do
not reveal any visual difference in the oxide, interface or
bulk structure between the samples. Polycrystalline plat-
inum layer is followed by the amorphous homogeneous
niobium oxide layer about 5 nm thick. At and nearby in-
terface no layers of different nature are observed, such as
suboxide layers or clusters. Underneath an amorphous nio-
bium oxide a crystalline structure of bulk niobium is clearly
visible.

EELS data was obtained by getting line profiles across
the Pt/oxide/bulk structure with steps below 1 nm around

Nb-M2,3 and O-K edges. Data analysis was performed us-
ing the Multivariate Curve resolution (MCR) method in or-
der to get a number of components in the oxide needed to
fit the spectra.

Depth profiles of Nb and O EELS signals for baked and
unbaked samples are shown in Fig. 7. Niobium and oxy-
gen concentrations shown in these graphs are in arbitrary
units. Distributions of both Nb and O signals with depth
look the same for both baked and unbaked samples that
means that the oxide structure does not change with baking
and distribution of interstitial oxygen (on the level of EELS
resolution) does not change as well.

Results of the MCR decomposition for the unbaked hot
spot sample of Nb-M2,3 spectral line show that the best fit
to the signal is provided by three components, and by two
components in O-K signal as shown in Fig. 8. Compar-
ing the MCR components to reference spectra from [5] the
components correspond to niobium in 𝑁𝑏2𝑂5, niobium in
intermediate oxidation state 𝑁𝑏𝑂𝑥, 1 < 𝑥 < 2, and bulk
niobium.
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Figure 5: Average screw dislocation density (in arbitrary units) for hot (left column) and cold (right column) spots before
(top row) and after (bottom row) mild baking.

Figure 6: Average edge dislocation density (in arbitrary units) for hot (left column) and cold (right column) spots before
(top row) and after (bottom row) mild baking.

TUOAAU02 Proceedings of SRF2009, Berlin, Germany

05 Cavity performance limiting mechanisms

98



Figure 7: EELS depth profiles of Nb and O in small grain EP hot spot (left) and baked hot spot (right).

Figure 8: MCR decomposition of Nb (top) and O (bottom) EELS signals for the hot spot sample (by J. Mundy).

DISCUSSION

Dislocations

Crystalline orientation data on hot and cold spots be-
fore and after mild baking indicates that dislocations might

be involved in both an emergence of the HFQS and the
HFQS elimination by mild baking. Magnitudes of local
misorientation shifts for hot/cold spots are consistent with
the relative intensities of losses in hot/cold spots in cavi-
ties of different grain size and surface treatment. An exact

Proceedings of SRF2009, Berlin, Germany TUOAAU02

05 Cavity performance limiting mechanisms

99



mechanism of how dislocations affect an RF superconduc-
tivity is not clear but there are two apparent possibilities.
Firstly, dislocations serve as scattering centers for Cooper
pairs, effectively reducing a local coherence length 𝜉. This
in turn translates into an increase of the Ginsburg-Landau
parameter 𝜅 and a decrease of the first critical field 𝐻𝑐1.
Therefore, magnetic flux penetration can start at lower sur-
face magnetic fields compared to pristine niobium, which
might be the reason for the HFQS and stronger losses at
hot spots. Second possibility is that the presence of dis-
locations suppresses the Bean-Livingston surface barrier
for the fluxoid penetration due to an attractive interaction
fluxoid-dislocation. The lowered surface barrier results in
the lower superheating field causing fluxoids to start pene-
tration at lower fields. Since individual dislocations are two
small compared to the coherence length 𝜉 = 40 𝑛𝑚, it is
more likely that dislocation pileups in dislocation cell walls
serve as magnetic field penetration sites rather than indi-
vidual dislocations. Dislocation cell structure suggested by
calculated dislocation density maps (Fig. 5- 6) has a char-
acteristic cell size of a few tens of micrometers.

The presence of fluxoids inside niobium within the RF
magnetic field penetration depth causes dissipation, which
consists of two components:

∙ Inductive losses due to the stationary fluxoid normal
conducting core originating from the superconducting
current time variation

∙ Losses due to the fluxoid motion arising from the vis-
cous drag

In order to estimate the magnitude of additional dissipa-
tion due to magnetic flux present inside niobium, we use a
simplified model of Rabinowitz [6]. Under assumptions of
negligible fluxoid mass, image force and pinning force the
resulting effective surface resistance is 𝑅𝑓𝑙𝑢𝑥 = 4𝑚𝑂ℎ𝑚.
The surface density of fluxoids needed for cavity qual-
ity factor 𝑄0 to decrease by a factor of two at 𝐻𝑝𝑒𝑎𝑘 =
100 𝑚𝑇 is then 𝜎𝑓𝑙𝑢𝑥 ≈ 5 × 108𝑚−2, and the average
distance between fluxoids is 𝑑𝑓𝑙𝑢𝑥 = 1√

𝜎𝑓𝑙𝑢𝑥
= 45 𝜇𝑚,

which is comparable to the size of the cells seen in disloca-
tion density maps.

Mild baking results in the significant decrease of both
screw and edge dislocation densities (Fig. 5- 6), thereby
reducing the number of premature flux entry sites. We sug-
gest that this reduction might be the reason for the HFQS
disappearance. An exact mechanism of dislocation den-
sity decrease might be due to dislocation climb. Since dis-
location climb is a vacancy-assisted process, then in or-
der for it to be possible, there should be mobile vacancies
available in the material. In [7] it was shown by positron
annihilation spectroscopy that in niobium the presence of
hydrogen (which is inevitable in the near-surface region)
results in the vacancies being bound in vacancy-hydrogen
complexes, and the dissociation of vacancy-hydrogen com-
plexes happens at about 100∘C making vacancies mobile.
Corresponding positron lifetime measurements from [7]
are shown in Fig. 9. Empirically found temperatures for

Figure 9: Positron lifetime data for Nb with (Nb1) and
without (Nb2) hydrogen present from [7].

mild baking of niobium cavities are around exactly that
temperature. Hence, the full mechanism, which we sug-
gest as a possibility for mild baking is:

∙ Vacancies become mobile at about 100∘C
∙ Dislocation climb is enabled by free mobile vacancies
∙ Dislocations rearrange with the decrease in total dis-

location density

Oxide and Interface

TEM images and EELS elemental analysis show by di-
rect observation that in samples from the HFQS-limited
niobium cavities:

∙ Niobium oxide is uniform, and no suboxide clusters,
cracks or other irregularities are present at the inter-
face

∙ Niobium oxide structure is mostly 𝑁𝑏2𝑂5 with a very
thin suboxide layer resolvable only by detailed MCR
analysis of the data; niobium oxide structure does not
change due to mild baking followed by air exposure

∙ Interface between the oxide and bulk niobium is sharp
and no extended layers of enriched oxygen content are
present; no oxygen diffusion is observed due to mild
baking

CONCLUSIONS

In summary, presence of regions with dense disloca-
tions seem to be a plausible reason for the appearance of
the HFQS in SRF niobium cavities. Mild baking effect
might be due to decrease in dislocation density enabled
by vacancy-assisted dislocation climb. Further studies on
cavity-grade niobium dislocation and vacancy structures
are planned to be performed.
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ADVANCES IN MATERIAL STUDIES FOR SRF* 

T.R. Bieler#, Michigan State University, East Lansing, MI 48824-1226 U.S.A.

Abstract 
In the past decade, high Q values have been achieved in 

high purity Nb superconducting radio frequency (SRF) 
cavities. Fundamental understanding of the physical 
metallurgy of Nb that enables these achievements is 
beginning to reveal what challenges remain to establish 
reproducible and cost-effective production of high 
performance SRF cavities.  Recent studies of dislocation 
substructure development and effects of recrystallization 
arising from welding and heat treatments and their 
correlations with cavity performance are considered.  
With better fundamental understanding of the effects of 
dislocation substructure evolution and recrystallization on 
electron and phonon conduction, as well as the interior 
and surface states, it will be possible to design optimal 
processing paths for cost-effective performance using 
approaches such as hydroforming, which minimizes or 
eliminates welds in a cavity. 

INTRODUCTION 
The continuing efforts to improve cavity performance to 
attain a high electric field and quality (efficiency) factor, 
Q, have shown that the theoretical limit for the maximum 
field of about 42 MV/m is within reach [1].  As this limit 
is approached, identification of factors accounting for 
sub-theoretical performance becomes increasingly 
important in order to reduce variability in performance.  
A number of hypothetical reasons have been put forward, 
many of which are linked to the metallurgical state of the 
Nb, particularly in welds.  As there are many possible 
variables, discussion will become less speculative if 
fundamental understanding of the physical metallurgy 
processes that occur along the fabrication path are 
clarified.  This paper provides an overview of what is 
known about the evolution of metallurgical state, and 
identifies areas needing further examination.   

The primary focus will be on factors that affect 
formability of Nb and cavity performance based upon 
classical [2-4] mechanical and physical metallurgical 
knowledge.  These topics are insufficient to identify what 
accounts for variability in performance, as there are 
additional factors related to electromagnetic and 
superconducting states in the few nanometers near the 
surface of the interior, which are discussed in other papers 
[5-7].  This paper will focus on the evolution of defect 
structures, primarily dislocation substructure, and how it 
affects cavity manufacturing and performance.  Thus, the 

basic crystal structure is discussed first, followed by 
physical metallurgical changes that occur with forming, 
welding, heat-treating, etching and baking. 

BCC DISLOCATION CHARACTERISTICS 
Pure Nb is a BCC (body centered cubic) metal similar 

to steel in structure only, as steels contain other elements 
(always C, S, P, Mn, sometimes Al, Si, Ti, V, Cr, Ni, Nb, 
Mo).  Much of the metallurgy of steel is focused on 
exploiting the phase transformation from FCC (face 
centered cubic) to BCC (Figure 1) that occurs around 
700-900 °C, and controlling the distribution of C in 
interstitial positions and carbide precipitates.  Interstitial 
carbon and small precipitates have a large influence on 
generation of mobile defects such as vacancies and 
dislocations (terminated half-planes), which determine 
strength and ductility of the alloy.  In FCC metals (e.g. 
Al, Cu, some stainless steels), dislocation and mechanical 
twinning processes are confined to {111} planes with 
dislocation motion in the <110> and <112> twinning 
directions†.  Conversely, dislocations in the BCC structure 
move in <111> directions on {110}, {112}, and {123} 
planes.  In FCC metals, there are 12 slip systems of 3 slip 
directions on 4 slip planes.  In BCC metals, there are 6 
{110} slip planes on which there are 2 slip directions 
giving 12 slip systems.  Because BCC metals are also able 
to slip on {112}, and {123} planes in the 4 <111> 
directions, BCC metals have 48 slip systems available.  
There are 2 equivalent descriptions for each system, as 
illustrated in Figure 2, where each slip systems is defined 
with a plane and shear direction.  Operation of several slip 
systems are usually required to change shape, leading to 
complex intersections and entanglements.   

In the BCC structure, dislocations reside in deep energy 
wells, and their motion requires significantly greater 
mechanical force than in FCC metals, but thermal 
vibration provides a large fraction of the energy needed to 
move dislocations.  This makes all BCC metals very 

                                                           
†
 The symbols { } and < >  around ‘Miller indices’ are used to describe 

families of similar (symmetric) crystallographic planes and directions, 
respectively, in terms of the cubic lattice.  The symbols ( ) and [ ] refer 
to specific members of the family of planes and directions, respectively, 
arising from any permutation of positive and negative integers in the 
family.  For example, 4 <111> directions, 6 {110} planes, 12 {112} 
planes, and 24 {123} planes are present in any cubic structure. 
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Figure 1:  Comparison between BCC and FCC crystal 
structures.  Examples of slip planes are shaded, and slip 
directions identified with red dotted lines. 
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strong at cryogenic temperatures.  The yield stress in 
BCC metals is also highly sensitive to the interstitial atom 
content, as interstitial atoms will diffuse into dislocation 
cores even at room temperature.  These interstitials raise 
the mechanical energy needed to force dislocations to 
break away from the solute atoms that pin them, leading 
to an initial yield drop when the stress is sufficiently high, 
as is observed in lower purity Nb.  Because of the 
temperature range of the FCC-BCC transformation in 
steels, and the high rate of atom diffusion at those 
temperatures, the range of microstructures and properties 
that can be obtained in steels is extensive.   

Pure Nb has none of the complication of steels, and in 
contrast to Fe, only the grain size and dislocation 
substructure can be modified.  Furthermore, the elastic 
anisotropy of Nb is the opposite of Fe, as illustrated in 
Figure 3 [8], which affects the characteristics of 
dislocations in Fe and Nb.  In Fe, the direction of <111> 
dislocation slip is in the stiffest direction in the crystal, 
whereas in Nb, it is the most compliant (Nb is the most 

compliant of all the BCC metals, which may arise from 
Nb being the only Group 5 metal with an extra d shell 
electron instead of a filled s shell).   

As dislocations on a slip plane impose an elastic 
repulsive force on neighboring dislocations, a pileup of 
dislocations generated by strain against a grain boundary 
(which controls the yield stress) leads to internal elastic 
back stresses that resist formation of more dislocations.  
The stress imposed on a barrier (such as a grain boundary 
or an entanglement) by a pileup of dislocations is 
proportional to nτ, where n is the number of dislocations 
in a pileup and τ is the stress needed to initiate slip.  
Consequently, to achieve the same internal stress in Nb as 
in Fe, Nb would require more than 3 times the number of 
dislocations, as E111(Fe)/E111(Nb) = 3.3.  Because the 
interaction forces between dislocations in Nb are much 
smaller, dislocation entanglements lead to much smaller 
internal stresses in Nb, and hence are much more stable.   

Figure 4 shows stress-strain curves for nine single 
crystal orientations [9].  Experiments conducted in the 3-
D diffraction microscope at the Advanced Photon Source 
(APL) at Argonne National Laboratory reveal information 
about dislocation substructure.  In specimens with much 
work hardening, diffraction patterns show streaked spots, 
whereas nearly perfect spots are observed in specimens 
oriented for single slip on a facile slip system.  The 
streaks indicate the presence of orientation gradients, and 
by implication, dislocation entanglements.  In contrast, 
where slip occurred without entanglements, dislocations 
were able to enter and leave the crystal without causing 
any orientation gradients, resulting in only a small amount 
of hardening (stress increase).  Dislocation motion in 
BCC metals is complex, as indicated by 4 of the 9 
samples exhibiting flow softening (stress decreases after a 
peak stress), which may depend on orientation softening, 
or complex dislocation behavior proposed by other 
researchers [10-11].  

 
Figure 2:   Schematic  diagram  of  motion  of  
dislocations from sources S due to an imposed shear 
stress τ that activates two slip systems.  The plane 
normal and direction of motion are described with 
Miller indices such that the scalar produce is zero; 
each system can be equivalently described in two 
ways using opposite signs (bars over numbers). 

 
Figure 3:  The elastic anisotropy of BCC metals is 
plotted on {100} and {110} planes showing maximum 
and minimum values of Young’s (tensile) modulus, E 
(the vector from the origin to the curve gives the 
direction and magnitude).  The maximum stiffness in 
Fe is <111>, which the most compliant in Nb.  Nb is 
the most compliant of BCC metals [7]. 

 
Figure 4:  Stress strain curves for 9 single crystals 
oriented to investigate slip system operation; some 
have single slip for much of the deformation (flat 
curves), 4 show softening (R2,X3,Q2,T3), and others 
have multiple slip systems activated that cause stress 
increases (work hardening) from dislocation 
intersections and entanglements. 
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INGOT PRODUCTION  
As high purity Nb is produced using multiple electron 

beam remelts of a Nb ingot, the solidified lower part of 

the ingot collects droplets of molten Nb, and hence the 
top of the ingot is at the melting temperature.  The water 
cooled mold causes a large spatial temperature gradient, 
yet the cooling rate is slow.  These conditions favor 
growth of large grains due to the slow cooling rate, but 
the large temperature gradient also causes strains 
associated with thermal contraction.  Figure 5 shows a 
region in a large grain ingot with significant populations 
of tangled dislocations (white) that are between cells of 
low dislocation density material (dark) [12].  It is yet 
unclear if this heterogeneous dislocation structure is 
typical, but such dislocation structures cause several 
degrees of orientation spread within a grain, which has 
been observed consistently in inverse pole figures 
obtained from orientation imaging microscopy (OIM) 
data sets (Figure 6).  This orientation spread implies that 
there are more geometrically necessary dislocations than 
are observed in recrystallized grains (discussed later). 

SHEET METAL PRODUCTION  
Rolling accomplishes two goals, to break down the 

initially large grains to create a uniform fine grain size, 
and to change the shape into sheet metal.  Ingots are 
sectioned into billets (which may only contain a few grain 
orientations) and cold forged to a suitable shape that is 
then rolled using multiple reductions according to 
typically proprietary schedules, and annealed at strategic 
times during this process [13].  As high purity Nb is not a 
mass produced product, the billet is commonly small 
enough to allow rolling in multiple directions, which can 
improve the uniformity of the properties of a rolled sheet.   

The rolling process commonly causes activation of slip 
systems that rotate crystals in the center of the sheet so 
that {111} is approximately parallel to the sheet normal 
direction (ND), and grains on the surface to have {100} 
parallel to the ND, as illustrated in Figure 7.  The 
difference between the surface and interior orientation 
arises from an extension strain path in the center and a 
shear-dominated strain path on the surface layer (due to 
the effects of the rolls, see Figure 8 [4]).  Because these 
two strain paths have different stress states, they cause 
different rotations and different levels of stored strain 
energy (dislocation density), so recrystallization is rarely 
uniform.  Often, the surface shows larger grain sizes than 
in the interior.  To achieve a sufficiently uniform small 
grain size (to meet specifications), producers have often 
given a small reduction prior to the final anneal that 
selectively puts more plastic work into the surface grains.  
While this leads to a more consistent grain size, it also 
increases the fraction of {100} grains on the surface.    

A common orientation found on the surface is the 
{100}<011>* rotated cube orientation.  More commonly, 
                                                           
*
 The {plane}<direction> nomenclature identifies an orientation about 

which there is commonly a spread of about 10°.  {100}<011> indicates 
that {100} planes are approximately parallel to the sheet (i.e. the plane 
normal is perpendicular), and <011> directions are aligned preferentially 
with the rolling direction (RD).  It is usually written so that the scalar 
product would be zero, consistent with the orthogonal relationship 
between the sheet normal and the rolling direction.   

 
Figure 5:  Electron Channelling Contrast Image of 
dislocation structure in an as-received ingot. 

 
Figure 6:  Representative discrete inverse pole figures 
from OIM measurements.  The spread of crystal 
orientations is greatest after deformation, and 
significantly lower after heat treatments to cause 
recovery or recrystallization. 

 
Figure 7: Five examples of orientation maps from 
commercially rolled high Purity Nb show a trend of 
preferred {100} orientations near the surface and 
{111} orientations in the interior.  Microstructure and 
texture gradients vary widely from sample to sample.  
The orientation maps are with respect to the sheet 
normal direction, and electron work function values 
are indicated for different surface normal directions. 

 
Figure 8:  Schematic diagram illustrating how the 
strain path differs between the surface and center of 
rolled sheet.  The relative amount of shear at the sheet 
is increased with smaller reductions. 
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a range of orientations with a common plane normal 
direction, such that {100} || ND describes an axis about 
which any rotation of the crystal about the sheet normal 
direction can be found.  Similarly, a {111} || ND preferred 
orientation is also commonly found (named the γ fiber), 
and this orientation is very desirable for uniform forming 
characteristics.    

From about 10 characterizations of different batches of 
rolled material from different suppliers, the same 
combination of texture and grain size has never been 
observed twice, even among pieces from the same batch 
of material.  One of the examples in Figure 7 even shows 
the upper half with {100} and the lower half with {111} 
planes preferred in the sheet normal direction.  This 
implies that a method to reproduceably obtain the same 
microstructure from a billet has not been achieved, and 
this can cause variability in forming half-cells.   

Some of the variability in cavity performance may be 
traceable to the variability of grain orientations on the 
surface, which etch at different rates, and have different 
work functions (the work function varies with surface 
normal direction as illustrated in Figure 7). 

INFLUENCE OF MICROSTRUCTURES 
ON FORMABILITY 

Processes have been developed to optimize uniform in-
plane formability of steel sheets by controlling texture 
and microstructure.  It is well established that a small 
grain size favors more uniform and larger strains, and also 
minimizes surface roughness (orange-peel) that arises 
from heterogeneous strain in different grains.  Minimizing 
surface roughness minimizes perturbations that can 
initiate fatigue cracks, and as important, improve the 
application and appearance of paint.   

Texture is controlled by strategic deformation and heat 
treatment sequences.  The {100} || ND is an undesirable 
soft, but stable orientation, as the operation of several slip 
systems lead to localized oscillating counter-rotations that 
maintain the same crystal orientation.  For example the 
rotated cube orientation is stable up to 70% thickness 
reduction, after which slip commences on {123} planes 
that alters the orientation [14].  In the {100} || ND 
orientations, all four <111> slip directions have a ~35° 
inclination from the sheet that causes high resolved shear 
stresses on many slip systems.  This orientation causes the 
greatest tendency for thinning in the sheet with strain, 
which creates local thin spots that cause a self-amplifying 
strain localizing effect.  In contrast, the {111} || ND 
orientation has 3 <111> directions inclined 20° from the 
plane, and the 4th one is perpendicular (and has a near-
zero resolved shear stress acting on it).  Because of the 
small angle, a large applied stress is needed to reach the 
yield stress, making it a hard orientation.  This is also a 
stable orientation because if two slip systems operate 
preferentially, they will rotate the crystal in a direction 
where the third one becomes favored, causing a counter 
rotation.  With the small inclination of slip direction from 
the sheet plane, this orientation resists thinning.  When 

there is a high volume fraction and a uniform distribution 
of orientations around the γ fiber, very uniform 
deformation and large strains are enabled, so great effort 
is taken to make this the dominant texture component.  
Other orientations are not stable; when slip occurs 
predominantly along one or two <111> directions, the 
crystal must rotate.  As Figure 7 shows a variety of 
orientations present on the surface, the rate of thinning 
varies from grain to grain, which causes the ‘orange peel’ 
effect on the surface.  Hence, minimizing the red and 
maximizing the blue orientations will also improve the 
surface uniformity, stable deformation, and 
reproducibility of strains.   

With increasing strain, the crystals rotate toward either 
the {100} || ND or {111} || ND orientations, but only the 
{111} is desirable.  Strategic changes in rolling direction 
combined with heat treatment can bias the rotations 
toward a desired orientation, but when the final thickness 
is reached, strain can no longer be used to change the 
texture.  This limitation on the available strain can be 
overcome to obtain highly desirable textures with fine 
grain sizes using the Equal Channel Angle Extrusion 
processes prior to rolling, as indicated in Figure 9 [15].  A 
billet of material is pushed through the 90° die several 
times without changing the shape, so with different 
sequences of rotations, very different textures and 
microstructures can be obtained.  After this strategic 
preconditioning that homogeneously generates a fine 
grain size and a more uniform texture, subsequent rolling 
can lead to more reproducible microstructure and texture, 
and hence formability (and hence, less variability).   

 Computational plasticity modeling strategies can be 
used to simulate these processes, and to use optimization 
methods to identify desirable processing strategies.  Using 
the measured texture as an input, these orientations can be 
computationally deformed in a manner that insures 
compatibility in strains (so that no voids occur) on an 
average (statistical) basis, or, as simulations of particular 
microstructures.  With different combinations of slip 
systems active in each grain, the amount of slip on each 
system varies within grains so that compatible 
deformation occurs with neighboring grains.  These 
modeling processes are complex, and must consider how 
accumulation of dislocations hardens the microstructure 
and increases the stress needed to accomplish the next 
increment of deformation, and hence, rotation.  Figure 10 
shows two outcomes starting with the same set of grain 
orientations, but using different ways of tracking 
hardening behavior; the more sophisticated model is able 
to predict locations where failure is more likely [16].   

Slicing Ingots to form Cavities 
There is growing interest in bypassing the cost and 

uncertainties associated with rolled material by slicing 
ingots and forming cavities from the multi- (or sometimes 
single-) crystal slices from ingots [13].  When pressed in 
molds, the deformation is often much more irregular than 
from fine grain sheet metal, requiring extra pressing 
operations and jigs to obtain circular mating surfaces 
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needed to weld two half cells together.  Thicknesses are 
much more irregular, even within the same grain 
orientation, because the direction of hoop stress varies 
spatially with respect to the grain orientation, such that 
different slip systems will be activated in different parts 
of the same large grain.  Grain boundaries impose barriers 
to slip, so that less strain occurs along grain boundaries, 
leading to easily detected ridges along grain boundaries.  
These irregularities may be worth tolerating for benefits 
that come with reduced waste material and reduced cost 
from rolling and heat treating, but this also introduces an 
element of variability that must be either tolerated or 
overcome with strategic processing of ingots to obtain 
consistent grain orientations, or strategic choices of which 
pieces (and orientations) should be welded together. 

RECOVERY AND RECRYSTALLIZATION  
In both deformation processing to make sheet, and in 

forming of the cavity, heat treatments are required to 
restore ductility during deformation processing, or to 
drive out hydrogen or modify the interior surface of the 
cavity.  These processes remove dislocations generated by 
plastic deformation, but this process is extremely 
sensitive to details of deformation history, preferred grain 
orientations, microstructure / grain size, heating rate, 
temperature, and time, making this process challenging to 
control.  Compared to steels, niobium recrystallizes in a 
more random manner [17], making preferred textures 
more difficult to obtain.  Having fewer processing 
variables available (compared to steel) also limits the 
ways that recrystallization can be used strategically to 
obtain desirable grain orientations.   

Heat treating causes changes in the microstructure by 
recovery, recrystallization, and grain growth.  These 
processes are briefly described using Figures 11 and 12 
[18].  During plastic deformation, entangled dislocations 
cause dislocation multiplication processes [2-4].  
Dislocation generation is a mechanism by which an intact 
plane of atoms is separated to become two terminated 
half-planes of opposite sign.  Neighboring half planes 
with opposite signs have attractive stress fields that 
facilitate their joining together to make a full plane 
(Figure 11a).  With thermal activation (heating), and 
diffusion, most of these terminated half planes are able to 
find neighboring half planes with the opposite sign, and 
join to recover a whole plane, which removes two 
dislocations (i.e., recovery).  Such dislocation reactions 
eliminate statistically stored dislocations, and remaining 
geometrically necessary dislocations (which cause lattice 
curvature, Figure 11b) reorganize to form mobile low 
energy, low angle subgrain boundaries, Figure 11c.   

Recrystallization and grain growth occur at higher 
temperatures than recovery, and follows partial recovery 
events.  The recrystallization temperature depends on 
many factors, such as strain history, rate of heating (full 
recovery can prevent recrystallization) and purity.  
Impurities segregate preferentially to grain boundaries, 
and can stabilize boundaries and dislocation structures, so 
a higher temperature is needed to facilitate their motion.   

There are many kinds of recrystallization [18]; the 
driving force for primary recrystallization is to reduce 
dislocation density by motion of grain boundaries.  Figure 
12a shows where subgrains that formed in a shear band 
are able to grow into lesser deformed adjacent material.  
Figure 12b illustrates a different scenario, where the 
smaller subgrain size in one grain has higher defect 
density, so the neighboring grain boundary bulges into 
this grain.  As a grain boundary moves through a region 
with subgrains, atoms from grains with subgrains jump 
into perfect lattice sites, resulting in elimination of 
subgrains and most dislocations (there are always some 
dislocations present to satisfy the need for entropy).  
Because the strain energy of dislocations is so small in 
Nb, the density of dislocations in recrystallized grains is 
likely to be greater than in steels or most other metals.  As 

 
Figure 9:  Very different kinds of rolled sheet micro-
structures and texture gradients can be obtained for 
samples preprocessed with ECAE; the color scale is 
the same as Figure 7. 

 
Figure 10:  Simulations of biaxial bulging using two 
variants of crystal plasticity finite element models 
with different assumptions; the better one used an 
evolving yield surface based upon texture evolution. 

TUOAAU03 Proceedings of SRF2009, Berlin, Germany

06 Material studies

106



boundaries move, grains become larger, and the same 
voxel may have several boundaries pass through it.  It is 
of great technological value to control which grain 
boundaries move in order to obtain desirable 
recrystallized orientations. 

WELDING  
Welding is a necessary part of fabricating accelerator 

hardware, although there are methods to make weldless 
cavities with hydroforming or spinning processes [19].  In 
current processes, half cells are e-beam welded together.  
As welding progresses, solidification, recrystallization 
and recovery occur near the weld, dramatically altering 
the parent microstructure in the heat affected and fusion 
zones [20].  Figure 13a shows a polycrystal weld in 
undeformed material that was exposed to air prematurely, 
so that differential oxidation rates revealed the grain 
structure.  The fastest oxidation rates occurred on grains 
with {111} plane normals.  In contrast, deformed single 
crystals recrystallize in the heat affected zone (HAZ), but 
the fusion part of the weld is often a bicrystal with a 
boundary along its centerline (Figure 13b).  Grains within 
the fusion zone of polycrystals are large, and of varied 
orientations (Figure 13a,c), giving the weld very different 
properties compared to the parent material.  The HAZ 
adjacent to the fusion zone of the weld has a dramatic 
gradient of grain sizes, and the heating allows adsorbed 
interstitial atoms to diffuse beneath the surface, altering 
purity in complex ways.  Adjacent to the weld, 
recrystallization and dramatic grain growth occur, and 
farther away, some grain growth and recovery occurs to 
varying extents.  The large grain sizes leads to a slightly 
lower yield stress and much more non-uniform strain, 
with elongations about half to 2/3 of the parent material.  
As the welded pieces are in fixtures, cooling will cause 

thermal contraction, so localized strain occurs in the weld 
and HAZ preferentially.  In instrumented cavity tests, hot 
spots have most often been found in the HAZ of the 
equator weld, making the weld a suspicious source of 
defects that degrade cavity performance [19]. 

SURFACE PREPARATION  
After welding, the interior surface is chemically 

removed to eliminate a ‘damaged layer’ (about 100-200 
μm) [19].  This damaged layer has been identified 
empirically, and it clearly removes any deformation 
features arising from handling, but it also removes {100} 
orientations that often predominate on the surface, which 
have a lower work function.  An 800 °C vacuum heat 
treatment is often used to drive out hydrogen, and this 
causes a mixture of recovery and recrystallization that 
depends on the strain and location with respect to welds, 
so dislocation density is clearly reduced, but not in a 
uniform manner.  While grain boundaries have been 
shown to trap vortices that cause local heating [5-7], it is 
not clear if dislocation substructure is also able to do this.  
Correlations between hot spots in cavities and higher 
geometrically necessary dislocation content have been 
identified in the context of experiments regarding the 
final 120 °C bake that improves performance.  There are 
also correlations between hot spots and etch pits, which 
are often indications of dislocations, in the HAZ [21].  
The role of dislocation rearrangement during the 120°C 
bake remains an open question. 

Figure 11:  Schematic diagram of recovery; (a) after 
plastic deformation, statistically stored dislocations 
climb and glide to find annihilation partners (e.g. ‘+’), 
leaving only (b) geometrically necessary dislocations 
which (c) arrange themselves into low energy low 
angle boundaries. 

 
Figure 12:  Schematic diagram of two forms of 
recrystallization; (a) subgrains within locally rotated 
shear bands nucleate to grow into surrounding lesser 
deformed material, (b) grain with larger subgrains 
(left) grow into grain with smaller subgrains (right). 

 
Figure 13  (a) Test weld on an undeformed polycrystal 
plate exposed to air while cooling shows differential 
oxidation that reveals the microstructure present in the 
material.  (b) Weld between two deformed single 
crystals has a single orientation on either side in the 
fusion zone, but recrystallization occurs in the HAZ.  
Grains with high Schmid factors from OIM map (c) 
deform preferentially during a tensile experiment (d). 
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DISLOCATION SUBSTRUCTURE AND 
THERMAL PROPERTIES  

Thermal conductivity (k) is also sensitive to dislocation 
content.  Nonsuperconducting electrons conduct heat, but 
their fraction decreases with temperature, as does k.  
Lattice defects interfere with normal electron conduction, 
a component of k, but dislocations can also affect phonon 
transport [22].  A common way to semi-quantitatively 
assess dislocation density is with electrical resistivity [2].  
High Q values have been obtained because the high purity 
increases k by removing heterogeneous sites that disturb 
electron flow.  When unpinned segments of dislocations 
are aligned with the heat flow direction, a passing phonon 
can be dissipated by causing the dislocation to vibrate 
within its energy well, and thus reduce energy transport to 
the surrounding He bath.  Figure 14 shows how k depends 
on RRR value (which may reflect both purity and 
dislocation content), and how a heat treatment of a 
deformed polycrystal specimen in a low purity 
environment degraded thermal conductivity above 3 K, 
but restored the phonon peak below 3 K.  In recent bi-
crystal experiments, differences in k with respect to 
crystal orientation as well as resistance at a grain 
boundary are resolved, though these effects are smaller 
than effects due to purity or dislocation content.   

SUMMARY  
This overview of the mechanical and physical 

metallurgy associated with the production of SRF cavities 
clearly shows that dislocations are an omnipresent 
facilitator for and detractor of the performance of cavities.  
There is only a small amount of knowledge about the 
underlying physics of dislocations on functional 
performance.  Processing paths can be optimized to obtain 
desirable microstructures for forming, but there is also 
evidence that dislocations affect thermal conductivity and 

RF currents on the interior surface.  Two exemplary 
forming histories illustrate where deeper understanding of 
the metallurgical state is needed:  One can save cost by 
slicing ingots, but it is also likely to bring variability 
arising from large crystal orientations and welds.  Cost 
savings may also be possible if strategic deformation 
processing is used to optimize Nb for hydroforming in 
order to remove the variability of welds [24].  Perhaps a 
recrystallized single-crystal or large grain cavity with few 
dislocations aligned with the direction of heat flow may 
lead to optimal and reproducible performance of a cavity.  
Whether this can be done without compromising other 
practical design constraints (such as strength or 
dimensional stability) presents an optimization challenge. 
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Figure 14:  Measurement of thermal conductivity, k:  
the two curves from Singer [23] show how strain in a 
single crystal removes the phonon peak.  An as-
received polycrystal (orange symbols) showed no 
phonon peak, but after a 1400°C anneal, the phonon 
peak returned, but due to a low quality vacuum, the 
thermal conductivity at higher T dropped extensively.  
A bi-crystal specimen (blue symbols) shows modest 
effects of grain orientation and boundary on k. 
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REVIEW OF RESULTS FROM TEMPERATURE MAPPING AND 
SUBSEQUENT CAVITY INSPECTION 

Wolf-Dietrich Möller, Deutsches Elektronen-Synchrotron DESY, Helmholz Association of German 
Research Centers, 22603 Hamburg, Germany

Abstract 
Temperature mapping systems are used since many 

years to locate performance limiting defects on 
superconducting cavities during the RF measurements. In 
order to investigate the nature of such defects non-
destructive optical inspection systems are in use. 

Due to better quality control of the niobium material 
and welds as well as the preparation steps the limitations 
could be pushed up to gradients higher than 30MV/m. 
According to the higher gradients and therefore smaller 
defects new methods of detecting and visual inspection 
have been developed in the recent past. 

This paper gives an overview of the recent 
developments of such systems and findings on the RF 
surfaces of superconducting cavities. 

INTRODUCTION 
Localisation and characterisation of field limiting 

defects is necessary in order to improve the production 
and processing of superconducting (SC) cavities. 
Therefore different T-mapping systems using carbon 
composition resistors are in use since many years. 
Recently a new diode based T-mapping was developed. 
For SC cavities cooled in He II a defect location system 
with oscillating superleak transducers was developed. 
Visual inspection systems for identification of the defects 
are improved for higher resolution and ability to estimate 
the shape. 

The paper will describe the systems now in use at 
different laboratories. Typical defects at different gradient 
limitation levels are shown. 

DEFECT LOCATION SYSTEMS 
Carbon composition resistors such as Allen Bradley are 

in use at different laboratories in rotating and fix 
temperature mapping systems (t-map) for localising the 
thermal breakdown as well as investigating the thermal 
loss distribution over the superconducting resonator at 4 
K [1]. In case the resonator is cooled in a super fluid 
helium bath additional precaution must be taken in order 
to isolate the temperature sensor from the HeII bath. 
Therefore the carbon resistor is housed in an epoxy case 
as described in [2] and [3] (see Fig. 1). The good thermal 
contact is provided by Apiezon vacuum grease between 
the sensor and the cavity surface. 

A newer development of a diode based fixed t-map 
system comes from Fermilab [4]. The advantage of this 
system is the small size of the diodes (1mmx1mm) and 
future availability of the wide spread used cryogenic 
sensors (1N4148 diode). 

 
Figure 1: Carbon composite resistor housed in an epoxy 
case for use in t-maps blow Lambda point 

 

Figure 2: 16 diodes mounted at a flex Kapton foil and 
assembled to a printed circuit board. 60 boards with 16 
diodes each will be assembled around one cell. 
Consequently the t-map consists of 960 diodes per cell. 

This system can be used at one cell and 9 cell SC 
cavities. The diode is mounted on a flex Kapton foil and 
assembled to a G10 printed circuit board (Fig. 2). The 
diodes are configured as a multiplexed system without a 
separate multiplexer. For a 9 cell cavity as much as 8640 
diodes are installed. The resolution is about 1cmx1cm. 

A new acoustic defect location system was developed at 
Cornell, Newman Lab [5]. When operating the cavities 
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below the lambda point the second sound wave originated 
from the quench location is used to triangulate on the 
quench-spot. Only a few (e.g. 8 at a 9 cell cavity) 
oscillating superleak transducers (OST) have to be placed 
around the cavity. The advantages are the simple 
fabrication (Fig. 3) and easy assembly of the OSTs near 
the cavity. Also there is no reduction of the active cooling 
surface of the cavity. 

 

 
Figure 3: The oscillating superleak transducer 
components are shown: in the middle the isolated 
electrode with the sensor body, lower right the filter 
membrane and lower left the assembly ring. 

INSPECTION SYSTEMS 
In addition to the traditionally used optical systems like 

borecopes and long distance microscopes now a new 
camera based system was developed at KEK and Kyoto 
University [6]. It consists of a CCD camera with a 
resolution of 3.7 μm per pixel. A variable illumination 
system allows measuring the height or depth of a defect 
(Fig. 4). 

 

 
Figure 4: The head of the inspection system developed at 
KEK and Kyoto University houses a camera and the 
variable illumination system. 

For further investigation of the defects samples can be 
cut out of the cavity. The shape of the defect can be 

investigated by optical microscope (resolution: >1 μm), 
3D microscope and SEM (resolution: a few nm). At many 
labs replications are taken from the defect in case of pits. 
On these replications the shape can be measured by a 
profilometer. 

There are several methods to investigate the 
composition of the defects like e.g. EDX and Auger. 

MEASUREMENT RESULTS 

Results from DESY 
With the use of a rotating t-map system at a low 

performing 9 cell cavity many defect locations measured 
in the different modes of the fundamental mode passband 
were found. Hence samples at the suspicious locations 
were cut out and investigated. Many defects could be 
identified [7]: 

In the area of a hot spot at a 16MV/m quench several 
particles were found (Fig. 5). The size range is from 5 to 
100μm. EDX analysis showed iron and carbon as the 
main elements. 

 
Figure 5: A particle of the size l = 10μm was analysed by 
EDX and found out of iron. It was limiting the cavity 
gradient at 16 MV/m.  

 

Figure 6: Along the grain boundaries in the equator weld 
many holes and pits were found limiting the cavity 
gradient to 16 MV/m. At right the SEM picture shows a 
hole of 10 μm length.  

Many holes and pits were found along the grain 
boundaries in the equator weld at a different quench 
location (limit 16MV/m). The SEM pictures show sharp 
edges (Fig. 6). No foreign material could be identified by 
EDX and Auger. Some increased content of carbon was 
seen, but the suspicion is that this was introduced by the 
cutting procedure. 

At a quench value of 23 MV/m a hole and a bump was 
identified at the equator weld (Fig. 7). Pictures taken by 
the Kyoto camera as well as the 3D microscope show a 
hole with a deepness of about 200μm. No foreign material 
was found. 
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Figure 7: A hole as the identified defect at the equator 
limiting the cavity at 23 MV/m. The upper picture is 
taken by the Kyoto camera whereas the lower picture 
shows the same defect with a 3D microscope. The defect 
size is about 1 mm. 

In all quench locations identified by the t-map system 
we were able to find conspicuous defects at this level of 
limitations below 25MV/m. 

Results from Cornell University 
At 1 cell measurements the quench was localized with a 

t-map system, but with the optical inspection no 
suspicious spot could be identified.  

 

 
Figure 8: Quench causing defect only seen with the SEM, 
but not with the camera inspection system. 

After cutting the cell (at Cornell with a pipe cutter, a 
very clean and efficient method) and investigating the 
location under the SEM many interesting details were 
found. Fig. 8 shows a pit only seen by SEM [8].  

The quenches at the 9 cell cavities are localized by 8 
OSTs arranged around the cavity. With the help of the 
long distance microscope many defects could be 
identified (Fig. 9). These defects cause quenches at 
magnetic fields ranging from 700 Oe to 1250 Oe. 

 

 
Figure 9: Defects localized by the OSTs and pictures 
taken by the long distant microscope. Limitation magnetic 
field ranges from 700 Oe to 1250 Oe. 

Results from KEK 
In order to find the cause of the limiting defects an 

extensive inspection during the whole fabricating process 
together with consequent RF measurements and quench 
localization was done [10]. Two cavities have been 
inspected near (±15 mm) and on the equator weld with the 
help of the Kyoto camera: 

• before dumbbell welding  
• cavity as received 
• after pre EP 
• after 100 m EP 
• after annealing 
• after final EP 
• after vert. test + T-map 

Many suspicious spots were found before second EP: 
• typical pits: 

o diameter: 200 - 500 μm 
o depth: 10 - 30 μm 

• typical bumps: 
o diameter: 800 μm 
o height: 50 μm 

 
During this inspection many suspicious spots were 

observed on the surface even in the dumbbells stage. The 
subsequent cold RF measurements did not show heating 
and field limitations at these previously identified spots. 

Fig. 10 shows the equator weld area where the heating 
was localized at 33 MV/m [11]. On the upper picture a 
non uniformity of the weld can be seen. 
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Figure 10: The area of a quench at 33 MV/m at the 
equator weld is shown. On the lower picture the location 
of the temperature sensors is indicated. On the upper part 
the only suspicious spot in this area is shown: a non 
uniformity of the weld. 

DISCUSSION 
Doe to the very advanced fabrication and processing 

techniques we are able to regularly reach accelerating 
gradients above 25MV/m [12]. Simulations have shown 
that the breakdown field scales with the defect size. At 
gradients of E = 30MV/m respectively Hpk = 130 mT (for 
a TESLA shape cavity) the calculated defect size is in the 
range of 30 μm (when the niobium has a RRR of 300 and 
the particle is Tantalum like) [13]. The tools to identify 
defects of this size are available. The KEK surface 
investigation during fabrication and after the 2K RF test 
has shown that many defect like irregularities can be 
found. Most of them are pits and bumps. But up to now it 
is difficult to classify these defects and draw predictions 
on the limiting gradient and effect. 

CONCLUSION 
Over the last years a big improvement in the cavity 

fabrication and treatment could be made. Foreign material 
as cause of limitations at gradients < 20 MV/m is the 
exception. 

The systems like t-map and new acoustic defect 
location system are still of a high importance to find the 
quench location and abnormal heating zones. 

New visual inspection systems are available and allow 
a resolution down to 3.7 μm per pixel. Many irregularities 
in the cavity RF surface are found with these systems 
during and after fabrication and treatment like pits, bumps 
and weld irregularities. 

Some correlations are found with quench limitations at 
higher fields > 20 MV/m. 

But often there is no correlation between suspicious pits 
and bumps and the quench location. 

At gradient limitations in the range >30 MV/m defects 
are often not identified. 

Both, the defect location systems during RF test as well 
as the visual inspection systems are essential to 
understand the limiting effects and to give the necessary 
feedback to the manufacturer of the cavities and also 
improve the processing. 

Investigations have to be done on order to understand 
the limitation mechanism of the different defects at higher 
fields. 
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DEFECT LOCATION IN SUPERCONDUCTING CAVITIES COOLED WITH 
HE-II USING OSCILLATING SUPERLEAK TRANSDUCERS* 

Z.A. Conway#, D.L. Hartill, H.S. Padamsee, and E.N. Smith, CLASSE, Cornell University, Ithaca, 
NY, U.S.A.

Abstract 
Superconducting RF cavity quench location is presently 

a cumbersome procedure requiring two or more expensive 
cold tests with large arrays of thermometers. One cold test 
identifies the cell-pair involved via quench field 
measurements. A second test follows with numerous fixed 
thermometers attached to the culprit cell-pair to identify 
the particular cell. A third measurement with many 
localized thermometers is necessary to zoom in on the 
quench spot.  By operating superconducting RF cavities at 
temperatures below the lambda point the second sound 
wave emanating from the location where quench occurred 
can be utilized to triangulate on the quench-spot. Here a 
method which utilizes a few (e.g. 8) oscillating superleak 
transducers (OST) to detect the He-II second sound wave 
driven by the defect induced quench is discussed. Results 
characterizing defect location with He-II second sound 
wave OST detection, corroborating measurements with 
carbon thermometers, and second sound aided cavity 
repairs will be presented. 

INTRODUCTION 
Due to major R&D efforts by many laboratories within 

the TESLA Technology Collaboration (TTC), DESY and 
JLAB have now successfully tested more than 20 cavities 
over 35 MV/m [1, 2].  Nevertheless the means for reliably 
producing cavities which achieve accelerating gradients 
>35 MV/m with a high yield remains to be demonstrated 
as one of the ILC highest priority R&D goals.  Frequently, 
the cavity gradients are limited by defects on the RF 
surface which quench at field levels well below 
35 MV/m.  Such quench limited cavities may be 
repairable but the process of locating defects in 9-cell 
cavities remains a lengthy and cumbersome process. 

Many laboratories are developing large scale 
thermometry systems to pin-point the quench locations.  
Here, we present a cost-effective and simple method to 
determine quench locations (defects).  By testing a 
superconducting cavity in a superfluid helium bath it is 
possible to observe second-sound temperature waves 
driven by the conversion of stored RF energy to thermal 
energy at the defect [3, 4].  By measuring the time-of-
arrival of the second sound wave at three or more 
detectors the defect location can be unambiguously 
determined in three dimensions.  The work presented here 
builds upon and enhances the technique pioneered by 
Kenneth Shepard at Argonne National Laboratory more 
than thirty years ago [3].  By locating several germanium  

 
Figure 1:   A quench event observed at ANL by Ken 
Shepard in the late 1970ies [3]. 

resistance thermometers inside the niobium tube of the 
split-ring resonators undergoing qualification tests cavity 
quench-spots were located.  In this application, the second 
sound quench location technique was employed in a one-
dimensional system.  Figure 1 shows an oscilloscope 
photograph of the results [3].  The top trace is the RF field 
level in split-ring resonator, which was excited to Eacc = 
3.0 MV/m where the cavity quenched.  The lower trace is 
proportional to the temperature of a thermometer located 
inside the split-ring resonator. 

Here, we focus on pure three dimensional systems and 
on oscillating superleak transducers (OST).  OSTs 
measure the fluctuating superfluid helium counterflow 
velocity to detect the time of arrival of second sound 
waves [5, 6, 7].  Resistive temperature transducers are still 
employed at Argonne and a detailed discussion of their 
development program can be found in reference [8]. 

This paper is split into four parts.  First, we introduce 
the second sound detection system and present an 
example of the data used to locate defects.  Second, we 
present results from direct thermometric measurements of 
the cavity outer surface which corroborate the second 
sound defect location.  Third, we give two examples 
where second sound measurements initiated the 
successful repair of superconducting cavities and where 
multiple defects were located in a single cold test.  
Finally, we conclude with a brief summary of the impact 
of the work presented here and an overview of our future 
plans. 

SECOND SOUND DETECTION 
The abrupt dissipation of the stored RF energy during 

quench can be a symptom of a surface defect.  In each 

____________________________________________ 
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cavity cold test an array of OST are employed to locate 
the defect.  A typical OST arrangement uses 8 transducers 
evenly distributed around the cavity.  The OST employed 
here are parallel-plate capacitors with one rigid plate and 
one flexible-porous plate.  The pore diameter is chosen to 
clamp the flow of the normal fluid while allowing the 
superfluid, with zero viscosity, to pass freely.  The arrival 
of a second sound wave at the OST causes the flexible-
porous-plate to move with the normal fluid as the second 
sound wave passes.  The capacitance of the detector is 
continuously monitored to measure the arrival of the 
second sound wave. 

Figure 2 shows the experimental data from an observed 
quench at 1.7 K.  The top, step-like, trace shows the 
cavity field amplitude in a single-cell TESLA-style 
cavity, which was excited with an RF pulse to Eacc = 
28 MV/m.  At this accelerating gradient the resonator 
quenched and the RF field decays.  The lower three traces 
show the signals measured with three distinct OSTs 
immersed in the superfluid helium bath with the cavity.  
For clarity the other five transducer signals are not shown.  
In figure 1, the OSTs detect the arrival of the second 
sound wave 4.3 ms, 7.2 ms, and 7.9 ms after quench.  
This indicates that the defect in the cavity is 8.8 cm, 
14.7 cm, and 16.1 cm from each OST respectively.  
Please note, this picture is representative of many quench 
events and the process is highly repeatable. 

Using this method the defect location is determined to 
an area within a radius of 2-4 cm.  Alternatively, using the 
second sound wave velocity as a free parameter and 
searching for the point where the signals converge 
improves the defect location estimate by a factor of ~3.  
Once the defect location is known the cavity interior is 
optically inspected and a course of repair can be 
determined. 

 
Figure 2: A typical quench event observed with three 
different transducers.  The top trace is the amplitude of the 
cavity RF field.  The lower three traces are the second 
sound signals measured with 3 distinct OST.  The 
variation in the second sound wave time-of-arrival is well 
correlated with the variation in propagation distance to 
each transducer. 

 

 
Figure 3: An example of the spatial distribution of cavity 
heating due to a defect. 

 
Figure 4: A single quench event measured with an OST in 
the He-II bath 8.2 cm away from the cavity defect and 
with a carbon thermometer attached to the cavity surface 
2 cm away from the cavity defect. 

THERMOMETRIC DEFECT LOCATION 
The comparison of second sound and steady state 

thermometric measurements for a defect located on a 9-
cell reentrant cavity were reported on in [4].  This result 
demonstrated the correlation between second sound and 
fixed thermometer array defect location.  However, due to 
a failure of the input coupler feedthrough from very high 
power application during testing we were only able to 
weakly couple to the cavity.  The maximum achievable 
accelerating gradient was limited to 8 MV/m in the cell 
with the defect.   

Here we compare the results of second sound and 
thermometric measurements performed at field 
amplitudes around the quench field.  Both, steady state 
and static measurements are presented. 

Figure 3 compares the second sound defect location to 
the actual defect’s temperature distribution for a cavity 
excited to a field amplitude of Eacc = 23 MV/m just below 
the quench field of 24 MV/m.  There are two sets of data 
shown here: 

• The temperature rise of the cavity outer surface 
measured with a thermometer array centered on the 
second sound determined defect-location, the solid 
points with error bars. 
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• The estimated heating due to a simulated defect from 
thermal model codes [9], the continuous line. 

The horizontal axis is the radial distance away from the 
defect location determined by second sound.  The vertical 
axis is the temperature rise due to heating, the difference 
between the measured temperature at Eacc = 23 MV/m and 
the measured temperature when the cavity is not excited. 
Notice, the defect location determined by thermometric 
measurements agrees with the second sound 
measurements to ~5 mm. 

Figure 4 compares the dynamic heating of the cavity to 
the detection of second sound waves.  There are three sets 
of data shown.  The top trace is the amplitude of the 
cavity RF field.  The middle trace is the signal from an 
OST located 8.2 cm away from the defect in the helium 
bath.  The lower trace is the cavity surface heating 
measured with a carbon thermometer in contact with the 
cavity outer surface and 2 cm away from the defect.  
During quench the cavity heats to >9 K, the critical 
temperature of niobium.  The second sound detector does 
not measure the arrival of the second sound wave (heat) 
until after it propagates to the OST.  Notice the change in 
temperature scale between figures 3 and 4.  The 
thermometer in figure 4 heats 140 mK just before quench, 
an amount only barely visible on this scale.  After quench 
it warms up, note that 6K is the upper temperature limit of 
the electronics used for this measurement. 

SECOND SOUND APPLICATION 
EXAMPLES 

In the past year the second sound defect location system 
led to the location and characterization of many defect 
limited cavities and three of these cavities were repaired 
at Cornell.  We will briefly review these results in this 
section and comment on the status of another cavity 
awaiting repair. 

First, two single-cell cavities were defect limited due to 
a flaw in the die used to form the cavities.  The initial cold 
tests found these cavities defect limited and second sound 
measurements located the defects to the same spot on the 
cavity surfaces.  Subsequent optical inspection found a 
strange bump which was quickly determined to be due to 
a flaw in the die used to form the cavities.  Removing the 
bumps with BCP etching removed the defects and 
increased the cavity quench fields.  Figure 5 shows the 
cavity defect.  This defect was located with second sound 
measurements with a single cold test. For both cavities, 
fixing the defect increased the cavity accelerating gradient 
from ~20 MV/m to ~30 MV/m. 

In another example, second sound measurements 
located a pit-defect on the equator weld of a reentrant 9-
cell cavity, reported on in [10].  Note that this pit is on the 
weld and not in the heat affected zone.  This cavity was 
tumbled, removing just enough material to eliminate the 
weld pit.  After reprocessing the cavity accelerating 
gradient exceeded 30 MV/m; previously the defect-
limited cavity quenched at 15 MV/m [10]. 

 
Figure 5: Defect located with second sound. 

 
Figure 6: Defect located with second sound on a cavity 
equator weld.  The defect is circles and the weld and heat 
affected zone (HAZ) are labeled [9]. 

It is interesting to note that exciting different 
eigenmodes of multi-cell cavities has been used to locate 
multiple defects in a single cold test.  During a test of an 
ILC 9-cell cavity, defects were found in three different 
cells.  This was done by powering different modes of the 
TM010 passband during a single cold test [11].  This 
technique is not regularly employed at Cornell during 
multicell cavity testing. 

SUMMARY 
Locating cavity defects, which cause quench, with 

second sound measurements is a simple and powerful 
technique.  In one cold test cavity defects are located with 
a small amount of hardware which is easy to integrate into 
a vertical test.  It is shown that second sound telemetry is 
well correlated with direct thermometric mapping of the 
cavity outer surface. This eliminates the need for repeated 
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testing, accommodating thermometric measurements to 
localize the defect location. 

Cornell has successfully used this technique over 30 
times in the past year and successfully repaired three 
cavities, with more second sound guided cavity repairs 
forthcoming. 

FUTURE PLANS 
The current OST design yields transducers with a 

diameter of ~1.25”, and are cumbersome while trying to 
fit them into all of the areas we would like to put them, 
e.g. inside cavity helium vessels.  We have developed a 
design which would shrink the OST diameter to ~1/2”.  
The redesigned transducers will undergo the first round of 
cold tests in the next two months.  Locating OST 
transducers inside the helium jacket of completed cavities 
is of interest to us for use in quench detection and quench 
location systems.  We have observed pre-quench defect 
heating in pulsed cavity test but more work is needed 
before the validity of this technique can be demonstrated 
for cw systems. 

Finally, we are developing a software based data 
acquisition and analysis system to simplify the process of 
quench detection and location further.  Figure 7 gives an 
example screen shot of the system under development. 

 
Figure 7: An automated second sound data acquisition 
and analysis software package is being developed for 
even easier quench-spot location. 
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BASIC UNDERSTANDING FOR THE VARIOUS CAUSES OF QUENCH

D. Meidlinger∗, CLASSE, Cornell University, Ithaca, NY, U.S.A.

Abstract

The maximum possible CW accelerating gradient in a
superconducting cavity is often limited by a quench caused
by a small defect on the RF surface. Sometimes the defect
takes the form of a large (on the order of 100 μm) pit in
the surface. In addition, the quench field for a pit is gen-
erally lower than for a normal-conducting defect with the
same size. A brief survey of previous work and current the-
ories on the nature and causes of quench is given, including
recent theories on the quench mechanism of niobium pits.

INTRODUCTION

In this article, quench will be described in terms of the
classical thermal model [1] (see Fig. 1): the high power dis-
sipation in a small, lossy defect on the RF surface causes
the temperature of the surrounding superconductor to rise
above the transition temperature TC. At this point, the
normal-conducting region grows rapidly (≈10’s of μs) un-
til the entire stored energy has dissipated away.

Defects may be introduced at various stages of cavity
fabrication. Fig. 3 shows examples of an inclusion [2] con-
taining S, Ca, Cl, and K (quench field = 10.7 MV/m), a Nb
protrusion (quench field = 18 MV/m), a weld hole [2], and
a chemical drying stain [2] (quench field 3.4 MV/m). Fig. 4
shows examples of a Nb pit [3] (quench field = 1200 Oe)
and copper particle [3] (no quench) with plots of the pre-
heating measured during tests at Cornell. The ohmic losses
of a simple normal-conducting defect such as the copper
particle are clearly observed, whereas the preheating of the
Nb pit indicates a more complicated dependence on the
surface magnetic field level. These examples demonstrate
how the measured preheating from resistive thermometry
can detect different types of detects.

Figure 1: Classical model of thermal breakdown.

∗ djm226@cornell.edu

(a) inclusion (b) Nb protrusion

(c) weld hole (d) stain defect

Figure 2: Examples of quench-limiting defects.

(a) Nb pit
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(b) pit preheating

(c) copper defect (d) copper preheating

Figure 3: Measured preheating for a Nb pit and a copper

The most simple model of thermal breakdown assumes
that all material properties are constants, independent of
temperature and field level and that the defect is a normal
conducting hemisphere [1]. Such a simple model has the
virtue of being analytically tractable. It is to be expected

particle.
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that the numerical predictions will not be very accurate;
nevertheless, the main points are present in the analytic so-
lution for the surface magnetic field Hmax at quench:

Hmax =

√
4κ(TC − Tb)

aRn
(1)

where κ is the thermal conductivity of niobium, Tb is the
helium bath temperature, a is the defect radius, and Rn is
the normal resistance of the defect. This expression is con-
sistent with the following experimental observations:

1. normal-conducting defects of smaller size and resis-
tance result in higher quench fields;

2. lowering the bath temperature increases the quench
field; and

3. increasing Nb thermal conductivity results in higher
quench fields.

1

100

1 6

K[WmK ]

T[K]

increased
RRR�

Figure 4: Increasing Nb purity increases thermal conduc-
tivity.

The thermal conductivity of niobium does, in fact, depend
on temperature, and this dependence is plotted in Fig. 4.
Historically, the best means of attaining higher fields be-
fore quenching has been to increase the RRR of the nio-
bium. The increase in thermal conductivity occurs at the
higher temperatures (≈6 K) that are typical surrounding a
defect. The thermal conductivity also has a dependence on
grain size, as this effectively determines the mean free path
for phonon scattering. The so called “phonon peak” (see
Fig. 5) does not generally help in increasing the quench
field as the peak occurs at lower temperatures than is typi-
cal in the vicinity of a defect; however, as we push the state
of the art to higher quench fields and approach the limit of
a defect-free cavity, TC will decrease at these higher mag-
netic fields. The presence of the phonon peak would then
be more vital.

1

100

1 6

K[WmK ]

T[K]

increased
mean-free-path�

Figure 5: Larger grain sizes produce a “phonon peak” in
the thermal conductivity at low temperature.

For accurate quantitative predictions of quench fields,
numerical heat transfer simulations are required that take
into account the dependence of the BCS resistance on tem-
perature, field level, and material properties such as the
mean free path; also, the temperature dependence of the
thermal conductivity must be considered. Fig. 6 shows
the results [4] of such simulations used for predicting the
quench field for various RRR in niobium.

1490

200
1 3 100

max.
H [G]

defect radius [μm]

100
200
300
500

These results predict that for a cavity to quench at a
magnetic field greater than 1490 Oe (corresponding to 35
MV/m for the TESLA geometry), a 10 mΩ defect must
have a radius less than 3μm. This is at or below the
resolution of current optical inspection systems; there-
fore, normal-conducting defects for high-gradient struc-
tures may be difficult to observe directly. This conclusion
may be too restrictive since the assumption that all defects
can be approximated as round discs with a surface resis-
tance of ≈10 mΩ is not generally valid. Some defects such
as niobium pits or protrusions may have a much smaller
effective resistance; nevertheless, all is not lost, since the
defect properties can be inferred from a combination of RF
and thermometric measurements.

THERMOMETRIC MEASUREMENTS

The cavity field level just prior to quench can be
measured; however, this information is not sufficient to
uniquely determine the properties of the defect even for the
simple model of a circular, normal-conducting defect. In
this model, the defect is characterized by two properties: its
radius and resistance. The quench field is only one value;
additional information is required. To illustrate this point,
consider the example shown in Fig. 7. Heat transfer sim-
ulations were done for two defects: a 15μm defect with a
resistance of 10 mΩ and a 150 μm defect with a resistance
of 1 mΩ [5]. The plot shows the temperature just outside of
the defects is the same at transition, so both defects result
in the same quench field.

Figure 6: Numerical calculations of quench fields for
various RRR.
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Figure 7: Calculated temperature profile on the RF surface

The total heat produced by the 150 μm defect is the
greater of the two, but the side-heating is the same for
both defects. The side-heating is the rate of heat transfer
through the sides of an imaginary cylinder which extends
down from the defect to the helium side of the niobium
wall. It is generally found that the side heating determines
the quench field [4] and that the fraction of the total heat
which passes through the sides is equal to the ratio of the
area of the cylinder wall to the the total area of the wall and
bottom. From this geometric fact, the simple inverse scal-
ing relationship between defect size and resistance can be
deduced. Since the larger defect dissipates more heat, it is
not entirely surprising that the simulation results [5] shown
in Fig. 8 predict the temperature of the helium-side of the
wall to be larger for the larger defect. The wall temperature
is then the additional information required to characterize a
defect with the circular model. By combining the measured
quench field and wall temperature with numerical simula-
tions, the defect size and resistance can be inferred.
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Figure 8: Calculated temperature profile near the defect
on the Helium side of the wall.

PITS AND PROTRUSIONS
Why do large (≈100μm) pits cause quench at higher

fields than would be expected for normal conducting de-
fects of the same size? Why would the preheating ob-
served, as in Fig. 3b, be different from the case of simple
ohmic losses in a normal conducting particle? The obvious
answer is that only a small portion of the pit goes normal

conducting. It is encouraging that thermometric measure-
ments of the type described in the previous section are con-
sistent with this model. Fig. 9 shows two pictures of the
same pit found in a single cell cavity tested at Cornell [5].

Figure 9: Two views with scanning electron microscopy
of the same Nb pit.
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(a) pit preheating

(b) temperature map

Figure 10: Measured preheating at the pit in the presence
of high-field Q-slope.

This cavity did not undergo baking and subsequently
there was a strong Q-slope observed at high fields. Fig. 10b
shows one of the temperature maps taken in the Q-slope

near the defect.
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region. The preheating measured at the location of the red
square in the middle of the temperature map indicated that
additional heating above what is expected for Q-slope was
present. The temperature rise at this location is shown in
Fig. 10a. By combining ohmic losses with the Q-slope
heating measured in the area surrounding the defect, a close
fit to the measured preheating curve was obtained. The re-
sistance corresponding to the ohmic losses for this close
fit is 0.5 mΩ to 2 mΩ. Combining this information with
the measured quench field led to an estimate of the area of
the normal conducting defect of 40 to 50 μm. This area is
much smaller than the size of the actual pit observed with
electron microscopy.

(a) before EP (b) after EP

Figure 11: Electropolishing can sharpen the edges of pits.
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Figure 12: Predictions of field enhancement from RF sim-
ulations.

The size estimates of the normal-conducting region are
comparable to the area of the edges around the pit, which
is likely the normal conducting area due to magnetic field
enhancement. Tests on the effects of electropolishing on
artificially produced pits [6] indicate that electropolishing

can sharpen the edges of the pits (see Fig. 11). The results
of RF simulations [7], shown in Fig. 12a, indicate that the
edge can locally enhance the magnetic field by as much
as a factor of four. Electropolishing has also been shown
to increase the size of pits. [6] Fig.13 shows pictures of
an artificially produced pit before and after having 30 μm
removed via buffered chemical polish and 120 μm removed
by electropolishing [8].

(a) before EP (b) after EP

Figure 13: 120 μm EP Increases Pit Size.

Sharpening the edges of pits and increasing the pit size
both tend to decrease the quench field. In order to better
understand what role the pit geometry has in heat transfer
and in determining the quench field, heat transfer simula-
tions were done at Cornell which used a ring type defect
shape as opposed to a solid disk [9]. The ring in Fig. 14b is
meant to represent the normal-conducting edge of a pit.

(a) disk defect (b) ring defect

Figure 14: A ring is used in heat transfer calculations to
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Figure 15: The dependence of quench field on ring ra-
dius is measured for two different ring widths.

This model ignores certain features of real pits such as
the non-circular shape, the variation in edge sharpness, and

model the normal-conducting edge of a pit.
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the depth profile to name a few, but even this simple model
already has three free parameters (one more than the solid
disc-type defect): the inner radius, the outer radius, and the
resistance. The dependence of the quench field on pit size
was determined by fixing the width of the ring at 1 μm and
varying the inner radius. The results are shown in Fig. 15.
It is seen that larger ring diameters lower the quench field.
The physical reason for this is simply that the total normal-
conducting area increases linearly with the radius. It is also
seen that the quench field drops rapidly for radii less than
approximately 100 μm.

Figure 16: Vertical tests at DESY show BCP lowering
the quench field.

(a) 700µm defect , quench at
Ea <

(b) 1mm defect, maximum Ea =39MV/m,
no quench

Figure 17: Large pits do not always result in low

OPEN QUESTIONS
Which is more important: the diameter or the edge?

Why is the maximum accelerating field at quench for
TESLA-style cavities with pits approximately 30 MV/m?
Hpk =1235 Oe at this field level, which is close to the
quench fields shown in Fig. 15 for typical pit properties.

While there is a rapid drop in quench field for radii less
than 100 μm, the quench field is also very dependent on
the width of the normal-conducting ring. For example, one
could imagine a heavy electropolish increasing the size of a
pit (as depicted in the pictures of Fig. 13) which lowers the
quench field; however, if the electropolishing also changed
the edge properties such that the normal-conducting width
decreases from 2 μm to 1 μm, then Fig. 15 shows that
the quench field would actually increase. Even the simple
model of the ring-type defect illustrates the need for basic
information about the pit geometry to accurately model the
heat transfer and predict quench field. Large pits don’t al-
ways result in low quench fields. Fig. 17 shows pits found
in two different cavities tested at FNAL [10]. One cavity
had a 700 μm pit and quenched at Ea <20 MV/m, while
the other cavity had a 1 mm pit and reached Ea=39 MV/m
without quench. Another open question relates to the ob-
served difference in quench field between cavities treated
with a buffered chemical polish (BCP) and cavities elec-
tropolished (EP). Fig. 16 shows the results of multiple tests
on the same 9-cell cavity tested at DESY [11]. The vertical
tests repeatedly showed the cavity quenching at 10 MV/m
lower when BCP was used. It is still true that BCP cavi-
ties quench at lower fields than EP cavities when a larger
sample population is studied. Fig. 18 shows the distribu-
tion of measured quench fields for 5-cell CEBAF cavities
prepared with BCP and for 9-cell cavities prepared with EP
at DESY. It is seen that the BCP cavities quench at a most
probable field of 14 to 15 MV/m, whereas the EP cavities
most probable quench field is 30 to 35 MV/m. A statisti-
cal analysis was done at Cornell to determine what proba-
bility distribution for defect size would produce a quench
field distribution which closely fits the measurements [4].
The results shown in Fig. 19 indicate that the BCP cavities
have much larger defects (≈50μm) than those in EP cavi-
ties (≈2μm). What about the chemical treatment affects the
defect size? The large steps at BCP grain boundaries could
possibly trap large defects, but there could also be an ad-
ditional effect of field enhancement at the grain boundary.
A normal-conducting particle located at a grain boundary
would experience more losses due to the increased surface
current from field enhancement. The heat transfer simula-
tions used in the Cornell study assumed a constant defect
resistance of 10 mΩ and did not take field enhancement at
grain boundaries into account; therefore, any additional de-
fect losses due to field enhancement would tend to increase
the size of the constant resistance defect assumed in the
model.

CONCLUSIONS

The thermal model is a reasonable description of the
quench mechanism. The thermal model with ring-type de-
fects helps explain why some pits quench and others do
not. Thermometry is still key to understanding defects with
quench fields at 35 MV/m and beyond, since the size of the
heating region can be determined by thermometric mea-

 20 MV/m

quench fields.
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surements of preheating. In this way, defects smaller than
the resolution of optical inspection systems may be studied.

(a) CEBAF 5-cell quench fields

(b) DESY 9-cell quench fields

Figure 18: Classical model of thermal breakdown.
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(a) CEBAF 5-cell probable defect size
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(b) DESY 9-cell probable defect size

Figure 19: Classical model of thermal breakdown.
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REVIEW OF OPTICAL INSPECTION METHODS AND RESULTS 

K. Watanabe#, KEK, Ibaraki, Japan. 

Abstract

The inspection of inner surface of the superconducting 

rf cavities is essential in achieving high accelerating 

gradient. The high resolution camera system developed 

by Kyoto-KEK collaboration is a good tool to survey 

defect locations and to analyze a defect shapes in the 

inner surface of the cavities for boost accelerating 

gradient yield of 1.3 GHz superconducting 9-cell cavities. 

The heights or depths of observed surface defects can be 

estimated by examining the patterns of shades which are 

created by the lighting system which allows to illuminate 

the cavity surfaces with varying light angles by selecting 

a series of strip-line illuminators in steps. A good 

correlation has been so far observed between the hot spots 

localized by thermometry measurements in the vertical 

test and the positions of surface defects found by this 

system.  

The cavity surface study with this camera system started 

in FY2008, and so far, the ACCEL, ZANON, AES and 

MHI cavities have been examined in KEK, DESY and 

FNAL. Other camera systems are developed in J-Lab, 

LosAlamos and Cornell etc.  

 This report will have a summary of inspection system in 

the world, and present the inspection method and results.  

INTRODUCTION

 The high resolution optical inspection system is 

developed to search defects and measure the shape of 

them for better yield of accelerating gradient of 

superconducting 1.3 GHz 9-cell cavities. This method is 

useful tool to understand field limitation of one by 

combination of T-map. The goal of the study is to have 

reference to estimate a cavity performance by inspection.  

The high resolution camera system is important for 

industrialization of cavity fabrication to make a suitable 

production control (Surface inspection of material, EBW 

inspection and surface treatment inspection etc.). So far, 

the inspection systems are adopted at labs around the 

world.   

Kyoto Camera System

This inspection system is developed by a KEK-Kyoto-

university collaboration with the goal of looking into the 

relation between the achievable field and the surface 

quality of the cavities in the context of technical R&D for 

the future International Linear Collider (ILC) project. The 

new KEK-Kyoto system has pushed forward this 

technique by implementing a mechanism that allows to 

semi-automatically examine the entire inner surfaces of 

multi-cell cavities with a much better resolution with the 

capability of measuring the three-dimensional sizes of the 

observed defects in a non-destructive measurement, 

which was very difficult in the past.  

The system consists of a high resolution CMOS camera 

and a custom-made lighting system, and is built within a 

cylinder that has a diameter of 50 mm, fitting within the 

tight aperture of L-band (1300 MHz) 9-cell 

superconducting cavities. The achieved optical a 

resolution is about 7.5μm/pixel. Three dimensional sizes 

of observed surface defects are determined by examining 

the images obtained under varying light angles, which can 

be achieved by selecting a series of strip-line illuminators 

in steps [1, 2]. Image of the Kyoto camera system is 

shown in Figure 1. This system is adopted at KEK, DESY 

and FNAL from 2008 (see Figure 2, 3 and 4).  

Figure 1: Image of Kyoto camera system 

Figure 2: KEK system 
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Figure 3: DESY system 

Figure 4: FNAL system 

J-Lab and Cornell-University System 

 J-lab inspection system is adopted the cavity inspection 

tool based on long-distance microscope. The J-lab system 

is shown in Figure 5 [3, 4]. The high resolution camera is 

putted in outside cavity, and inspected from end of beam 

pipe. The achieved optical a resolution is better than 

3μm/pixel at 22 inches. The mirror and illuminators is 

equipped on the cylinder pipe, and this cylinder can 

moved z-axis by rail and step motor.  

Cornell university inspection system is also adopted the 

questar long-distance microscope. The Cornell university 

system is shown in Figure 6 [5, 6]. The Questar long-

distance microscope is on the left outside of cavity. 

Coaxial with the cavity is a white cylinder, which 

contains an integral mirror and light source for viewing 

the inner surface of the cavity.  

Los Alamos System 

LANL system is based on Karl Storz TechnoPack
TM

X

Videoscope inspection system [7]. The videoscope has 

1/10 inches CCD with 250,000 pixels in an aspect ratio of 

16:9 horizontal to vertical. There is a plan to motorize the 

rotation and the movement of scope tip with a computer. 

Also there is a plan to integrate the system with a high 

pressure rinsing (HPR) system so that the cavity can be 

inspected right after the HPR in the clean room. The 

LANL system is shown in Figure 7.  

Figure 5: J-lab system 

Figure 6: Cornell university system  

Figure 7: Los Alamos system 
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INSPECTION DURING CAVITY TEST 

For example, the inspection method and procedure in 

KEK-STF will be explained in this section.  

 Inspection during cavity test after fabrication is shown as 

following,  

1) 1
st
 inspection at “As received”.  

2) 2
nd

 inspection after bulk EP process then shape 

analysis and mark of suspicious spots. (See Figure 8) 

3) 3
rd

 inspection after vertical test with T-map results (in 

case of bad cavity performance and T-map detected a 

heating location).  

4) Consider a counter measure for next test.  

Molding of defect, Local grinding and rinsing 

method etc.  

Of course, all EBW seam of equator and iris and 

outside weld area are inspected all stages. The masureable 

of wall gradient by Kyoto camera system is about 20 

degree.  Sometime, found a defect can not be measured 

the wall gradient due to very higher (or deeper) defect.  

In this case, the molding method is useful tool to make a 

shape analysis for the defect (see Figure 9). To use this 

replica, the shape analysis is very easy by using the laser 

microscope, and the test of local grinding for the defect 

also can be done to use this replica. Developed the local 

grinding machine is shown in Figure 10.  

Figure 8: Example shape analysis of suspicious spot.  

Figure 9: Molding and copy method. 

Figure 10: Local Grinding machine. 

Inspection Before Vertical Test (Example of 

MHI-08) 

 All EBW seams of equator and iris and the outside weld 

area were inspected again before vertical test. If defect 

was observed, then make the shape analysis and mark on 

outer surface, and make a map of these defects. The map 

of defects of the MHI-08 is shown in Figure 11. The 

MHI-08 had two suspicious pits at outside weld area of 

equator. The EBW seams of the MHI-08 had no defect in 

this time.  The thermo-sensors were attached on the mark 

of suspicious pits in the vertical test (see Figure 12) [8].  

Inspection After Vertical Test with T-Map 

Results (Example of MHI-08) 

 The 1
st
 vertical test of MHI-08 carried out at June 2009. 

Result of vertical test is shown in Figure 13, 14 [9]. The 

cavity performance was 16 MV/m in pi-mode. T-map 

detected a hot spot in pi-mode at 2-cell equator, and the 

angle which center of heating was about 180 degree. 

Reason of field limitation was quench at 2-cell equator. 

The performances of other cells were achieved more than 

25 MV/m. Marked suspicious spots were no heating in 

vertical test. After vertical test, the cavity was disassembly, 

and inspected at hot spots with T-map result. The result of 

inspection is shown in Figure 15. A pit type defect was 

found at hot spot location by T-map. Size of defect was 

about 700 x 500 um, and the depth of defect could not 

measure by Kyoto camera system due to steeply wall 

gradient. However, the inspection before vertical test at 

this location was no defect. A pit was made after EP-2 

process. A defect like this hot spot was not found at other 

EBW seam of equators.  
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Figure 11: Make a map of suspicious spots before vertical 

test. (Before 1
st
 vertical test of MHI-08). 

Figure 12: Setup of T-map. 

Figure 13: Result of 1
st
 vertical test of MHI-08.  

Figure 14: Results of passband measurement and T-map 

of MHI-08.  

Figure 15: Inspection of after vertical test at hot spot 

location. 

 To obtain the information of the defect, the molding 

method was applied for MHI-08. The mold material used 

“WACER DENTAL ADS931” (the material is silicones.). 

The image of replica and result of shape analysis by laser 

microscope is shown in Figure 16. The depth of the defect 

was about 115um. “How to make a defect in this case” is 

not yet understood.  

 If a cause of field limitation for MHI-08 is really this pit 

type defect, then the cavity can repair to remove the 

defect by mechanical grinding method. The local grinding 

machine with diamond sheets was used to remove the 

defect. The process of grinding is shown in Figure 17. 

The location of defect is boundary between EBW seam 

and heat affected zone (red circle in Figure 17). To grind 

the defect in a short time, the diamond sheet #400 was 

used until removing the defect (Grinding time was 204 

min). The diamond sheet #1000 used for polish after 

removing the defect (Polish time was 60 min).  

Figure 16: Image of replica and result of shape analysis. 
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Figure 17: Apply the local grinding for MHI-08.  

The defect was removed completely by the local 

grinding method. Next treatment will be EP process, and 

will be inspection after EP to check the grinded surface. 

The next vertical test of MHI-08 will be October 2009.  

IMAGE OF HOT SPOT DETECTED BY T-

MAP

 Ten 9-cell cavities (MHI-01 ~ MHI-09 and AES-01) 

were inspected from April 2008 to September 2009. 

Figure 18 is summary of images of hot spot detected by 

T-map and the gradient at heating cells in KEK-STF. The 

clear defects were observed at quench location less than 

23 MV/m. In the high gradient case, the quench location 

had no clear defect, the condition of surfaces were un-

uniform EBW seam area. Note there are some cases of no 

defect found by inspection system at around a heating 

location with low field quenches. A cause of the field 

limitation will be other reason.  

Figure 18: Images of hot spot detected by T-map in KEK-

STF.

CORRELATION OF SPOT SIZE AND 

HEATING 

The shape analysis of suspicious spots with ten 9-cell 

cavities (Number of cell = 90 cells, Number of detected 

spot = 49 spots) has been done from April 2008 to 

September 2009. The thermo-sensors attached on these 

suspicious spots every vertical test to study the correlation 

of spot size and heating. The parameters of defect size are 

defined in Figure 19. Relation of spot size and heating 

detected by T-map (Rough estimation) is shown in Figure 

20. Red points are heating observed less than 23 MV/m. 

The type of defects which heating occurred low field were 

both pit and bump. Blue and purple points are no heating 

less than 30 MV/m. Larger, deeper (or higher) pits (or 

bumps) seem to cause quenches. However, not all of the 

optically observed defects lead to problems. Note 

preliminary results of analysis which utilizes both the pi-

mode and passband measurements.  

Figure 19: Define of parameter for shape of defect.  

Figure 20: Relation of spot size and heating detected by 

T-map (Rough estimation). 
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SUMMARY 

High resolution camera systems are used in labs world 
wide to make better yield of high gradient. Correction of 
defects size and quench field is under collecting by 
combination of inspection and T-map. Larger, deeper (or 
higher) pits (or bumps) seem to cause quenches. However, 
not all of the optically observed defects lead to problems. 
The development of the repair technique is promoted 
simultaneously with the inspection system.  
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NEAR-FIELD MICROWAVE MICROSCOPY OF SUPERCONDUCTING
MATERIALS

S. M. Anlage, UMD, College Park, Maryland

Abstract

The high-field performance of SRF cavities can be lim-
ited by breakdown events below the intrinsic limiting sur-
face fields of Nb, and there is evidence that these break-
down events are localized in space inside the cavity. Also,
there is a lack of detailed understanding of the causal links
between surface treatments and ultimate RF performance at
low temperatures. We have developed a family of near-field
‘microwave microscopes’ for super-resolution quantitative
imaging of materials properties, including superconducting
nonlinearities [1]. We propose two specific microscopic
approaches to addressing materials issues in Nb. First, a
spatially-resolved local microwave probe that operates at
SRF frequencies and temperatures would be very helpful
to discover the microscopic origins of breakdown. Second,
RF Laser Scanning Microscopy (LSM) has allowed visual-
ization of RF current flow and sources of nonlinear RF re-
sponse in superconducting devices with micro-meter spatial
resolution [2]. The LSM can be used in conjunction with
surface preparation and characterization techniques to cre-
ate links between physical and chemical processing steps
and ultimate cryogenic microwave performance.

CONTRIBUTION NOT
RECEIVED
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RF CHARACTERIZATION OF SUPERCONDUCTING SAMPLES* 

Tobias Junginger#, CERN, Geneva Switzerland and MPIK Heidelberg, Germany 
Wolfgang Weingarten, CERN, Geneva, Switzerland  

Carsten Welsch, Cockcroft Institute Warrington and University of Liverpool, United Kingdom

Abstract 
At CERN a compact Quadrupole Resonator has been 

re-commissioned for the RF characterization of 
superconducting materials at 400 MHz. In addition the 
resonator can also be excited at multiple integers of this 
frequency. Besides Rs it enables determination of the 
maximum RF magnetic field, the thermal conductivity 
and the penetration depth of the attached samples, at 
different temperatures. The features of the resonator will 
be compared with those of similar RF devices and first 
results will be presented.  

INTRODUCTION 
The surface resistance Rs of superconducting cavities 

operated in the TM010 mode can be obtained by measuring 
the unloaded quality factor Q0 , (1) 

where G is the geometry factor of the cavity, only 
dependent on the cavity shape and not on its size or 
material. G can therefore be easily and accurately 
obtained by a numerical simulation.  

RS may vary strongly over the cavity surface and the 
value obtained is an average over the whole surface [1], | || |

A more convenient way consists of investigating small 
samples. They can be cheaply manufactured and easily 
duplicated. 

RF cavities excited in the TE011 mode with a sample 
attached as the cover plate are often used for material 
characterization. The TE011 mode is the TE mode of third 
lowest resonant frequency, see Fig. 1. 

It is chosen, because of its convenient field 
configuration.  

• No magnetic field and therefore no RF currents across 
the joint, where the demountable end plate is attached 
to the cavity, see Fig. 1. 

• The electrical field vanishes over the whole cavity 
surface, helping to avoid multipacting. 

The shape of a cylindrical pill box cavity with radius R 

and length d can be optimized with respect to several 
parameters for a given resonant frequency f. The cavity 
could be optimized to minimum surface area (d/R = 
1.306), minimum volume (d/R = 1.165) or a maximum 
peak surface field on the sample surface for a given stored 
energy U (d/R = 1.498).  Often d/R and f are chosen by 
practical issues like the size and shape of an available 
cryostat.   

 
Fig. 1: False colour plots of resonant modes found in a 
cylindrical pillbox cavity optimized to lowest volume for 
a given resonant frequency in the TE011 mode (d/R = 
1.165). The red/green color indicates areas of high/low 
magnetic field values. Displayed are the fundamental 
TM010 mode and the three TE modes of lowest resonant 
frequency.  
Devices to Characterize Samples by RF 

However, the pillbox geometry has always the 
drawbacks of having the same surface fields on the 
sample and the opposite endplate and impractical large 
size for the frequencies of interest concerning accelerator 
applications.  

Therefore, besides the Quadrupole Resonator, several 
devices with modified shapes have been developed at 
various laboratories. In the following the main features of 
these instruments will be briefly mentioned, while a 
detailed description of each device can be found in the 
given reference. 

A mushroom type cavity operated in a TE013 like mode 
enables to test samples with the maximum surface 

TM   f=f0 001
TE   f=1.36 f111 0

TE   f=1.69 f211 0 TE   f=1.95 f011 0

 ___________________________________________  
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magnetic field on the sample being 75% higher than at 
any other spot on the whole cavity surface. To avoid an 
impractical large size and to be able to use common RF 
equipment the cavity is designed for an X-band resonant 
frequency [2]. 

A sapphire rod has been placed inside a pillbox cavity 
in order to lower its resonant frequency. The sample is 
thermally isolated from the cavity, allowing independent 
temperature control of the sample holder and the cavity.  
This is used for calorimetric measurements [3].  

A third system uses instead of a demountable endplate 
a cylindrical sample composing a coaxial structure with 
its host TE011 cavity. This structure yields magnetic fields 
on the sample surface, which are 138 % higher than at 
any other spot on the cavity surface. In addition the 
samples can be used in a second system for further DC 
and RF measurements [4].  
 

 
Fig. 2: Layout of the Quadrupole Resonator. The 
thermally isolated sample cylinder is illuminated by a 
four-wire transmission line and attached to the cavity in a 
coaxial structure [5].  

THE QUADRUPOLE RESONATOR 
The Quadrupole Resonator is a four-wire transmission 

line half-wave resonator using a TE21 like mode. The 
resonator was originally designed to measure the surface 
resistance of niobium film samples at 400 MHz, which 
are the technology and RF frequency chosen for the LHC 
at CERN. The sample is the cover plate of a cylinder 
attached to the cavity in a coaxial structure; see Fig. 2 [5].  

Inside this structure the RF fields are exponentially 
decaying. This ensures that the power dissipated inside 
this structure and at the end flange and joint of the sample 
cylinder is negligible. 

Furthermore the sample cylinder is thermally isolated 
from the cavity, enabling control of the sample 
temperature independently from the cavity temperature. 
For this purpose a DC heater and 6 silicon diodes have 
been placed inside the thermometry chamber.  

The diodes have been calibrated using a three point 
correction to the standard curve as suggested by the 
manufacturer [6]. This gives an absolute accuracy of    
100 mK for the temperature range between 1.4 and 10 K. 
The resolution is limited to 19 mK at 4 K due to a 12 bit 
digitalisation of the diode voltage, necessary for the data 
transfer. 

The cavity itself is comprised of two 2 mm thick 
niobium cans for convenient handling and cleaning of the 
device. At the position where these cans are flanged 
together the screening current on the surface of the 
resonator vanishes. 

The design considerations which led to the construction 
of the Quadrupole Resonator can be found in ref. 7, while 
the mechanical layout and the applied RF-DC 
compensation measurement technique are described in 
refs. 5 and 8. 

Comparison with Other Devices 

Table 1: Main specifications of four systems for the RF 
characterization of superconducting samples.  

Device 
Quadrupole 
Resonator 

Sapphire 
loaded 
cavity 

Mushroom 
cavity 

Coaxial 
cavity 

, ,  1.2 1 1.75 2.38 

f  [GHz] 0.4 7.5 3.5 11.4 

R [mm] 105 25 41.3/25 57.4 

A [cm2] 44 20 44 22 

Calorimetric Yes Yes No No 

The resonant frequency f of the Quadrupole Resonator 
of 400 MHz is significantly lower than those of the 
devices mentioned above, see Table 1. In spite of this 
relatively low frequency it is fairly compact compared to 
the other devices operated at a much larger frequency. 
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Calorimetric measurements can be performed with the 
Quadrupole Resonator and the Sapphire Loaded Cavity. 
These devices have lower ratios between the peak surface 
magnetic field on their samples Bpeak,sample compared to the 
peak surface magnetic field on the other parts of the 
cavity Bpeak,cavity. But the independent control of cavity 
and sample temperature enables precise measurements, 
especially at relative high temperatures. For 
measurements at lowest temperatures, where the sample 
temperature shall not or only slightly exceed the bath 
temperature, the systems with higher ratio 
Bpeak,sample/Bpeak,cavity are preferred.  

The coaxial cavity is the only device using instead of 
flat samples a cylindrical sample. This geometry yields 
the highest ratio Bpeak,sample/Bpeak,cavity amongst the 
resonators being compared here. 

Resonant Modes 
Simulations performed with CST Microwave Studio® 

show that multiple integers of the resonator’s fundamental 
mode frequency of 400 MHz are also resonant 
frequencies of the device, see Fig. 3, as expected for a 
half-wave resonator.  

This could be validated by measurements of the 
resonant frequencies using a spectrum analyzer. Besides 

the quadrupole modes at 400, 800 and 1200 MHz, there 
are also monopole and dipole modes found in the 
resonator. All the Q-values have been calculated using eq. 
1 and 1 , 

where the values of the penetration depth δ and the 
conductivity of niobium at room temperature σ are taken 
from the literature. 

For all quadrupole modes and the two dipole modes of 
lowest resonant frequencies simulation and measurement 
results are in good agreement regarding Q-value and 
frequency. 

All the other dipole modes are in fair agreement 
regarding the resonant frequency f. The maximum 
difference between simulation and measurement is 50 
MHz for the dipole mode of highest frequency. The Q-
value of these modes is systematically higher for the 
simulated values, due to the fact that all these modes have 
high field values in the gap between sample cylinder and 
cavity. Therefore the losses could not be accurately 
calculated due to the limited spatial resolution of the 
model. 

Fig. 3: Q-values at room temperature of resonant modes found in the Quadrupole Resonator. Only the quadrupole
modes and the two dipole modes of lowest resonance frequencies are in cut-off in the gap between resonator and
sample cylinder.  
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The simulation predicts two dipole modes at 890 and 
894 MHz with different field configurations and Q-
values. At room temperature these two modes could not 
be separately resolved; only one resonance at 897 MHz 
was measured. 

The monopole modes show the highest disagreement 
between measured and simulated values for the resonant 
frequency and Q-value. These modes are not in cut-off 
inside the coaxial structure between cavity and sample 
cylinder and have the highest field values in this gap and 
on the cover where the niobium rods are mounted to the 
cavity. 

No further investigations on the monopole and dipole 
modes have been performed, since these modes are not 
interesting for the investigations of the samples. It is only 
important to know these modes in order to avoid their 
excitation. 

The quadrupole modes at 800 and 1200 MHz however 
can be used for sample characterization. 

FIRST RESULTS 
First results on the Quadrupole Resonator were already 

published in 1998 [8] and 2003 [5]. In these publications 
the authors presented measurements of the surface 
resistance Rs as a function of temperature and applied 
magnetic field B on bulk Nb and Nb/Cu samples at f = 
400 MHz. 

The device has now been refurbished and here we 
present, besides results on Rs, measurements at 400 MHz 
of the maximum obtained RF field Bmax,RF, the penetration 
depth λ and the thermal conductivity κ, performed on a 
reactor grade bulk niobium sample. Here we distinguish 
between Bmax,RF, the maximum magnetic field obtained on 
the sample at a location, which a priori is unknown, and 
between  Bpeak, which denotes the maximum surface field 
at a precise location, as determined by computer codes. 

Measurements at 800 and 1200 MHz are planned but 
have not been carried out so far. 

Surface Resistance of the Sample 
To determine the surface resistance of the attached 

sample as a function of applied magnetic field B, its 
distribution on the sample surface needs to be known. 
Since B2 is proportional to the stored energy U, a constant 
c1 can be defined for a given mode. Its value was 
calculated using CST Microwave Studio® for the 
quadrupole mode at 400 MHz: 4.14 · 10 TJ . (2) 

The loaded quality factor of a cavity QL equals , (3) 

where PL is the power dissipated in the cavity and the 
couplers, while τ is the decay time of the whole system 
comprising the cavity and the coupling ports. 

If the coupling constant β = 1 as seen from the input 
coupler, the input power equals the output power yielding , 

where Pi and Pt are the incident and transmitted 
powers,  respectively. 

For a strongly over-coupled system, like the 
Quadrupole Resonator, where the complete energy 
coupled to the system is almost completely coupled out 
instead of dissipated through the cavity walls, the 
following approximation can be made: . 

Transposing eq. 2 with respect to Bpeak and substituting 
U using eq. 3 yields a simple expression for the peak 
surface magnetic field Bpeak on the sample, 2 . (4) 

Bpeak can now be obtained by measurements of τ using a 
spectrum analyzer and Pi using a power meter. 

The quality factor of the sample Qsample can be written 
as a function of the surface resistance on the sample 
surface Rs and the geometry factor of the sample Gsample, 
which is calculated in the same manner as it would be for 
the whole cavity, but taking only into account the power 
dissipated in the sample. We obtain  , (5) 

where Pdiss is the power dissipated on the sample 
surface due to RF heating. Substituting ωU by using the 
definition of c1 (eq. 2) yields: .  (6) 

Gsample was calculated with CST Microwave Studio® 
and equals 214 Ω. 

Pdiss can be obtained by an RF-DC compensation 
measurement. For this purpose the sample is heated to the 
temperature of interest by a 1 kΩ resistor attached to its 
backside. Afterwards the RF is switched on. Now the DC 
current applied to the heater is lowered such as to keep 
the temperature of the sample constant. Pdiss is derived 
from the difference between the DC power applied with 
and without the RF being switched on.  

This measurement technique has already been used to 
measure Rs as a function of applied field of a chemically 
etched reactor grade bulk niobium sample at several 
temperatures, see Fig. 4. 
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Fig. 4: Surface resistance of a chemically etched reactor 
grade bulk niobium sample as a function of the maximum 
applied magnetic field B for several temperatures. 

The resolution was limited by the ampere-meter 
measuring the current applied to the DC heater (10 μA). 
For low fields this gives a poor resolution (82 nΩ at 4.2 K 
and 3.7 mT). For higher fields a resolution better than 1 
nΩ could be obtained (0.93 nΩ at 4.2 K and 25 mT).  

Some of the data at low temperature were measured 
using RF duty cycles < 1. This was necessary at higher 
fields; otherwise the temperature due to RF heating would 
have exceeded the temperature of interest. 

Maximum RF Magnetic Field of the Sample 

 
Fig. 5: Maximum RF field Bmax,RF  and critical 
thermodynamic field Bc of Nb as a function of the 
temperature. 

For the measurements of the maximum magnetic field 
Bmax,RF under RF exposure even shorter pulses were used. 
In this case one has to ensure that the heating due to the 
RF is negligible. This can be easily verified by measuring 
the temperature on the sample while the RF level is 
raised. Fig. 5 displays Bmax,RF as a function of temperature 
T.     

The critical thermodynamic field Bc for niobium is 
displayed as well. It reads: 

0 1 , (7) 

Bc(0) = 190 mT. 

Evidently, the measurement of the maximum magnetic 
field on the surface aims at the determination under RF 
exposure of the intrinsic critical magnetic field Bc,RF of the 
sample material under study [9]. However, for doing this, 
it must be confirmed that the measured maximum RF 
field Bmax,RF  on the sample is indeed limited by the Bc,RF 
and not by the dissipation and restricted removal of the 
heat at a local defect. Therefore one needs criteria to 
distinguish between these alternatives. 

Such criteria are provided by the different dependencies 
on the sample temperature of the limitation mechanisms. 
The limitation mechanisms can be either of magnetic or 
of thermal origin. For instance, for the magnetic 
limitation, Bmax,RF is proportional to the critical magnetic 
field,  Bmax,RF ~ Bc,RF  ~ 1 - (T/Tc)2, hence to the square of 
the temperature. In contrast, for the thermal limitation, the 
locally dissipated power Pdiss ~ B2

max,RF goes linearly with 
the temperature, B2

max,RF ~ Pdiss ~ 1 - (T/Tc). Hence 
whatever plot of either Bmax,RF vs. T2 or B2

max,RF vs. T gives 
a straight line describes the physical reality. 

This procedure was applied for the data as depicted in 
Fig. 5. The result, shown in Fig. 6, is consistent with a 
thermal limitation. 

 
Fig. 6: Plot of data as shown in Fig. 5 to distinguish 
between a thermal (left) and a magnetic limitation (right). 
The left plot displays a straight line, which indicates that 
the limitation is of thermal origin. 

Should it turn out that the limitation is of magnetic 
origin, for an accurate determination of Bc,RF one needs to 
know where exactly on the sample the quench occurs and 
how the field at this position is correlated to the peak field 
on the sample Bpeak. The quench could for example occur 
at a position where the field is lower than Bpeak but the 
temperature is much higher.  

The assumption is certainly correct that the quench 
occurs where the radial RF surface field B(r) as 
determined when B = Bmax,RF, comes closest to the critical 
field of Nb, Bc (T(r)). Bc depends via the temperature T(r) 
on the radial position r. 

Under this assumption the quench will occur at the 
position where the ratio between applied field B(r) and 
Bc (T(r)) has a maximum. Bc (T(r)) can be calculated from 
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eq. 7 for an arbitrary position on the sample surface if the 
temperature T(r) is known for every position r on this 
surface. 

Thermal Conductivity of the Sample 
Therefore the thermal conductivity κ (T) of the sample 

as a function of temperature T was measured (Fig. 7). 
This could be done by DC heating the sample and 
determining  T at two positions on the sample cylinder, 
while κ was then calculated from the temperature 
difference ∆T between the two spots. 

The derived function κ (T) can be used to calculate the 
temperature distribution T (r) on the whole sample 
surface for a given temperature at the location of the 
diodes. 

The magnetic field distribution B (r) can be calculated 
using CST Microwave Studio®. Eq. 7 enables directly the 
determination of  Bc (T(r)) for an arbitrary position on the 
sample surface from this temperature distribution and 
hence the critical field Bc,RF (T). 

    Fig. 7: Thermal conductivity κ (T) of the niobium 
sample as a function of temperature. Within the displayed 
range κ (T) can be approximated by a function of third 
order. 

Penetration Depth of the Sample 

The fact that the penetration depth λ changes rapidly 
with temperature for T < Tc can be used for its 
measurement [10]. From the two fluid model with 
Pippard’s correction for the mean free path l, the London 
penetration depth λL, the BCS coherence length ξ, and the 
critical temperature Tc, one can derive [11]: 

1 · 1 . (8) 

In case that ω varies only slowly with time 
( ⁄ 1) an adiabatic invariant I = U/ω can be 
defined [12]. In this case the Slater theorem can be 
applied. It gives a relation between the changes of the 
stored energy U and the resonant frequency f of the 
cavity, ∆ ∆  . 

For electric boundary condition ( 0) it gives: ∆ 14  (9) 

An increase of the penetration depth λ is equivalent to 
an increase of the cavity volume V. Therefore the volume 
change of the cavity ∆V can be expressed as a function of 
the sample surface area A and the change of penetration 
depth .  

    Fig. 8: The frequency shift is a linear function of the 
change in penetration depth ∆λ. The parameters displayed 
in the box up left could be derived from the two fluid 
model with Pippard's correction (eq. 8). 

This can be applied to eq. 8. Since the electric field E 
on the sample is small compared to the magnetic field  

 a further simplification can be made, 
yielding ∆ . 

The stored energy U can be substituted using the 
definition of the Gsample and its quality factor Qsample (eq. 
5), yielding a linear relation between ∆λ and ∆f, ∆ ∆ . (10) 

y = -0,3704x3 + 7,7039x2 - 35,98x + 55,611
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The frequency shift ∆f can be accurately measured 
using a frequency counter. The values obtained are 
displayed in Fig. 8.  

The results have been fitted by applying eq. 8, while Tc, 
λ0 and l where varied to obtain a mean square fit using the 
Levenberg-Malquardt algorithm, which can be applied to 
any non-linear fit [13]. The values of ξ and λL were taken 
from literature [1].  

The fitting was performed using the WinSuperFit 
program, an extension of Halbritter’s program [14]. 

The values of Tc and λ0 are in good agreement with 
literature values. The low value of l is an indication for a 
dirty sample. This could also explain the relatively low 
value of the thermal conductivity, see previous section. 

CONCLUSION 
The Quadrupole Resonator enables the RF 

characterisation of superconducting samples. Compared 
to similar devices it has a very low resonant frequency, 
while its size is still relatively compact.  

The device was initially built for measurements at 400 
MHz, while multiple integers of this frequency are also 
resonant modes. Here we only published results obtained 
for a bulk niobium sample at 400 MHz. Measurements at 
800 and 1200 MHz are planned for the future.  

Experimental results on the surface resistance, the 
maximum RF field, the penetration depth and the thermal 
conductivity of a niobium sample have been described.  

We observed low values for the maximum RF field and 
the mean free path. The origin of this shall be investigated 
by DC methods analyzing surface and thermodynamic 
properties of the sample.  
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Abstract 

After decades of investigations, a complete and 
fundamental understanding of the dissipation and failure 
mechanisms of Superconducting RF cavities is still 
missing. In the first part of this paper we present recent 
studies of the superconducting properties measured by 
Point contact tunneling (PCT) spectroscopy at the surface 
of niobium coupons cut from cavity regions showing high 
(so-called Hot spots) and low (so-called cold spots) 
dissipation  as inferred from thermometry measurement in 
the medium field Q-slope region. A comparison will be 
done with preliminary results obtained on an unbaked 
niobium coupon electropolished (EP). The second part is 
dedicated to Atomic layer deposition (ALD), from recent 
results of ALD- made superconductors to RF test of the 
post- annealing procedure on ALD-coated SRF cavities 
that was previously found to improve the superconducting 
properties of EP niobium coupons. 

INVESTIGATION BY PCT OF THE 
SURFACE SUPERCONDUCTIVITY 

Previous studies [1] by PCT spectroscopy of the 
surface superconductivity revealed a deviation from the 
ideal BCS superconductor and suggested magnetism and 
its effects on the superconducting density of states (DOS) 
underneath the oxides as a possible new dissipative 
mechanism in niobium cavities. The PCT results and the 
work of Cava [2] on defected Nb2O5-δ samples with a 
controlled concentration of oxygen vacancies shows that 
localized magnetic moments are present on the Nb4+ ions 
and give a possible origin of the magnetism that we 
observed. Besides, the results on mild-baked EP Nb 
coupons showed an improvement of the 
superconductivity as compared to an unbakedcoupons, in 
correlation with niobium cavities tests.  This hypothesis 
have been recently supported by new results we obtained 
by PCT on niobium samples cut from regions of the 
niobium cavity walls that exhibits both anomalous and 
“normal” dissipative behaviour as deduced from 
thermometry measurements and further referred 
respectively as hot and cold spot samples. Three hot and 

three cold spots samples given by G. Ciovati from Jlab 
were cooled down to 1.6 K. On each sample tens of 
tunnel junctions have been measured in different places in 
order to insure that the results were reproducible and 
representative of a macroscopic behaviour. 

We have categorized the conductance spectrum into 
two kinds. The first one is presented on figure 1, left, by 
three conductance spectrum that share common features: 
their shape is smeared as compared to the expected shape 
for an ideal BCS superconductor represented in red, in 
more details: the quasiparticles peaks are broadened and 
the value of the conductance at the Fermi level (bias V= 0 
mV), so called the zero bias conductance or ZBC, is 
ranging between 0.02 and 0.75. The finite value of the 
ZBC indicates that quasiparticles are present at the Fermi 
level even at low temperature (1.6K). These unpaired 
electrons will couple to the external electromagnetic field 
(B2/8π~μeV around the Fermi level) presents inside the 
cavity, and dissipate due to the finite normal metal 
resistivity where:  
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Where, NSuper(EF) and NNorm(EF) are respectively the 
superconducting and normal density of states at the Fermi 
level, RRes is the residual resistance. This general result, 
always seen in cavity grade Nb samples (hot and cold 
spots), might explain the finite resistance, Rres, value 
measured on cavities at low temperature. 

A second kind of spectrum is represented on figure 1, 
right in solid black line and is only seen on hot spots 
samples. They are characterized by values of the ZBC 
between 0.8 and 1.5, due mainly to a peak that appears at 
zero bias in between the two quasiparticle peaks at ±2 
mV. We have artificially subtracted a conductance 
spectrum from the first kind that matches the 
quasiparticles peaks (in dashed line) and obtained a peak, 
in red, centred around the Fermi level. The peak obtained 
represents an additional tunneling channel and give a 
qualitative 
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Figure 1: Conductance spectrum measured on Hot and cold spots samples. Left, spectrum of the first kind: in solid 
black line is a typical conductance curve measured on a cold spot samples, in gray and light gray measured on hot sot 
sample. Right, in solid black line a typical spectrum of the second kind measured only on hot spots samples. In dotted-
dashed line a typical conductance curve from the first kind that matches the peaks amplitude. In red is the difference 
between the two. 

 
idea of the conductance spectrum we would measure if 
the superconductivity were killed.  

A statistic of the ZBC values measured on the 6 
samples is represented in figure 2 left. The distribution of 
ZBC values for cold spots samples plot in solid lines, can 
be fitted by a Gaussian centers around 0.15 and of half 
width of 0.1. A typical spectrum is represented in solid 
dark line in figure 1 left, these spectrum are the closest we 
measured to an ideal superconductor. The fits with the 
Dynes- modified BCS theory (not shown) give values of 
the superconducting gap 1.5< ∆< 1.55 meV and pair 
breaking parameter 0.01< Γ<0.2 meV. For hot spots 
however, a first peak in the distribution of ZBC values is 
centred around 0.3 with a half width of 0.2 in average. 
Typical spectrums are represented in gray and light gray 
in Figure 1 left and the fits give: 1.2<∆<1.55 meV and 
0.02< Γ<1 meV. These lower values of the 
superconducting gap and higher values of the inelastic 
scattering parameter in average imply that the 
superconducting is degraded as compared to a cold 
sample and indicate that there is more unpaired electrons 
and therefore more dissipation in those samples. 

A second peak in the distribution appears only in the 
hot spots samples at higher ZBC values and refers to the 
second kind of spectrum mentioned earlier (Figure 1 left). 
The microscopic origin of the ZBC peak can be unveiled 
by studying its temperature dependence. The latter shows 
a general trend: the ZBC peak appears at T≤ 30 K,  
increases in amplitude and gets narrower as the 
temperature decreases, as can be seen in Figure 2 upper 
right. For temperature below Tc=9.2 K, the 
superconductivity begins appearing and the quasiparticle 

peaks emerge from the broad background. Two effects 
compete then: the decrease of the density of states and the 
emergence of the growing ZBC peak at the Fermi level. 
To unravel the convolution of these two opposite effects, 
we applied a magnetic field H of 0.55 T above Hc2 of 
niobium (0.35 T) perpendicular to the sample at T>Tc 
and measured again the temperature dependence of the 
ZBC peak from 3 to 25 K (Figure 2 lower right). 

The logarithmic dependence of the amplitude of the 
peak normalized to an extrapolated background (GO(Ef)) 
is represented on Figure 3,   and according to Appelbaum 
theory [3] is a characteristic signature of localized 
magnetic moments presents in the tunnel barrier, here the 
niobium oxides. The same dependence has been 
systematically observed for each ZBC peak measured.  

The fits based on Appelbaum theory: 
 

) ln(T/T)+-4J(=
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Where ΔG(Ef) = G(Ef)-GO(Ef), ρa,b is the density of 

states of the two electrodes (gold tip and niobium) at the 
Fermi level and TO is the closing temperature, gives 
always  J > 0  with values that vary from junction to 
junction and a TO ~ 25 K. Similar results have been 
obtained with Tantalum barrier by Watt [4] but the 
amplitude of the peak was much smaller (20%) as 
compared to our results (300 %). To our knowledge this 
is the first measurement of magnetic impurities into the 
niobium oxides by tunneling spectroscopy. 
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Figure 2: Left, statistic of the ZBC extracted from the conductance curves measured on hot and cold spot samples. Right, 
temperature dependence of a typical ZBC peak spectrum, Upper: coexisting with the superconductivity, Lower: a 
magnetic field of 0.55T has been applied to kill the superconductivity.  
 
 
It is worth noticing that in the case of an ideal 
superconductor, there are no electrons present at the 
Fermi level, and therefore the ZBC magnetic peak could 
not be observed. Our hypothesis is that the magnetic 
impurities have a dual effect: the depairing of the surface 
superconductivity creates electron at the Fermi level that 
make possible the observation of the ZBC peak. Very 
recently and as preliminary results, we measured a 
splitting of the ZBC peak by a strong applied magnetic 
field applied perpendicular to the sample (not shown); the 
magnetic field dependence of the splitting value follow 
the Zeeman relation:  and is another proof 
that localized magnetic moments are present in the 
niobium oxides. The g-factor extrapolated from the linear 
fit give g~7 which suggest a strong orbital contribution to 
the total magnetic moment, in addition to the spin (g=2). 
Once again this is a preliminary results, the difficulty of 
such measurement resides in the instability of the junction 
with respect to high magnetic field, here up to 6T. To 
overcome this difficulty, smaller samples will be sent 
from Jlab and be measured by planar junction at Argonne 
in collaboration with U. Welp down to 3K and in 
magnetic field up to 9T. However these results prove 
that magnetic impurities localized into the tunnel 
barrier are the origin of this ZBC peak. Several 
questions are still open:  

Why do these structures appear exclusively in hot spot 
samples? 

What is the effect of the external RF magnetic field on 
the localized magnetic moments and how can they be 
added to simulation of Q(Eacc)? 

 
 
 

 
Figure 3: Temperature dependence of the normalized 
peak amplitude at 0 mV. The fits based on Appelbaum 
theory for two different junctions are represented on red 
and green. The Watt’s data in black, measured on 
Tantalum barrier are here for comparison. 
 

     

ΔH = g μb H
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Figure 4: Typical ALD-made films characterization, from top to bottom, left to right: SEM, XPS, RBS and ellipsometry, 
SQUID, resistivity versus temperature, resistivity at room temperature. 
 

ATOMIC LAYER DEPOSITION 
The multilayer structure suggested by A. Gurevich [5] 

requires the growth of uniform films with good 
superconducting and metallic properties. This is our main 
challenge, as superconducting films made by ALD has 
never been studied. In a first part we will present the last 
results of our investigation of the growth condition of 
superconducting films by ALD. Prior to the deposition of 
the multilayers structure, the superconducting properties 
of the underneath niobium can be improved by an 
alumina ALD coating and a post annealing treatment in 
UHV, as shown on coupons. This process would 
constitute the first part of the multilayers synthesis by 
ALD and has been applied to 2 cavities RF cavities. The 
second part of this session is dedicated to the study of 
these results are presented.  

Superconductors Made by ALD 
We successfully synthesized various superconductors 

made by thermal ALD: NbN, TiN and NbSi. The NbN, of 
particular interest for the multilayer structure have been 
grown following the chemical reaction: NbCl5 + NH3 = 
NbN + HCl. The growth rate is found to be 0.3 Å/cycle, 
the Tc of the 100 nm thick film grown on Si (100) at 
450oC was 5.5 K and the room temperature resistivity, 
ρ=400 μΩ.cm as compared to 200 μΩ.cm for ideal 
sputtered NbN films with a Tc of 16 K. We studied by 
XPS and in-situ sputtering the concentration of impurities 
in those films as a function of the growth temperature 

from 350 oC to 500oC and found that Cl is the main 
contaminant, ranging between 15% at 350 oC and 5% at 
500 oC. The grain size for a 100 nm film is between 10 
nm and 50 nm. As th quality of these films were poor, we 
investigate a new precursor: NbF5, the chemical reaction 
being very similar to the NbCl5 one. Similar results have 
been obtained and no significant improvement over the 
NbCl5 precursors. In Both cases, the major problem of our 
films is the contamination of Cl or F that deteriorate 
significantly the normal and superconducting properties 
of the of NbN films. The addition of a chemical 
compound with a strong affinity with the Cl for instance, 
would help improving the film quality. We found that the 
addition of Zn vapour following the reaction: NbCl5 + Zn 
+ NH3 = NbN + ZnCl2 + HCl decreases dramatically the 
Cl concentration in our NbN films by a factor of 5, 
ranging from 3% at 400C to less than 1% at 500C. 
The room temperature resistivity of a 10 nm thick 
film is found to be 220 μΩ.cm, for a growth rate of 
0.25 Å/cy. We expect the resistivity of the films to 
further decrease for thicker films, as observed in all 
metallic alloys grown by ALD; using the same 
technique, Ritala [6] measured a value of 
ρ=200μΩ.cm for a 100 nm films, which correspond 
to 4000 cycles. The superconducting properties will be 
measured soon and we expect a Tc > 10 K. we will as 
well investigate the growth of ALD NbN on various 
substrates found, by sputtering, to have a good lattice 
match with NbN such as R-plan Sapphire. 
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We tried, in parallel to grow Nb metal by ALD with a 
method inspired from the previous work based on the 
chemical reaction: WF6 + Si2H6 = W + SiHF3 + H2, 
replacing the WF6 by NbF5. The ALD regime of such 
reaction is limited to growth temperature below 200oC as 
the disilane decomposed above that, causing CVD. It 
turns out however that the most stable reaction product is 
NbSi when synthesized on Si (100) substrate, the same in 
the ALD or CVD regime: from 125 oC to 400 oC; in both 
case the presence of F impurities is undetectable by RBS 
(Rutherford back scattering). A systematic 
characterization of the chemical composition (RBS and 
XPS), roughness, resistivity and films morphology etc...is 
summarized on figure 5. To our surprise, the 
magnetization measurement by SQUID showed a 
superconducting transition at 3.1 K. The homogeneity of 
the superconducting properties, characterized by the 
sharpness of the transition can be significantly improved 
by increasing the growth temperature.  

The secondary electron yield of NbSi is very low: up to 
1.5 at 150 V and is extremely resistant to oxidation up to 
1000 oC and to chemical corrosion. It could be used as a 
protective layer, on top of the last superconducting layer.  

Interestingly, the same growth parameter leads to the 
synthesis of Nb3Si5 on Quartz substrate and to NbSi2 on 
MgO. Both of them are not superconducting and the 
temperature dependence of the film’s resistivity evolve 
from a quasi metallic (RRR=1) to an insulating behaviour 
as the concentration of Silicon increases. This is the first 
time, to our knowledge, that the film stoichiometry is 
influenced significantly by the interaction substrate-film. 
The elastic stress induced by the lattice mismatch allows 
the control of the growth phase, the goal being to grow 
Nb3Si, an A-15 compound with a Tc of 18K. We are 
studying the chemical composition of films grown on 
other substrate such as R or A or C-plan sapphire growth 
that are the closest match to the Nb3Si lattice parameter. 
This in-depth study and methodology of the optimal 
growth condition of Nb3Si is a frame for others very 
similar A-15 such as Nb3Ge that would be grown by NbF5 
+ Ge2H6 = NbGe + reaction products.  

The films were synthesized by thermal ALD; we are in 
the process of buying a plasma ALD system with a 
delivering delay of  8 week, before Christmas we will 
grow the first layers of superconducting NbN. The Nb 
growth by PEALD is straightforward and very similar to 
other very reactive metals such a Titanium and 
Aluminium already grown by PEALD and based on the 
reactions: TiCl4 + H2-plasma = Ti + HCl or AlCl3 + H2-
plasma etc... This new method will also allow much more 
flexibility for alloys growth. For instance, instead of 
relying on the more stable reaction product between two 
precursors, we could build an alloy by growing separately 
each of its components. For Nb3Al (Tc=20K) we will 
grow 3 layers of Nb and one of Al. Besides, the metallic 

properties are much better with the plasma enhanced 
growth owing to a negligible level of impurities in the 
films: Ti, Ta, Cu and Al have resistivities around 10 
μΩ.cm, very close to the bulk values. We will start with 
the PEALD growth study of NbN following the chemical 
reaction: NbCl5 + NH3+H2-plasma = NbN + HCl, which 
occurs at much lower temperature (~200oC instead of 
450oC) than the thermal ALD. 

 

ALD Results on SRF Cavities: The Post 
Annealing Treatment at High Temperature (HT). 

So far, three SRF cavities provided by J-lab have been 
ALD coated and tested. Two of them have been 
subsequently baked at high temperature 450oC in UHV 
for 20 hrs, following the same recipe found to improve 
the superconducting properties on niobium coupons [7]. 
The cavity one (not shown here) was previously coated by 
10 nm of Al2O3 + 5 nm of Nb2O5, sent to J-lab, high 
pressure rinsed, tested then baked in UHV, high pressure 
rinsed and tested. After the HT baking, the maximum 
acceleration field Emax was reduced from 32MV/m down 
to 21 MV/m at which gradient the Q-factor dropped 
because of field emission of quenched. 

 
The quality factor however was unchanged (1.1010). 

These last results suggested that the quality of the oxides 
might have changed after the HT annealing. A 
densification of the ALD oxides layer has already been 
observed which would mean that the Secondary electron 
yield (SEY) of the layer increases too, causing the 
observed field emission. Another possible reason is cracks 
appearing in the protectives ALD layers due to thermal 
constraints during the temperature cycling. These cracks 
would then act as easy points of entry for oxygen-water 
during the subsequent HPR. Once the threshold is 
reached, irreversible damaged are caused to the 20 nm 
thick oxide layer. 

In order to determine the origin of this degradation, we 
coated a second cavity with just 10 nm of Alumina at low 
temperature 90oC for 2 hrs, send it back to J-lab, HPR 
then tested (yellow points Figure 5 left). No multipacting 
occurred and the cavity performances were the same as 
the baseline (pink points Figure 5 left). The cavity was  
then HT baked, HPR and retested (black points) and the 
cavity quenched at the same field as cavity 1: Emax of 20 
MV/m, but this time no field emission was measured. 
This result tends to support the quenching hypothesis 
observed after HT bake of cavity 1, and therefore the field 
emission hypothesis can be ruled out. The deterioration of 
the Emax but not of the Q-factor indicates that a 
contamination of the Nb at the interface with the oxides 
occurred during the HPR. 
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Figure 5: RF test of high temperature baked Nb cavity. Left, cavity 3 with a initial ALD coating of 10 nm Al2O3 and 5 
nm Nb2O5 (red), then HT baked (green). Right, baseline (blue) followed by an initial ALD coating of 10 nm Al2O3(red), 
then HT baked (green), and finally re-coated by 10 nm of Al2O3 and 10 nm of Nb2O5 (black). 
 
 

However, the contaminant (most likely oxygen) is 
probably localized otherwise the global cavity Q-factor 
would have been affected too. We synthesized a second 
ALD coating of 10 nm Al2O3 and 5 nm Nb2O5 (blue 
crosses Figure 5 left) at 250o C for 4 hrs and the cavity was 
tested back at J-lab; the quality factor increased by a 
factor of 2 but the Emax remained unchanged. It is 
interesting to note that an additional dielectric layer 
should not affect the underneath superconductivity, unless 
the higher deposition temperature removed part of the 
oxygen contamination present after the first HT baking. 
Besides, it has been found previously that baking the 
cavity at temperature higher than 145oC for few hours 
degraded the Q and the Emax [8], whereas here, the Q-
factor increased! This raises an interesting question: How 
the last dielectric layer alone influences the Q-factor ad 
Emax of cavities? An additional HPR (in dark blue 
diamonds on Figure 5 left) induces a high field Q-slope 
that cannot be recovered after a 120oC baked (Figure 5 
right in pink). A second HT baking at 450oC for 20 hrs 
decreases significantly the Q-factor but suppressed the 
high field Q-slope (in black Figure 5 right.).  

To understand these last results, temperature maps have 
been measured (Figure 6 upper left and right respectively) 
before and after the second HT baking as a function of the 
amplitude of the magnetic field. Prior to the second HT 
baking, the temperature dependence has an exponential 
dependence (not shown) whereas after the dependence if 
quadratic indicative of Ohmic losses. Besides, the 
amplitude of ∆T is more homogenous and is twice smaller 
after the HT baking. That confirms both that the high field  
Q-slope is due to local hot spots and that the Q decrease is 
due to a massive injection of oxygen into a depth of at 
least ξ from the surface. 

 
 
 
 

 

The averaged superconducting parameters extracted 
from the BCS fits of the surface resistance’s temperature 
dependence, Rs[T], ( igure 6 middle, left) reveal however 
an improvement of the superconductivity: both ∆/kTc and 
the mean free path, l, increase, which means that the 
superconducting Nb that is not already contaminated have 
better characteristics. 
  In conclusion, we have now a better understanding of 
the HT baking effect on the cavity performance: each 
sequence HT+ HPR injects oxygen locally through cracks 
present in the ALD dielectric layers after the thermal 
cycling and diffuse from there,  contaminating more Nb at 
each cycle HT+HPR. To prevent post contamination by 
HPR, the ideal would be to bake at High temperature 
inside a build-in cavity-ALD oven and recoat to fill the 
cracks, prior to exposing the cavity to air and any HPR. A 
measurement of the cracks density as a function of the 
dielectric layer is in progress at Argonne. It is important 
to note that the HT treatments on coupons test that 
showed an improvement of the superconductivity were 
not HPR. It would be interesting to measure again the 
same coupons after a few months exposure to air of water 
by PCT before and after and other HT baking. 
 

F
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Figure 6: Up, temperature maps at the highest magnetic field before (left) and after (right) HT baking. Middle, 
measurement of the temperature dependence of the average surface resistance of the cavity before and after HT baking 
(left). Thermometry measurements in few spots of ∆T as a function of the amplitude of applied magnetic field. Bottom, 
superconducting parameters extracted from the BCS fits of Rs(T). 
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Abstract 
Superconducting radio frequency (SRF) cavities are 

often formed from fine-grain niobium sheet which is 
heavily deformed and heat treated throughout processing 
Identification of relationships between the deformed, 
recovered, and recrystallized microstructure are required 
to guide production of niobium in a metallurgical state 
that is optimal for cavity performance.  To gain 
understanding of deformation mechanisms in high purity 
niobium that will support development of constitutive 
models, and to establish relationships between defect 
structures and recrystallization processes, oriented single 
crystal samples were characterized using orientation 
imaging microscopy before and after uniaxial tensile 
deformation.  The deformation characteristics are 
compared with model simulations using crystal plasticity 
finite element model simulations. 

INTRODUCTION 
Deformation studies of single crystal niobium and the 

microstructures produced are useful for several reasons.  
First, as the SRF community explores the use of large 
grain (or possibly single crystal) sheets or tubes, practical 
knowledge of how these will deform using different 
forming methods (deep drawing, hydroforming) is 
needed.  Second, relating deformation texture through the 
deformed microstructure to recrystallized texture would 
allow engineering of desired recrystallization textures.  A 
crystal plasticity finite element model addresses both 
needs, as simulations of single crystal deformation aid in 
determining active slip systems and resulting material 
properties.  These enable the more complex simulations 
of forming that may be used to guide decisions of which 
crystal orientations or textures to use for a given forming 
operation. 

Plastic deformation occurs by the motion of 
dislocations, which eventually form dislocation 
substructures as they interact with each other and other 
lattice defects.  Greater understanding of which slip 
systems are active for various crystal orientations and the 
dislocation substructure their interaction produces is 
needed to predict subsequent recrystallized orientations.  
For example, the commonly used polycrystalline sheet 
began as a large-grained ingot in which each grain 
deformed according to its active slip systems during 
forging and rolling. This leads to various dislocation 
substructures, deformation textures, and eventually 
recrystallization textures present in each ingot grain’s 
former volume, resulting in overall texture variations. 
even within batches from the same manufacturer. 

MATERIALS & ANALYTICAL METHODS 
Single crystal Nb samples were cut from a disc that had 

been sliced from an ingot obtained from Ningxia.  
Orientation imaging microscopy was used to find 
orientation of each of the grains in the slice.  Using these 
orientations, uniaxial tension stress was computationally 
applied to each grain orientation in every radial direction, 
so that the Schmid factors (resolved shear stress) on all 
slip systems could be identified.  Tensile specimen 
orientations were chosen to favor particular slip systems 
or combinations of slip systems.   

Dog-bone shaped tensile coupons were cut from 
individual grains using electro-discharge machining 
(EDM).  The gage length was 18mm with 1mm fillets at 
the shoulders, 4mm wide, and 2.8mm thick; each grip 
section length was 10mm, 6mm wide, and 2.8mm thick.  
Samples were then polished to mirror finish by alternating 
between chemical etching (80% Nitric and 20% 
Hydrofluoric acid for 4 minutes) and mechanical 
polishing steps. The last mechanical polish was to 0.05μm 
using colloidal silica, followed by electropolishing with 
12V at -30°C for 8 min.  Orientation imaging microscopy 
(OIM) was conducted on a Camscan 44FE SEM using a 
TSL(Link) system to confirm that the initial orientation at 
the center of each specimen would indeed resolve the 
desired shear stress onto the desired slip systems as 
shown in Table 1.   

After OIM, samples were mounted in a tensile testing 
machine (Instron 4302, Instron’s Bluehill software) and 
deformed to 40% engineering strain in uniaxial tension 
(similar to strains in the iris of an elliptical cavity).  After 
deformation, five OIM scans were made within a few mm 
of the center of the gage length. 

Local average misorientation (LAM) maps highlighted 
local gradients in lattice orientation over a scanned area of 
112x327μm with a step size of 1μm.  These maps are 
formed by comparing each data point to its immediate 
neighbors, and the difference in orientation displayed 
using a 0° (blue) to 5° (red) gradient scale, which 
highlights low-angle grain boundaries and shear bands 
(sheet-like arrangements of dislocations).  

The LAM data are also represented as histograms, 
which have been shown to be correlated to geometrically 
necessary dislocation (GND) density; peaks at higher 
average misorientations imply higher GND content within 
the crystal lattice [1].  GNDs are unpaired dislocations, 
often arranged in low-energy configurations, which 
account for the orientation gradient.  This technique does 
not detect statistically stored dislocations (SSDs), pairs of 
dislocations with opposite sign that could recombine into 
a whole plane if they met.  These pairs cancel each other’s 
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contribution to misorientation of the lattice.  In a worked 
metal with no heat treatment, the SSD density is much 
greater than GND density. [2] 

An optimized crystal plasticity finite element modelling 
(CPFEM) approach was used to predict active slip 
systems based on each single crystal specimen’s initial 
orientation, assuming that slip on {110} planes had the 
lowest critical resolved shear stress (CRSS), with {112} 
plane slip having a 20% higher CRSS, and {123} slip was 

not activated [3,4].  A fine-meshed dog-bone model of the 
same dimensions as the physical samples was uniaxially 
deformed using ABAQUS.  The boundary conditions 
were such that one end was held fixed while the other was 
displaced a set distance at each time step.  For each time 
step, the orientation, stress, and work hardening 
parameters of each slip system are updated.  Predictions 
of activated slip systems are based on a combined 
constraints method, which finds the single yield function.  
By minimizing the single yield function, the active slip 
systems are chosen.  The FEM model is updated to satisfy 
its requirements, and then proceeds to the next time step 
[4].  The simulations were conducted to a final strain of 
40%.  Activation of different slip systems in different 
crystals was predicted.  Some material parameters had 
already been determined by trial and error to obtain a 
close fit to previous studies of experimental stress-strain 
curves [5]. 

RESULTS & DISCUSSION 
After polishing, the local average misorientation 

(LAM) histograms show that in general, the various 
crystal orientations have similar amounts of 
misorientation (Figure 1), implying similar geometrically 
necessary dislocation (GND) content.  Sample P3 is the 
most different from the others, and this difference may 
also be due to incomplete removal of sub-surface damage 
(in the form of GNDs) introduced during polishing.   

After 40% strain, the different orientations show 
varying amounts of GND content (Figure 2), evident by 
the decrease in the peak of the histograms and greater 
spreading to the right.  In some orientations, the change 
was small, implying that dislocations were more able to 
exit the crystal at free surfaces.  The small increase in 
GND population may be due to active slip systems 
operating in the same slip direction, but only changing 
planes, as cross-slip may occur (dislocation motion 
changes from one plane to another but in the same slip 
direction). In contrast, orientations with active systems 
which have different slip directions and planes are more 
likely to develop dislocation tangles, and retain more 
GNDs and SSDs.  Indeed, Figure 2 shows that samples P3 
and U3, each with biased slip systems having different 
directions, have higher average misorientation angles, and 
samples S3 and X3 having biased slip systems in the 
same slip direction have smaller average misorientation 
angle distributions that are nearly the same as the initial 
undeformed state.  Figures 3 and 4 illustrate these effects 
using orientation maps of samples P3 and X3 as extreme 
examples.  The LAM map for P3 in Figure 3 shows two 
directional features related to slip in two directions, while 
the color gradients show alternating regions of orientation 
change in direction different from the sharper lines 
(positive sloped shear bands).  In contrast, the maps for 
X3 in Figure 4 are nearly featureless; only the change in 
orientation from the initial undeformed state (white 
prism) shows that deformation occurred.  Figure 5 shows 
changes in orientation in detail along an approximately 
300 μm long line across P3 (equally favored slip on two 

Table 1: Sample names and favored slip systems 

Name Role 

P3 same τ on two {112}, different direction 

Q2 same τ on a {110} and a {112}, same direction 

S3 3.0% more τ on {110} over a {112}, same direction 

T3 9.3% more τ on {110} over a {112}, same direction 

U3 similar mid τ on 4 planes, 2 different directions 

V3 similar high τ on 4 planes, 2 different directions 

W3 2.3% more τ on {112} over a {110}, same direction 

X3 8.5% more τ on {112} over a {110}, same direction 

 

 
Figure 1:  As-polished local average misorientation 
distributions.  Dotted line marks the overall average 
(0.22°). 

 
Figure 2:  Average of deformed LAM distributions 
(average of five locations within 3 mm of the center of 
the gage length of each sample).  For comparison, 
dotted line marks the overall average of the undeformed 
samples (0.22°) 
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Figure 3: Sample P3.  Left to right: LAM map (0 blue to 
5° red) showing regions with significant GND 
dislocation substructure.  White prism is initial crystal 
orientation, black prisms show different orientations 
within the scan area.  Crystal Orientation map of 
misorientations relative to an orientation in the center of 
the map (0 blue to 20° red), Pole Figure showing more 
spread of <111> slip directions due to deformation 
(<111> direction is vector coming out the prism 
corners).   

 
Figure 4:  Sample X3, 1μm step.  Left to right: LAM 
map (0 blue to 5° red) showing a lack of GND 
dislocation substructure.  White prism is initial crystal 
orientation, black prisms show different orientations 
within the scan area.  Crystal Orientation map of 
misorientations relative to an orientation in the center of 
the map (0 blue to 20° red), and the pole figure shows 
almost no spread of <111> slip directions due to 
deformation (<111> direction is vector coming out the 
prism corners).   

{112} planes in different directions), showing 
heterogeneous orientations, while X3 (favored for single 
slip on {112}), shows almost no variations in orientation.  
These differences are evident also in the (111) pole 
figures, where the single slip in X3 results in no peak 
spreading, while the bands of alternating lattice rotation in 
P3 reflect heterogeneous rotations evident as streaks in 
different directions in 3 of the 4 poles of the pole figure.  
The other samples fall between these extremes, and may 
reflect the fact that in BCC crystals, a high resolved shear 
does not necessarily mean a slip system will be active, 
and so the actual actived slip systems may be different 
from those originally biased [6,7]. 

The stress-strain curves in Figure 6 also indicate 
varying degrees of work hardening (increasing amount of 
stress required to achieve greater strain) that are 
consistent with the same trends as the LAM data (Figure 
3).  The plateau regions of Q2, S3, and X3 are longer and 
indicate more extensive single slip than in the other 
samples.  The change in slope after the plateau indicates 
activation of at least one additional slip system that causes 
an increase in dislocation entanglement. In contrast, U3 
indicates no single slip as rapid, extensive work hardening 
occurred, and the specimen reached a condition of 
unstable flow (ultimate tensile stress) prior to 40% strain.  

Initial results From CPFEM analysis shows qualitative 
agreement between computational modeling and the 
deformed samples.  The slip systems predicted as most 
active by CPFEM are among those initially biased for 
high resolved shear.  The simulated deformed sample 
shapes are also in agreement with the deformed samples 
in that they shear in the same sense (Figure 7).  Figure 8 
shows three load-displacement curve from the CPFEM 
model, which shows that single slip on {112} planes is 
easier than the model predicts.  Thus, further work is 
needed to accurately model the flow characteristics of 
high purity niobium.  The models will need optimization 
to insure that they can predict activated dislocation 
systems for arbitrary stress states and crystal orientations. 

 

Figure 5:  Comparison of point to origin misorientation 
from upper left to lower right along the black line in 
Figures 3 and 4.  Misorientation in P3 is very 
heterogeneous compared to X3. 
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FUTURE WORK 
Clear identification of activated slip systems is 

ongoing, so that an accurate set of rules for slip in high 
purity Nb can be developed.  These specimens will be 
etched to observe effects of dislocation content on surface 
roughness, and later cut and welded together in a similar 
manner as described in [3]. 
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Figure 6: Engineering stress-strain curves for the different single crystal orientation samples. 

 
Figure 7: Left: Actual deformed samples X3, T3.  Right: 
CPFEM deformed simulations.  Blue arrows indicate the 
side face that becomes visible as gage length shears, 
simulations show same sense of shear. 

 
Figure 8: Force-displacement curve for orientations U, 
X, and P from the CPFEM samples indicate that the 
assumed relative flow stress rules in the CPFEM model 
are not yet accurate. 
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Abstract 

The common limitation of systems conceived for the 
RF characterization of samples consists in the difficulty of 
scaling the measured results to the real resonator. Our 
idea consists in the production of small resonators (6 GHz 
cavities Figure 6) completely equal in shape to the real 
scale model. Performing RF tests on a large amount of 
cavities it is possible to study alternative thin film 
superconducting materials, traditional and innovative 
surface treatments.  

In this framework Nb3Sn films have been deposited at 
first on planar samples and then on the internal surface of 
6 GHz cavities through the multilayer sputtering method.  

The UHV magnetron sputtering technique in planar 
configuration has been used to deposit multilayer of 
niobium and tin on planar samples. 

Then a UHV magnetron sputtering technique in a post 
magnetron configuration has been used. A Nb-Sn cathode 
is maintained in a fixed position, while the 6 GHz 
resonator can be moved up and down thanks to a linear 
feedtrough. The external coil is mounted in the cathode 
zone. The cavity is then annealed at 960°C for a few 
hours (UHV) to obtain the stoichiometric A15 phase. The 
surface resistance is evaluated through the cavity quality 
factor measurement at 4.2 K. 

SAMPLE DEPOSITION BY PLANAR 
MAGNETRON 

The aim of this experiment is to demonstrate that it is 
possible to obtain Nb3Sn thin film depositing and heating 
multilayers of Nb and Sn by magnetron sputtering [2]. 

The multilayers depositions are performed in a 
cylindrical stainless steel vacuum chamber 280 mm high 
and with a diameter of 100 mm, equipped with two planar 
balanced magnetrons sources (Figure 1). On top source is 
mounted a 2 inches niobium target and on the bottom 
source a 2 inches tin target. 

The sample holder is in the centre of the chamber and it 
composed by an aluminium disk connected to a rotary 
feedthrough. In this way we can rotate the samples, and 
every 180° rotation we expose the sample to Nb plasma 
before, and Sn plasma after.  

The distance between targets and samples is 60 mm and 
during the sputtering we use Argon as process gas (P = 
2.2·10-3 mbar). No substrate heating systems were 
employed. The sample annealing is performed after the 
deposition, ex-situ, in another chamber similar to this one 

connected at the same pumping system, but with a heater, 
which is composed by an Inconel cup with inside an 
infrared lamp that permits to heat the sample up to 1000 
°C. 

 
Figure 1: Sketch of the UHV multilayers deposition 
system. 

Deposition Process and Annealing 
During the deposition the angular velocity of the 

sample is constant, in particular it makes a complete 
round in 13 second. 

The samples used are sapphire with dimension of 
10x10 mm. 

During multilayers deposition the exposition time of 
sample at Nb plasma and Sn plasma is equal and so it is 
important to find the correct current value that must be 
supplied to each magnetron source. To obtain, after 
annealing, A15 structure of Nb3Sn it is very important 
that stoichiometry of Nb a Sn is respected during 

Proceedings of SRF2009, Berlin, Germany TUOBAU06

06 Material studies

149



deposition. In particular we calculate that thin film 
thickness of Nb must be 4.5 times the thickness of Sn 
film.  

Before the multilayers deposition the chamber is 
evacuated at a base pressure of 1.5×10-9 mbar and during 
process Ar is used as process gas at a pressure of 4.0×10-3 
mbar. 

To obtain Nb/Sn multilayers, with a single deposition 
run, in a first step is deposited Nb buffer layer for 2 
minutes in order to eliminate Oxygen contamination in 
the chamber. After we deposit simultaneously Nb and Sn 
for 30 minutes and in the last step we deposit another time 
an overlayer of  Nb in order to have a “thick” Nb film as 
last layer.  

This is important because Sn as a high vapour pressure 
and during post annealing if we don’t have Nb film may 
happen that Sn evaporate and stoichiometry is not 
respected. 

Sn magnetron is supplied with 0,22 A and Nb 
magnetron with a variable current from one run 
deposition to another as summarized in Table 1. For each 
run we deposited four samples. 

 

Table 1: Sputtering deposition parameter. 

Run 1 2 3 4 6 7 8 

I(Sn) [A] 0,22 0,22 0,22 0,22 0,22 0,22 0,22 

I(Nb) [A] 0,8 1 1,2 1,4 1,6 1,8 2 

 
After sputtering deposition we proceed with annealing 

in vacuum for 3 hours at variable temperatures: 600-700-
800-930°C as summarized in Table 2. 

 

Table 2: Annealing parameter. 

Annealing 
Process 

1 2 3 4 

T [°C] 
Annealing 

600 700 800 930 

t [h] 
Annealing 

3 3 3 3 

 
Each annealing process consists of 8 samples from the 

8 different deposition runs.  
Before heating vacuum chamber was evacuated at  

9·10-8 mbar in order to reduce oxygen contamination. 
 
Results and Discussion 

Multilayers thin films are analysed with X Ray 
Diffraction (XRD) after annealing.  

The diffraction pattern (Figure 2) obtained after the 
annealing process at 930°C highlights the presence of the 
Nb3Sn phase. The peaks shown on the plot are the A15 
phase ones.  

 
Figure 2: X Ray diffraction pattern of one of the best 
sample deposited with high ratio I(Nb)/I(Sn) and annealed 
at 930°C.   

After this we measured superconductive 
characteristics of thin film, as can see in the plot of Figure 
3, for each sample with the four point contact method.  

 
Figure 3: Superconductive transition on Nb3Sn thin film 
obtained by multilayers deposition of Nb and Sn by 
sputtering and diffusing. 

The superconductive transition TC, for the best sample 
is at 17.88 K with a ΔTC of 0.02 K and RRR of 3.58. 

Preliminary results are very promising as the TC of the 
film is 17.88 K (close to the theoretical one 18 K) and the 
transition is very sharp. XRD characterization confirms 
this result. 

6 GHz CAVITIES – MINI LAB 
The idea, to perform a high numbers of RF tests on 

superconducting materials and at same time to reduce 
research budget, is to build 6 GHz cavities. RF measured 
samples will never be comparable to a real large cavity. It 
is always an indirect measurement. On the contrary 6 
GHz cavities are at the same time easy to handle as a 
sample but they are “real” cavity. 

They are made from larger cavities fabrication 
remaining material using spinning technology [1], they 
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don’t need welding (even for flanges) and finally they can 
be directly measured inside a liquid helium dewar. While 
1,3 – 1,5 GHz cavities need for the RF test no less than 1 
week time preparation. With 6 GHz cavities it is possible 
to perform more than one RF test per day. 

With a tool like this it is possible to study traditional 
and innovative surface treatments and to perform RF tests 
on a large amount of cavities with a research budget much 
lower than the one necessary to treat and tests real 
cavities. One can study traditional surface treatments on 
Nb like: mechanical polishing, buffer chemical polishing, 
electro polishing, high pressure rinsing (HPR), alcohol 
rinsing and thermal treatments. It is also possible to study 
new thin film superconducting materials grown for 
example by sputtering or thermal diffusion. 

In this paper is shown how is possible, with a reduce 
budget, to set up a Mini-Laboratory able to perform all 
the traditional treatments necessary on niobium high 
gradient large cavities and the deposition of Nb3Sn films 
by multilayer sputtering inside it: 

• A reduced size mechanical polishing bench 
• A chemical/electrochemical minilab for BCP EP 
• An inexpensive cryogenics and quick RF 

measurements 

 
Figure 4: On the right a scrap, of a large Nb cavity, from 
which are obtained 4 small 6 GHz resonators from the 4 
corners. 

Geometry and Fabrication Technique 
6 GHz cavities are made trough the spinning 

technology fig...  that represents a valid alternative to 
electron beam cavities production, also for real 
resonators.  

The 6 GHz cavities produced by spinning are obtained 
using larger cavities fabrication remaining material 
“scraps” as shown in Figure 6, they don't need any kind of 
electron beam welding (even for flanges) as shown in 
Figure 7, finally their production require a short 
fabrication time, a half day per cavity. For these reasons it 
is possible to control the costs production and realize a 
large amount of cavities with a low research budget. 

6 GHz cavities are 97 mm long and have a 45 mm 
diameter cell, an electrical length  of 25 mm and the same 

geometrical factor of a large resonator, 287. They have 
two large flat flanges at the ends. For each of them the 
available surface to ensure the vacuum sealing is equal to 
7 cm2. 

 
Reduced Size Mechanical Polishing Bench  

The spinning process implies material surface defects, 
stress and dislocations. The cavity cell is characterized by 
the presence of evident vertical scratches due to the used 
mandrel. Obviously the internal surface finishing of a 
resonant structure is directly correlated to its 
performance, especially at high fields. Moreover the 
lubricant, necessary for the metal mechanical processing 
can contaminate the used material. The idea is to make 
the surface smooth and free from contaminants.  

In order to remove surface roughness and 
contaminations introduced during the spinning process, 
we use a compact and portable tumbler in spite of the 
bigger and complicated designed ad hoc for large cavities. 

 
Chemical/Electrochemical Minilab for BCP EP 

Following the classical and well known surface 
treatments general protocol of large cavities, after the 
mechanical polishing the procedure counts a chemical 
polishing. Chemical treatments are performed to smooth 
further on the cavity surface, to remove the possible 
niobium sub-oxide and contaminants. 

 
Figure 5: In this picture is visible the mini-chemical 
system set up for BCP and EP. In particular can be seen 
on the right a 6 GHz cavity installed in vertical position, 
equipped with special flanges for EP. The acid flux is 
directed from the bottom to the top of the cavity in order 
to evacuate the hydrogen, produced during the process, 
quickly. The 3-way valves are useful to invert the flux 
direction. 

Chemical treatments for large resonators require tens of 
litres of sulphuric acid, hydrofluoric acid, phosphoric acid 
and nitric acid handled with big and complex 
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infrastructures. On the other hand, just a few litres of 
acids (2-3l) are needed for 6 GHz cavities using a simple 
and easy to handle infrastructure. This means a drastic 
reduction of acids and materials costs and also a 
considerable reduction of human risks and time 
processing. 

To perform the traditional surface chemical treatments, 
buffer chemical polishing (BCP) and electrochemical 
polishing (EP), on a 6 GHz cavity can be used a small 
system as the one reported in Figure 5. 

For electrochemical polishing the aluminium cathode 
used, that enters inside the cavity, is shaped to maintain 
constant the cathode – internal surface cavity distance. 

For electrochemical polishing and buffer chemical 
polishing are used simple holed PVDF (poly-vinil-dene-
fluoride) flanges. The flanges are expressly designed to 
obtain the highest acid flow through the cavity to allow 
hydrogen bubbles, produced during the oxi-reduction 
reaction,  to escape freely. 

The evaluations of damaged layer thickness produced 
by the spinning process could vary from 150 to 250 μm. 
For this reason it is convenient to remove with BCP/EP at 
least 300 μm: in average this thickness corresponds to 
about 30 g of removed material. 

During a mechanical or a chemical treatment, for each 
cavity, it is easy to stop the process and monitor the 
internal surface finishing with the help of a miniature 
camera insertion device. 

CRYOGENICS AND RF 
MEASUREMENTS 

To perform the 6 GHz cavities RF tests has been 
designed and built a compact and user friendly cryogenic 
infrastructure. It has been conceived to enter a 450 or 250 
l liquid helium dewar. 

Such an infrastructure permits to reduce the cryogenic 
power consumption, avoiding any loss during a helium 
transfer into a cryostat for common large cavities: a 
measurement performed at 4.2 K requires roughly 20 
litres of liquid He. The procedure to cool down and to 
warm up the system is very fast. 

To oversimplify the system assembling, the bottom part 
(Figure 7) of the stand has been made completely 
independent. The small resonator can be mounted, in 
clean room, without the presence of the complete stand 
that would make the work complicated. 

The bottom part consists of two main elements that 
close the cavity: the Coupler Flange and the Pick-up 
Flange. Coupler Flange is a stainless steel disc with 8 
holes for M4 s.s. screws and a CF 16 knife edge on one 
side. It is equipped with a 8 mm pumping line (Coupler-
Pipe) and a bellow that permits the motion of the coupler 
antenna. The last is connected to a CF 16 - SMA coaxial 
feedthrough. Four teflon coated vertical s.s. bar lines 
preserve the system alignment and prevent blockage 
problems due to the freeze-over of the bellow upper 
flange during the liquid helium insertion step. Pick-up 
Flange is again a stainless steel disc with 8 holes for M4 

s.s. screws and a CF 16 knife edge. It is equipped with a 8 
mm diameter pumping line (Pick-up-Pipe) and a 
Swagelock assembly for the pick-up antenna insert (SMA 
ended). 

 
Figure 6: The bottom part completely mounted. 

The cavity is closed at both sides through the Cp/Pk 
Flanges with a particular double system. The vacuum 
between the Pick-up Flange and the Middle Flange 
(equipped with 8 threaded holes) is guaranteed using a 
CF-16 copper gasket using 8 s.s. screws. Vacuum 
between the Middle Flange and the cavity flat borders is 
guaranteed using a 1.5 mm diameter indium wire 
squeezed with four stainless steel half round rings pressed 
through 8 nuts screwed to the same screws or with a new 
type of vacuum seals made of Kapton as reported in 
Figure 8. 

 

 
Figure 7: A classical Indium gasket. B a new Kapton 
Gasket, it is cleaner and easier to remove than Indium. 

The stand is slowly inserted into the helium dewar 
using the overhead travelling crane and cooled at the 
temperature of the liquid helium 4,2 K. The surface 
resistance value of the superconductor under test is 

TUOBAU06 Proceedings of SRF2009, Berlin, Germany

06 Material studies

152



obtained through the measure of quality factor of the 
cavity using the equation 

Q

G
RS =  

where, as mentioned in the first chapter, G is the 
geometrical factor. It is the same for 1,5 GHz and 6 GHz 
cavities and it is equal to 286. 

 
Figure 8: The 450 l helium dewar containing the 
cryogenic infrastructure during the cooling procedure 
before the RF test. 

CAVITY DEPOSITION BY 
CYLINDRICAL MAGNETRON 

With 6 GHz resonators it is possible to study any kind 
of superconducting material that could be deposited inside 
it. From this point of view it is possible to build systems 
like the two depicted in Figure 9. 

This miniaturized sputtering system allows to coat the 
inner surface of a 6 GHz cavity with multilayers of Nb 
and Sn. The resonator is fixed to a linear feedthrough and 
during the deposition is moved up and down toward the 
cathode to assure the complete and homogeneous coating. 

As shown in Figure 16 and 17 the cathode consists in a 
fix long stainless steel cooled tube ended with a 
composite Nb/Sn target. It is, except for the target, 
completely screened with a grounded second external 
tube. The cathode diameter is 17 mm while the diameter 
of the cavity is 20 mm so it can be moved coaxial to the 
cathode without touching it. 

The target, that is equipped with two Nb wings, is 
positioned in the centre of a strong axial magnetic field 
produced by the coil. The wings along with the magnetic 
field enhance the sputtering rate. Sn/Nb cathode area ratio 
is decided on the basis of sputtering yields to obtain 
multilayers films with different percentage of tin. 

 

 
Figure 9: Sketch of the system built to coat 6 GHz 
cavities using the post magnetron sputtering technique. 
On the left the complete vacuum chamber is shown, on 
the right the detail of the deposition zone. The coil (red) is 
out of the chamber. 

 
Figure 10: The sputtering system. 

Deposition Process and Annealing 
Before the multilayers deposition the chamber is 

evacuated at a base pressure of 1.5×10-9 mbar.  
The cavity is moved up and down until the film 

formation, 5 hours for each cavity deposition with a 
thickness film of some micron. Then the cavity is 
removed from the vacuum chamber and mounted in the 
annealing system which is a cylindrical chamber made of 
Inconel. It is divided into two zones: the cold one on the 
top (cooled by a water flux) and the hot one at the bottom. 

Before the annealing the chamber is evacuated at a base 
pressure of 1.5×10-9 mbar. The annealing is performed at 
T=960°C using an external furnace for three hours. The 
cavity temperature is monitored through a chromel-
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alumel thermocouple. At the end of the annealing step the 
cavity is rapidly moved up in the cold zone to reduce the 
probability to have spurious low Tc phases (Nb5Sn6, 
NbSn2). 

After the annealing the cavity is rinsed with HPR for 10 
minutes and mounted in the cryogenic infrastructure in 
clear room to be rf tested at 4,2K as described before. 

 
Results and Discussion 

The first Q vs Eacc curves we obtained are depicted in 
Figure 11. The Q value is still lower than the pure Nb one 
(QBCS(4.2K) ≈ 3 x 107). 

We are going to analyze the internal surface of the 
cavity we gained and to optimize the process parameters. 
With 6 GHz cavities we have the best tool to improve 
fast. 

 
Figure 11: Q Vs Eacc curves. 
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Abstract
    In the framework of the research for a valid 
alternative to Nb for RF applications, Nb3Sn has been 
investigated. 
    Nb3Sn is produced using the liquid tin diffusion
method. A bulk Nb 6 GHz cavity is introduced into 
molten Sn (dipping step) and heat treated (annealing 
step). The process temperature must be higher than 
930°C, to avoid the formation of spurious low Tc
phases. 
    The experimental procedure has been progressively 
modified to obtain a homogeneous, stoichometric and 
compact film with satisfactory superconducting 
properties. The "double process” is particularly 
promising: the sample annealing is partly performed in 
Sn vapour, partly in vacuum (Tc = 16-17 K and Tc = 
0.3-0.5 K, no residual Sn traces on the sample surface, 
no Sn rich phases).  
    Having good results with A15 samples, doesn't mean 
obtaining performant Nb3Sn superconducting 
resonators. For this reason a hundred of small 6 GHz 
cavities, completely equal in shape to the real scale 
model [5], was built and several Nb3Sn 6 GHz resonant 
strucures have been produced and tested with 
encouraging results. 

Nb3Sn BY LIQUID PHASE DIFFUSION 
Considering the goal is to coat a large number of 

cavities, this technique is probably the less expensive 
one: it employs a low technology equipment and it is 
quite fast [2, 3]. 

It consists in the bulk Nb introduction into molten 
99.99% Sn for a short period of time (2h max) and in 
its further annealing outside the molten bath. During 
the dipping process, the diffusion of Sn into the 
substrate begins.  

Experimental Procedure and Results 
A high vacuum cylindrical reaction chamber is used, 

it contains an Alumina crucible for the Tin bath and a 
linear manipulator to move the samples from the top to 
the bottom and vice versa. The lower part of the system 
can be heated by an irradiating furnace, while the upper 
zone can be cooled trough a water jacket [2, 3, 4].  

The annealing procedure has been carried on in three 
different ways, in order to improve the coating quality 
[3]. Initially, we performed the heating treatment 
simply extracting the sample from the bath and keeping 
it hot, just above the molten Sn (Sn vapor annealing 
process). We obtained samples with Tc up to 17.7 K 
and Tc ~ 0.11 K, but they are affected by the problem 
of unreacted Sn on the surface and traces of Nb-Sn 
spurious phases.  
    We tried to improve the film properties removing the 
Sn crucible from the vacuum chamber before 
performing the annealing step, in order to stop the Sn 
vapour flow investing the sample (vacuum annealing 
process). We obtained Sn free films, but their 
superconducting characteristics were not satisfactory.  
    However, we produced and tested one small cavity 
(6 GHz) just to have a starting point. The 
corresponding Q vs Eacc curve is depicted in Figure 1. 

Figure 1: The Q value is lower than the quality factor 
of a pure Nb cavity (f = 6 GHz, T = 4.2 K, QBCS(Nb) ~ 
3x107), Eacc (max) is closed to 1.5 MV/m. The 
maximum output power of the rf amplifier was 
reached. 

Finally, we performed what we call the “double 
process”, consisting in a first annealing in presence of 
Sn vapour, followed by a second heating treatment in 
its absence. We gained intermediate results with Tcs
16.6-17.5 K and Tcs of 0.15-0.28 K, (no Sn traces on 
the surface or different Nb-Sn phases into the grown 
coatings). This kind of process seems to be extremely 
promising and it has been chosen to coat the next small 
cavities. 
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The New Experimental Apparatus 
    In the meanwhile the “Double Furnace System” 
(Figure 2) has been built to avoid air contaminations of 
the films due to the vacuum chamber opening (the Sn 
crucible has to be removed to perform the annealing 
without Sn).  

Figure 2: Our “Double Furnace System”. It was built to 
simplify the experimental procedure. Now it is possible 
to perform the annealing in vacuum without opening 
the chamber to remove the Sn crucible. 

   We produced several cavities that have been 
measured through the 6 GHz rf test apparatus which 
has been deeply described elsewhere [1].  
    Two of the curves we obtained are depicted in Figure 
3: we chose them because they are a representative 
sample of the results we gained. 

 Figure 3: Two examples of the Q vs Eacc curves we 
obtained (f = 6 GHz, T = 4.2 K, QBCS(Nb) ~ 3x107). In 

both case the quality factor is lower than the pure Nb 
one. 

Discussion
    We still have two unsolved problems: 

- ureacted Sn droplets; 
- spurious Sn rich, low Tc phases (Nb6Sn5 and 

NbSn2);
As shown in Figure 4 a big quantity of Tin is evidently 
present in the bottom part of the cell, while it is not 
possible to see Sn traces on the surfaces of the cut-offs. 

Figure 4: Nb3Sn 6 GHz cavity obtained using the 
“double process”. The unreacted Sn problem is still 
present.  

   Sn droplets are still there because of the cavity shape: 
it is much more complicate than a small sample one. 
Looking at the Nb-Sn phase diagram [3] it is easy to 
understand if a Sn excess is present, the cooling down 
step has to be as fast as possible to avoid the formation 
of spurious phases. We move the cavity in the cold 
zone (where a water jacket is fixed) then we stop and 
open the external furnace. Probably our cooling down 
procedure is not quick enough.  

PRESENT WORK 
    These considerations helped us to move on 
following three different directions: 

Change of the process parameters 
(temperature, time, cooling speed); 
Chemical polishing; 
Cavity vibration. 

Change of the Process Parameters 
    The first possibility is to increase the working 
temperature (T). Now the maximum T we can reach is 
1050 °C (sensor fixed to the external furnace). The 
vacuum chamber is made of Inconel and we can’t go 
above the temperature stability range of the material (T 
< 1100 °C). The second chance is to prolong the 
annealing time. In the meanwhile the cooling step has 
to be modified: because of the necessity to increase the 
cooling speed as much as possible, a new apparatus 
must be drawn. 
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Chemical Polishing 
   We tried to remove unreacted Sn and/or the first Nb-
Sn non-stoichiometric layer through the 
electropolishing of the cavity.  
    The used solution is the classical 1:1:2: it flows into 
the cavity towards the zone of the cell that is Sn 
contaminated.  
    In the following graph an example of the Q vs Eacc
curves we obtained is depicted.  

Figure 5: An example of the Q vs Eacc curves we 
obtained (f = 6 GHz, T = 4.2 K, QBCS(Nb) ~ 3x107) for 
one of the cavity before an after the chemical 
treatment. The quality factor increases but it is one 
order of magnitude lower than what we gain for a pure 
Nb 6 GHz. 

    The quality factor increases but it is one order of 
magnitude lower than what we gain for a pure Nb 6 
GHz resonator. 
    There are two different explanations. The first one is 
we are removing what compromises the cavity 
performance (i.e. unreacted Sn, spurious phases). The 
second possibility is we completely removed Nb3Sn
and we have just a kind of “dirty” Nb. The idea is to go 
on with the chemical treatment measuring the cavity 
progressively and to cut some 6 GHz resonators to 
analyze their internal surface in detail. 

Cavity Vibration 
   The third direction we are following consists in the 
cavity vibration during its extraction from the liquid Sn 
bath. This solution may cause liquid Sn droplets to fall 
down, promoting the elimination of unreacted Sn. 
   We drew a kind of “clip” to bring the vibration to the 
linear feedthrough to which the 6 GHz cavity is fixed. 
The vibration is produced through an external vibrating 
device. 
    The first cavity has been produced and tested and the 
result we gained is the following (Figure 7). The 
quality factor is two orders of magnitude lower than the 
pure Nb one. 

Figure 7: The first Q vs Eacc curve we obtained (f = 6 
GHz, T = 4.2 K, QBCS(Nb) ~ 3x107) after the vibration 
treatment. The quality factor is two orders of 
magnitude lower than what we gain for a pure Nb 6 
GHz. 

    We made the cavity to vibrate for two hours, 
immediately after the resonator extraction from the 
liquid Sn bath, during the annealing step (with vapor). 
We have to study the best condition of vibration to 
optimize the falling down of the droplets.  

CONCLUSIONS 
    We obtained many Nb3Sn samples changing 
progressively the process parameters to optimize the 
procedure. The chosen technique consists in a double 
annealing, one in presence of Sn vapor and a second 
one in vacuum. We can produce a lot of 6 GHz cavities 
in a fast and easy way and they are an efficient tool to 
test the A15 material properties in RF. The main 
problem we observed is the presence of unrected Sn on 
the cavity cell bottom part. We are going on to get rid 
of it chinging the process parameters, using the 
chemical treatment and the cavity vibration. We are 
still far from the optimization of the process but with 6 
GHz we can move on fast. 
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REVIEW OF RF PROPERTIES OF NbN AND MgB2 THIN COATING ON
Nb SAMPLES AND CAVITIES∗

G. Eremeev† , LANL, Los Alamos, NM 87545, U.S.A.

Abstract

In the recent years, RF cavity performance has reached
close to the theoretical limit for bulk niobium. Striving for
further improvement in RF cavity performance for future
accelerator projects has brought a renewed research interest
to superconducting materials other than niobium. Higher-
T𝑐 superconductors suitable for SRF applications are being
investigated in different laboratories, universities and com-
panies around the world. In this contribution I will focus on
two of the prospective superconductors, NbN and MgB2,
presenting the coating methods and RF properties at low
and high fields.

INTRODUCTION

The accelerating gradient of superconducting niobium
cavities is fundamentally limited by the magnetic critical
field of niobium, which is the superheating critical field
of about 200 mT. Although this limit can be circumvented
with re-entrant/lowloss cavity shapes, there is a limit on the
reentrance dimensions in the multi-cell accelerator cavities.
For this reason superconductors with a higher critical tem-
perature, and accordingly a higher thermodynamic critical
field, are of interest for the applications in the field of RF
superconductivity. Although there are a lot of supercon-
ductors with a transition temperature higher than that of
niobium (9.2 K), other requirements such as a low normal-
conducting resistance and the possibility to be deposited on
complex shapes curtail the number. Both NbN and MgB2,
being a simple binary compounds with a number of deposi-
tion techniques available, are suitable for RF cavity appli-
cations due to the metallic behavior and transition temper-
atures higher than that of niobium. The low-temperature
normal-conducting resistance typically measured in this
compounds are of the order of a few 𝜇Ω⋅cm, an order of
magnitude higher than that of niobium, and the residual re-
sistivity ratios (RRR) are typically only slightly above one.
Still, because of a bigger energy gap these compounds the-
oretically offer an order of magnitude improvement in RF
resistance at low temperatures. And recent developments
in coating methods made possible NbN and MgB2 films
that have the low-temperature normal-conductivity values
equal to those of niobium and the RRRs of about 100, mak-
ing these compounds particularly attractive.

Moreover, Gurevich proposed that the surface break-
down field in SRF cavities can be significantly increased
by a multilayer coating, i.e., when niobium is coated

∗This work was supported by DTRA
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with sequential layers of a thin dielectric and a thin
superconductor, [1]. According to the theory the benefit of
lower critical field enhancement in thin films can be utilized
to reduce the field on the niobium substrate, if, or when, the
ability to coat a thin film of a good superconductor on top
of niobium substrate is developed.

The potential of these superconductors have been long
realized and a number of studies have been carried out on
both NbN and MgB2; these studies include developments
of coating methods as well as RF measurements of coated
samples by the host-cavity method, RF stripline measure-
ment, dielectric cavity measurements, etc. It has been
shown that both NbN and MgB2 coatings can have resis-
tances lower than that of niobium, so far, however, no cav-
ity, either with NbN or MgB2 coating, has been produced
that had a lower resistance in the whole temperature and
field ranges that that of the best niobium cavities.

A number of reviews on new materials with the emphasis
on SRF applications have been given before [2], [3], [4], [5],
etc. The purpose of this review is to iterate the necessity
of studying materials other that niobium for future appli-
cation, and, perhaps, to bring attention to recent develop-
ments in the coating methods that may produce a high-
quality films for SRF applications. In this contribution I
will review some of the results that have been obtained for
both compounds. Since the results often vary considerably
depending on the coating method, and different coatings
may be suitable for different applications, results will be
collected with respect to the coating method.

NbN FILMS

A number of different phases has been identified for
the Nb-N system: 𝛼-Nb(N) solid solution (bcc), 𝛽-Nb2N
(hexagonal), 𝛾-Nb4N3𝑥 (tetragonal), 𝛿-NbN1−𝑥 (fcc), 𝜂-
NbN (hexagonal), 𝛿’-NbN (hexagonal) and some N-rich
phases (Nb5N6, Nb4N5). Of interest for the superconduct-
ing RF applications are the 𝛿-phase and 𝛾-phase, for which
the superconducting transition temperatures of 15 - 17.3 K
and 12 - 15 K respectively have been measured. In Fig. 1
the phase diagram for Nb-N system around the phases of
interest from [6] is presented. Because of possible applica-
tions in microelectronics the deposition and superconduct-
ing properties of Nb-N system have been extensively stud-
ied. Rather than reviewing all the results from all the dif-
ferent coating methods I decided to focus on the techniques
that have been already tested for SRF applications, such
as sputtering and thermal diffusion, and also on a recently
developed promising deposition method, polymer assisted
deposition (PAD).
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Figure 1: The phase diagram of Nb-N system around the
phases of interest for SRF applications, 𝛿-phase and 𝛾-
phase, from [6].

Sputtering

Sputtering of niobium is typically done in N2-rich atmo-
sphere with Ar as the sputtering gas. The substrate tem-
peratures vary from the room temperature up to 1000 ∘C,
and it is one of the main parameters that define the growth
of the film. The transition temperatures up to 17 K have
been produced by the magnetron sputtering, but the films
usually have low RRR because of the columnar structured
grains with voids and impurities in between.

In [7] microwave measurements of the films prepared
by DC magnetron sputtering were reported. The measure-
ments were done at different frequencies by the stripline
and host cavity techniques. The transition temperature was
reported to be 15.3 K for all films. The film thickness in the
stripline measurement was 800 nm. The penetration depth,
𝜆(0) was reported to be 370 ± 30 nm. The surface resis-
tance values were about 300 nΩ at 4.2 K and the frequency
of 1.2 GHz (cf. R𝑁𝑏 ≈ 150 nΩ), and was found to follow
the f2 law for the frequencies from .6 to 60 GHz.

Nigro et al. reported study on the optimization of de-
position parameters, [8]. The highest transition tempera-
ture, realized for N2 partial pressure of about 4 - 8 mTorr,
was around 17 K. Still, the RRR values reported in this
study were around 1 with the normal-conducting resistivity
of about 60 - 300 𝜇Ω⋅cm (cf. 𝜌𝑁𝑏 ≈ .1 𝜇Ω⋅cm). No RF
measurements of NbN films were reported in this study.

The sputtering method is potentially attractive for SRF
cavity applications because this method does not require a
thick sheet of niobium to produce an accelerating cavity.
Instead a niobium nitride film can be deposited onto any
substrate such as, e.g., copper, which in the case of super-
conducting cavities would mean better thermal stability and
materials cost savings in the production of a large number
of cavities.

Thermal Diffusion

Thermal diffusion thin film coating is done by heating a
niobium substrate in the N-rich atmosphere. Thermal dif-
fusion produces more uniform films with higher residual
resistivity ratios, which however are prone to inclusions
of other, non-superconducting phases. The thermal diffu-
sion technique was studied with the particular emphasis on
application for SRF technology. In [9] P. Fabbricatore et
al. reported RF measurements of a niobium nitride cavity
made by nitridation of a niobium cavity at 1700 K in 20
kPa nitrogen atmosphere for 1.5 hours. A niobium sam-
ple treated under the same conditions showed a supercon-
ducting transition at 14.3 K. The X-ray diffraction analysis
showed the presence of 𝛼, 𝛽, and 𝛾 phases. The surface re-
sistance measurements showed the surface resistance val-
ues of 1.15 𝜇Ω at 4.2 K for 4.587 GHz frequency (cf.
R𝑁𝑏 ≈ 2.5 𝜇Ω). The measurements at lower temperatures
have shown that the cavity had a high residual resistance of
about 0.69 𝜇Ω, Fig. 2.

Figure 2: R𝑠 vs. T for 4.5 GHz NbN cavity, made by nitri-
dation of a niobium cavity. Note, R𝑠 of this cavity at 4.2 K,
1.15 𝜇Ω, is lower than that of niobium at this temperature
and frequency, ≈ 2.5 𝜇Ω. This NbN cavity, however, had a
high residual resistance of about 0.69 𝜇Ω, [9].

A study covering several compounds was done by G.
Gemme et al., [10]. Among different compounds the RF
properties of NbN samples were studied by the host-cavity
method. The nitridation was done in 150 mTorr N2 at-
mosphere at 1400 ∘C for 4 hours, followed by the rapid
cooldown from about 1280 ∘C to 950 ∘C in 3 min. Nio-
bium nitride 𝛿’-phase was observed after such treatment,
but it was suggested by the authors that a pure 𝛿-phase may
be obtained by reducing the cooldown time to 1 min. The
superconducting transition temperature was measured to be
(15.63 ± 0.06) K. The quality factor of 7.9 GHz RF cavity
with such sample was measured above 9.2 K. From the data
nine material parameters of the film were calculated. With
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the calculated parameters the BCS surface resistance at 4.2
K was calculated to be around 1.3 10−6 and at 1.8 K around
1.3 10−10 for 7.9 GHz frequency. It should be noted, that
the measurements were done above 9.2 K, so no data on
the residual resistance for these samples was collected, and
also that material parameters were derived from fitting of a
single curve with nine parameters.

Polymer Assisted Deposition

Recently, niobium nitride films of very high quality have
been reported by G. Zou et al., [11]. An aqueous solution of
niobium ion bound to polymer was spin coated on the sap-
phire, and then annealed at 900 ∘C for 5 hours in gaseous
ammonium. The superconducting transition was observed
at about 14 K. The relatively low transition temperature and
temperature suggest that the 𝛾-phase was formed. The low-
temperature resistance was measured to be 0.4 𝜇Ω⋅cm at 20
K (cf. 𝜌𝑁𝑏 ≈ 0.1 𝜇Ω⋅cm at 10 K), and the RRR was ac-
cordingly 98.4, giving these films the highest RRR reached
in the niobium nitride films.

Although the RF properties of these films have not been
measured yet, the results from the DC measurements are
very promising, because they hint to a low BCS resistance
because of the low normal-conducting resistance. Also,
this method could be directly applied to the cavity shape
if the aqueous solution of niobium ion bound to polymer is
dipped coated on the cavity surface, and then annealed in
N-rich atmosphere.

MgB2 FILMS

The phase diagram in Fig. 3 from [12] shows the compo-
sition of Mg-B system as a function of the substrate temper-
ature and partial pressure of Mg. The window correspond-
ing to a clean superconducting MgB2 phase is denoted in
the 3 as ”Gas + MgB2”. A number of techniques have been
developed to grow superconducting MgB2 films: hybrid
physical-chemical vapor deposition (HPCVD), molecular
beam epitaxy (MBE), reactive evaporation, ultra high vac-
uum molecular beam epitaxy (UHV-MBE), electron beam
evaporation (EBE), ultra high vacuum-electron beam evap-
oration (UHV-EBE), and pulsed laser deposition (PLD).
Again, since our goal is too review MgB2 properties with
the emphasis on SRF applications only some of the tech-
niques are presented here, viz. techniques that have been
most widely tested in RF regime and are promising for SRF
applications.

So far, the best results have been produced by the re-
active evaporation technique and by the hybrid physical-
chemical vapor deposition.

Reactive Evaporation

Reactive evaporation technique was developed by B. H.
Moeckly et al., [13], by modifying the existing YBCO de-
position system. The system has a pocket heater with a

Figure 3: The phase diagram of the Mg-B system from
[12].

rotating substrate holder. Mg vapor is provided by a ther-
mally heated Mg source in the pocket near the rotating
holder. A third of the rotation cycle the holder is also
exposed to B vapor, provided by e-beam evaporation of a
pure boron source. The boron layer reacts with Mg to form
MgB2 when the substrate is inside of the pocket heater, and
the cycle repeats itself. Very high quality films of MgB2

have been deposited at the substrate temperature of 550
∘C. Th superconducting transition temperatures up to 39
K have been reported, as well as normal-conducting resis-
tivities of about 2 𝜇Ω⋅cm (cf. 𝜌𝑁𝑏 ≈ .1 𝜇Ω⋅cm at 10 K)
and RRR values of more than 4. In Fig. 4 the surface resis-
tance of such MgB2 film measured by the parallel plate and
by the stripline techniques is shown. It was found to be of
the order of 20 𝜇Ω at 10 GHz (cf. R𝑁𝑏 ≈ 70 𝜇Ω measured
with the same setup), [14].

Recently, 100 nm thick films of MgB2 have been de-
posited on single-grain niobium samples, [15]. The sam-
ples have been tested by the host cavity method in 11.424
GHz cavity, [16]. The films have shown two superconduct-
ing transition, one at about 37 K, corresponding to MgB2,
and the other at about 9 K, corresponding to Nb transition.
The breakdown of superconductivity of the sample was ob-
served at about 𝜇0H = 40 mT at 4 K (cf. 𝜇0H𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛

𝑁𝑏 ≈
120 mT as measured with the same setup). Preliminary re-
sults, however, suggest that the breakdown of superconduc-
tivity was in the niobium substrate. More extensive studies
are planned to understand the cause of the premature break-
down and to improve the limiting field.
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Figure 4: R𝑠 vs. T scaled to 10 GHz for MgB2 films, de-
posited by the reactive evaporation technique, [13], on sap-
phire (circles), a YBCO film on LAO (triangles), and for
Nb thin films (squares). Filled symbols indicate the paral-
lel plate measurements with external losses subtracted, and
open symbols indicate stripline resonator measurements in-
cluding external losses, [14]. Note that at 4 K the resistance
of MgB2 film is about 5 times lower than that of Nb.

Hybrid Physical-Chemical Vapor Deposition

The best quality MgB2 films have been produced so
far by the hybrid physical-chemical vapor deposition
technique, [17]. The superconducting transition tempera-
tures of more than 40 K and the low temperature resistivity
of 0.1 𝜇Ω⋅cm at 40 K have been reported, [18]. These films
reached the record RRR for MgB2 films of almost 80. In
this method, the Mg is provided by thermally evaporating
bulk Mg pieces (physical vapor deposition) and the B is
provided by the precursor gas, B2H6, (chemical vapor de-
position) mixed with H2 to suppress oxidation of Mg. The
method provides a high Mg vapor pressure that satisfies the
thermodynamic phase stability condition at the temperature
used for the deposition, as the results the films of the high-
est quality are obtained.

Annealing of B Films in Mg Vapor

One of the earliest methods for creating an MgB2 film
was annealing of B film in magnesium atmosphere, [19].
This method has been proposed as the most suitable to pro-
duce a high quality coating on the complex shapes like SRF
cavities, [21].

In this technique boron is deposited on the substrate wall
by decomposition of B-containing gaseous mixtures such
as, e.g., H2 + B2H6. After the formation of boron layer, the
heated substrate could be exposed to Mg vapor to form the
MgB2 layer. Recently, films from 1 to 10 𝜇m thicknesses
were deposited with this method. The films had RRR of
about 10 and the transition temperatures of 40 K, [20]. The
low temperature resistivity of the films was measured to be
less than 2 𝜇Ω cm, which is comparable to that achieved

with the reactive evaporation method.

CONCLUDING REMARKS

In the recent years, RF cavity performance has reached
close to the theoretical limit for the bulk niobium. Striv-
ing for further improvement in RF cavity performance for
future accelerator projects has brought a renewed research
interest to superconducting materials other than niobium.
NbN and MgB2 are two of the prospective superconduc-
tors, which can significantly increase the performance of
superconducting cavities. In this contibution the RF results
for some of the depostion methods have been reviewed.
Since different methods have different advantages, it is im-
possible to choose one coating method that would be the
most suitable for coating an SRF cavity. However, consid-
ering the work done so far the best results for NbN cavities
were acheived with the thermal diffusion method, and for
MgB2 coatings, for which no MgB2 coated niobium cav-
ity have been produced so far, annealing of B films in Mg
vapor seems to be the most promising.
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Abstract

In this paper we describe the R&D roadmap at HZB for
the development of a high-brightness, high average current
SRF electron gun for an energy-recovery linac based syn-
chrotron radiation source.

MOTIVATION

With the arrival of superconducting radio-frequency ac-
celerators dedicated to the generation of synchrotron and
coherent radiation in the form of energy-recovery linacs
(ERL) [1, 2, 3] the demands on the sources that supply the
electrons to the accelerators are becoming more and more
stringent. The photon beam quality depends strongly on
the ability of the electron accelerator complex to deliver
an electron beam of exceptional quality. ERL operation re-
quires high peak brightness at high duty cycle, high average
current, and high beam parameter stability.

Helmholtz-Zentrum Berlin (HZB) suggests an ERL
based light source as the successor to the Soft X-ray stor-
age ring synchrotron radiation source Bessy II [4] currently
in operation in Berlin. In order to demonstrate generation
and energy recovery of a 100 mA average current and 1
mm mrad normalized transverse emittance beam HZB is
proposing BERLinPro [1], a fully integrated ERL test facil-
ity including all major systems found in ERLs like electron
gun, booster section, merger beamline, main linac, return
loop and high power beam dump. For high flexibility, the
electron source must also be able to generate pulses with
bunch charges ranging from a few pC up to 1 nC with rep-
etition rates from several MHz to GHz. Superconducting
radio-frequency (SRF) injectors have the highest potential
as electron sources to serve this incredible parameter range,
as they are able to operate at 100% duty factor. Hence SRF
systems can fulfill the ERL electron source requirements
and provide for maximum flexibility. Most importantly,
they offer the most potential for continued future improve-
ments, so vital to the upgrade of ERL facilities.

∗ kamps@bessy.de

SRF GUNS

The development of SRF photo-electron guns, pioneered
at Wuppertal University in 1991 [5], continues to make
strong advances with several interesting projects currently
underway (see [6, 7] for overviews). There are currently
two main development lines, using elliptical and quarter-
wave resonators for initial acceleration. The approach for
BERLinPro and the future ERL at HZB is based on a
derivative of the TESLA cavity philosophy, with an ellipti-
cal cavity design and operating frequency of 1.3 GHz.

There are many challanges to the successful operation
of SRF guns as high-brightness, high average current elec-
tron beam sources. These combine aspects of SRF cavities
with challenges related to high quantum-efficiency photo-
cathodes and combination of both:

∙ Have a low risk cathode/ SRF cavity interface with
vacuum shield and RF choke,

∙ Operate SC or NC cathode inside an SRF cavity with
high accelerating field,

∙ Verify the emittance compensation scheme,
∙ Evaluate the solenoid location and effect on the SRF

cavity performance,
∙ Design minimum beam-disruptive high power RF

feeds for power levels above 100 kW,
∙ Evaluate the need and design of higher-order mode

coupler,
∙ Achieve high cathode quantum-efficiency lifetime and

develop a reliable and robust procedure for cathode
preparation, transport and changing.

All these issues will be addressed with BERLinPro and the
SRF gun tests at HZB. The R&D roadmap is layed out such
that all major aspects are covered. The approach is staged,
tackling one item after the other and rely where possible
on promising ideas and existing solutions which meet the
requirements for ERL operation.

ROADMAP AT HZB

The first stage of the development aims at the design
of an all superconducting high brightness gun. This gun,
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shown in Fig. 1 contains a 1.3 GHz 1.5 cell gun cavity
where the back wall has a small area coated with Pb, a su-

LHe vessel

Cryo vessel Warm section
Pump/HOM port

Drive laser

Faraday cup

To booster

Bend
Beam viewer

Solenoid

RF coupler

CAVITY

Figure 1: Conceptual design for an all SC electron souce.

perconductor, that is used as the photocathode. The goal of
this program is to build a robust gun capable of operating
below 1 mA average current, with 77 pC bunch charge and
with a normalized emittance of 1 mm mrad. By utilizing
the back wall as the photocathode the additional complica-
tions associated with introducing a normal conducting pho-
tocathode are avoided. The first milestone of the project,
planned for spring 2010, is to perform RF measurements
of the interaction between the SRF cavity and SC solenoid
in the HoBiCaT [8] cryovessel. In the next step the drive
laser and beam diagnostic devices will be added for first
beam operation in autumn 2010.

For the next stage a SC gun cavity with NC cathode
insert is foreseen. Then a CsK2Sb cathode is required
to reach also high brightness at high average current. In
Table 1 the main parameters for the two guns are listed.
The operating points for both guns are developed from

Table 1: Parameters of the Roadmap Guns

Parameter HoBiCaT BERLinPro

Goal Brightness Current
Electron energy 1.5 MeV
RF frequency 1.3 GHz
Design peak field 50 MV/m
Operation launch field ≥ 10 MV/m
Bunch charge 77 pC
Repetition rate 30 kHz ≤ 1.3 GHz
Cathode material Pb CsK2Sb
Laser wavelength 258 nm 526 nm
Laser pulse energy 0.15 𝜇J 4 nJ
Laser pulse shape Gaussian Flat-top
Laser pulse length 2.5 ps 15 ps
Average current 0.5 𝜇A 100 mA

beam dynamics considerations from an analytical model
and code-aided parameter optimization.

OPERATING POINT

We chose 1.3 GHz for the frequency of the accelerating
mode to be fully compatible with the RF infrastructure of
the BERLinPro booster and main linac. The design of the
gun cavity is derived from the TESLA cavity design, which

is well understood and experimentally proven to provide a
low 𝐸𝑝𝑒𝑎𝑘/𝐸𝑎𝑐𝑐 ratio, which is desirable for the accelerat-
ing cavity of a RF gun. The choice for the number of cells
is a compromise between the requirements of an exit en-
ergy > 1 MeV and field on the cathode during extraction
of > 10 MeV/m. First design studies [9] with a half-cell
showed reasonable performance with respect to transverse
beam quality due to the high gradient during extraction.
Longitudinally the beam pulse cannot be compressed in a
way to stop space-charge driven beam expansion. Adding
one cell solves this problem. The starting point for the de-
sign is thus a cavity with 1.5 cells, where the full cell is
of TESLA type and the half cell is designed such that it
provides maximum field at the cathode location.

RF Coupler Limit

The RF input power coupler puts a limit on the RF field
which the electrons experience during emission and thus
sets limit for space-charge dominated emission. For the
baseline design of BERLinPro it is assumed to use two
Cornell-type coupler [10] which are able to guide each 75
kW of average RF power at 1.3 GHz to the cavity. Using
two couplers 150 kW can be delivered to the cavity. For
100 mA average current, an exit energy of 1.5 MeV can
be reached with this power level. Studies showed that with
a maximum field of 36 MV/m a launch field of 25 MV/m
can be created in a 0.6 cell cavity, while for the 1.6 cell
cavity the maximum field is only 22 MV/m and the launch
field 15 MV/m. The launch field sets the lower-limit for
space-charge dominated emission.

Space Charge Limit

Space charge effects put a lower limit on the charge den-
sity which can be extracted from a cathode and thus for
the thermal emittance. In the static approximation one
can imagine that the photoelectrons from cathode form
a pancake-shaped cloud in front of the cathode, which
shields the electric field from the accelerating mode in the
cavity. Acceleration stops when the space charge field
equals the applied field. From the space charge limited
beam radius the minimum achievable thermal (or cathode)
emittance can be computed. In practise the space charge
limit cannot be reached as the bunch length would increase
such that longitudinal effects would increase the projected
emittance. DC guns operate usually a factor two to three
away from the space charge limit, while with RF guns it
is possible to come very close to this limit. Playing emit-
tance compensation, a unique feature for RF guns, enables
operation of a gun close to this limit.

Including RF Effects

In addition to space charge forces and emission prop-
erties, the transverse emittance is also dominated by RF
fields. The uncompensated emittance of Gaussian pulses
can be modelled as the sum of squares of the thermal, RF
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and space charge emittance like 𝜀2𝑡𝑜𝑡 = 𝜀2𝑡ℎ + 𝜀2𝑅𝐹 + 𝜀2𝑠𝑐.
The scaling of the uncompensated, beam dynamics plus
thermal, emittance is derived in [12, 13], evaluated for
two cases, with 77 pC and 1 nC, and shown in Fig. 2.
RF guns perform best in the saddle region between space
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Figure 2: Analytical models for the uncompensated emit-
tance for two gun scenarios. Space charge forces dominate
the region for short pulses and small spot size, while RF
effects dominate for long pulses and large spot sizes. Due
to the higher gradient the emittance with 1 nC is more in-
fluenced by RF effects than the 77 pC case.

charge and RF dominated regimes. With emittance com-
pensation, that is by placing a solenoid at appropriate dis-
tance from the cathode and subsequent acceleration in a
booster linac, the emittance can be reduced by factor of
two to three. Further improvement is achievable by illumi-
nating the cathode with a truncated transverse distribution
and flat-top pulse shape for the longitudinal direction of
the drive laser pulse. The analytical model gives nonethe-
less a good starting point for gun design parameters. The
final choice and performance studies have to be done with
numerical simulations. Results of these studies using the
ASTRA code [11] are shown in Fig. 3. These results will
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Figure 3: Performance studies with ideal (only rotational
symmetric fields) for 77 pC bunch charge. The maximumfi

eld is 𝐸𝑚𝑎𝑥 = 40 mV/m, the solenoid is located 0.53 m
away from the cathode and has a 𝐵𝑜 of 150 mT. The initial
laser profile is round with a radius of 0.4 mm rms, and flat-
top longitudinal profile with 2 ps edges and 15 ps plateau
length.

be verified experimentally with the SRF gun tests at HZB.

CURRENT ACTIVITIES

SRF Cavity

To date a gun cavity with Pb cathode has been tested
at Jefferson Lab in the vertical test area (VTA) and has
reached 45 MV/m peak field with a quality factor Q of
1.0 ⋅ 1010 [14]. Currently a gun cavity dedicated for the
beam tests in HoBiCaT is under development. This cav-
ity is similar to the cavity described in [14] with design
changes related to the back wall of the first half cell. For the
first beam test the aim is to keep the design of the LHe ves-
sel as simple as possible and to operate the cavity without
a tuner. After cooldown of the cavity LHe pressure fluctu-
ations will lead to cavity back wall deformation, the back
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wall acts like a membrane. This back wall deformation will
cause a frequency detuning. The range of this detuning has
to stay within the bandwidth of the RF power source which
is available at HoBiCaT. At HoBiCaT, pressure fluctuations
of 0.1 mbar at 16 mbar pressure level are observed, caus-
ing a frequency shift of 86 Hz, which is larger than the
bandwidth of 30 Hz. With a stiffening u-bar profile on the
outside of the back-wall, the frequency shift can be reduced
by a factor of three.

Photocathodes

The cryogenic environment of a SRF cavity places con-
siderable constraints on the choice of the photocathode.
Any material that is not a superconductor needs to be ther-
mally insulated against the Nb surface of the SRF cavity.
Thus the cathode material has to be applied to a stock,
which reaches into an opening in the back wall of the SRF
cavity and resembles an antenna, which can couple to the
electro-magnetic field of the accelerating mode. A choke
filter is this required to block leakage of RF power [15].
With this solution, any type of normal-conducting cathode
developed for normal-conducting RF guns can be consid-
ered.

Another option is to use a superconductor as the cathode.
This simplifies greatly the design of the back region. Lead
(Pb) is a type I superconductor with a critical temperature
of 7.2 K and critical magnetic field of 80 mT. The pho-
toemission properties from Pb cathodes have been mod-
eled and measured, both at room and at cryogenic tempera-
tures [16]. At 260 nm (4th harmonic of YAG) the quantum
efficiency is roughly 5 ⋅ 10−4, at 213 nm (5th harmonic)
already 1 ⋅ 10−3 . The back wall of the HoBiCaT gun cav-
ity will be coated with a Pb film. With this approach we
are able to tackle the issues relating to the generation of
a high-brightnes beam, mitigating the issues related to the
cathode/cavity interface to the next stage of the project.

For BERLinPro, the baseline cathode will be CsK2Sb,
due to the high QE at visible wavelengths [17]. For this rea-
son, the setup of an advanced cathode preparation and char-
acterization system is one the R&D roadmap for BERLin-
Pro. Characterization of the cathodes will be done at the
synchrotron radiation source Bessy II using material and
surface science techniques such as XPS and ARPES. This
development is critical to achieve high average current. We
are planning to add a suitable cathode/cavity design to the
BERLinPro gun, and perform tests with high QE cathodes.

Drive Laser

The commissioning of the mark 1 SRF gun requires only
moderate bunch charges of a few pC. The commissioning-
laser consits of a diode-pumped Yb:YAG oscillator with a
diode-pumped regenerative amplifier. We want to use the
fourth harmonic of YAG to operate the Pb cathode with
258 nm wavelength. The laser pulse length will be initially
around 2.5 ps FWHM, with pulse energies in the order of
0.15 𝜇J. The repetition rate will be 3 kHz, which can be

reduced up to a factor of 255. The laser can be equipped
with a pulse-strechter and additional amplifiers to reach nC
bunch charges from Pb cathodes. For this pulse energies
of up to 10 𝜇J are necessary, raising the average power of
the laser in the UV to 0.5 W. For the BERLinPro gun a
fiber-based laser system is envisaged.

SC Solenoid

For emittance compensation a superconducting solenoid
with NbTi coils will be placed close to the SRF cavity in-
side the cryovessel. The solenoid field shape and decay
are important, especially in the direction of the SRF cav-
ity. Therefore a design with compensation coils or a special
flux return yoke is foreseen.

CONCLUSIONS

Performance studies indicate that a SRF gun is the ap-
propriate choice to drive an ERL based synchrotron radi-
ation source. The roadmap at HZB aims towards a fully
operational electron source for BERLinPro.
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Abstract 
IHEP has started the “1.3 GHz SCRF Accelerating Unit 

and Horizontal Test Stand Project” since early 2009. The 
SCRF Accelerating Unit contains a 9-cell 1.3 GHz 
superconducting cavity, a short cryomodule, a high power 
input coupler, a tuner, a low level RF system and a high 
power RF source, etc. This unit will also serve as a 
Horizontal Test Stand (HTS) for new components R&D. 
Recent progress of the components R&D is presented, as 
well as the key SCRF facilities design and 
commissioning, i.e. the CBP machine, pre-tuning machine 
and BCP facility for 9-cell cavities. 

INTRODUCTION 
In order to develop and demonstrate the key technology 

for China’s future XFEL and ERL projects as well as the 
ILC,  IHEP has started the “1.3 GHz SCRF Accelerating 
Unit and Horizontal Test Stand Project” since early 2009 
[1].   

The “SCRF Accelerating Unit” is a 2-meter-long short 
cryomodule containing one 9-cell cavity, one high power 
coupler, one tuner, and the corresponding low level RF 
(LLRF), high level RF (HLRF) and cryogenic systems 
(Fig. 1). The components will be designed, fabricated and 
commissioned with reference to the existing designs 
worldwide which meet the ILC RDR specifications. This 
unit will also serve as a Horizontal Test Stand (HTS) for 
new components R&D (e.g. cavity packages, input 
couplers, tuners, LLRF systems, cryomodule cold mass 
structures, etc.).  

Constructing and commissioning SCRF infrastructures 
and facilities is an important part of this program, which 
will allow sustainable SCRF technology development in 
IHEP and China. 

 

Figure 1:  Mockup of the IHEP 1.3 GHz SCRF 
Accelerating Unit 

R&D PROGRESS 

Large Grain 9-cell Cavity 
A low-loss shape bare tube 9-cell cavity using Ningxia 

large grain niobium is being fabricated at IHEP. EBW of 
13 dumbbells with stiffening rings was finished. We are 
now tuning the dumbbells by reshaping and trimming. For 
details, refer to [2].  

 

Figure 2:  Half cells and dumbells of the IHEP  large 
grain 9-cell cavity 

The low-loss 9-cell cavity with full end groups is also 
under development. The end cell shape, the HOM 
couplers and the end plate will be optimized to damp 
higher order modes and reduce high field Lorentz force 
detuning according to ILC requirements.  

High Power Input Coupler and Tuner 
The high power input coupler is designed with 

reference to the KEK STF-baseline input coupler. RF 
design [1], thermal and multipacting simulation and 
mechanical design (Fig. 3) are on going. We will fabricate 
two input couplers in 2010. 

We chose the KEK slide jack tuner as the baseline 
design (Fig. 4). Fabrication and low temperature test will 
be done next year. 

 

Figure 3:  Structure design of the warm and cold coaxial 
parts of the high power input coupler 
 

___________________________________________  
#gaoj@ihep.ac.cn 
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Figure 4:  Structure design of the slide jack tuner 

Cryomodule 
The structure design (Fig. 5), thermal and mechanical 

simulation of the short cryomodule containing one 9-cell 
cavity has been finished. The short cryomodule will be 
fabricated next year.  

   IHEP fabricated the first prototype cryomodule for 
Euro-XFEL (PXFEL1) in 2009 (Fig.6&7). This 
cryomodule was successfully tested at CMTB of DESY 
and will be installed in FLASH to increase the energy to 
1.2 GeV. 

 

Figure 5:  Cold mass design of the short cryomodule 
 

 
Figure 6:  Coldmass of the PXFEL1 cryomodule 

 

Figure 7:  PXFEL1 cryomodule 

Marx Modulator 
The solid-state Marx modulator (Fig.8) is under 

development at IHEP with ILC baseline specifications, 
supported by innovation funds of the Chinese Academy 

of Sciences. The key component 12 kV solid switch has 
been developed and one 12 kV cell module was 
demonstrated successfully.  

 

Figure 8:  Marx modulator components. 

SCRF Facilities 
The 1.3 GHz SCRF program will significantly improve 

the IHEP SCRF infrastructures and facilities to meet the 
9-cell cavity requirement for surface preparation and 
vertical tests. Several SCRF facilities have been 
fabricated or installed and will be commissioned soon: 

� CBP (tumbling) machine for 9-cell cavities (Fig. 9) 
� BCP facility for 9-cell cavities (Fig. 10) 
� Pretuning machine (Fig. 11) 
� Manually vertical pretuning device (Fig. 12) 

 

 

Figure 9:  CBP machine for the 9-cell cavity. Normal 
rotating speed is 100 rpm. 

 
 

Figure 10: Scheme of the automatic closed loop buffered 
chemical polishing (BCP) facility. The cooling system can 
remove up to 2 kW heat during the process. The 
maximum acid flow is 2 tons / hour.  
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Figure 11: Pretuning machine for the 9-cell cavity. 
Longitudinal precision 2 μm, maximum force 10 kN 
(1000 kgf) , maximum movement 6 mm. 

 
Figure 12: Manually vertical pretuning device for the 9-
cell cavity. An Ichiro copper cavity was tuned to 97 % 
field flatness with this device. 

A closed loop cryogenic system for vertical and 
horizontal test is also designed and proposed (Fig. 13). 

SUMMARY 
IHEP 1.3 GHz SCRF R&D is ongoing well including 

the SCRF facilities upgrade. Most of the components will 
be fabricated next year. The whole accelerating unit will 
be integrated and horizontally tested in 2011.   
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Figure 13: Cryogenic flow diagram for vertical and horizontal tests. 

 
 

TUPPO002 Proceedings of SRF2009, Berlin, Germany

01 Progress reports and Ongoing Projects

170



TESTS OF THE LOW BETA CAVITIES AND CRYOMODULES FOR THE 
SPIRAL 2 LINAC 

 
P.-E. Bernaudin, P. Bosland, S. Cozette, G. Devanz, G. Disset, J. Giraud, C. Madec, A. Pérolat, CEA 

Saclay Irfu/SACM, France 
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Abstract 
The IRFU institute of CEA Saclay is in charge of the 12 

low beta cryomodules that will be installed on the first 
section of the SPIRAL 2 superconducting LINAC. Each 
cryomodule houses a single QWR cavity at 88MHz and 

=0.07 cooled with liquid helium at 4.4 K. All 
components of the cryomodules are manufactured by the 
industry. The power coupler is provided by LPSC 
Grenoble. The assembling and tests are performed by the 
CEA.  

The RF power tests (Pmax = 10 kW) were performed on 
the qualifying cryomodule at the end of 2008 before 
launching the order of the 11 serial cryomodules. The two 
first cavities of the series were tested in vertical cryostat 
before the summer 2009. A summary of these tests and 
the present status of this project are reported. 

INTRODUCTION 
The GANIL's SPIRAL 2 Project [1] aims at delivering 

high intensities of rare isotope beams by adopting the best 
production method for each respective radioactive beam. 

The unstable beams will be produced by the ISOL, 
“Isotope Separation On-Line”, method via a converter, or 
by direct irradiation of fissile material. On the basis of 
referee reports of international experts and committees, 
the positive evaluations by IN2P3/CNRS and DSM/CEA, 
GANIL, and the support of the region of Basse-
Normandie, the French Minister of Research took the 
decision on the construction of SPIRAL 2 in May 2005. 

The SC linac is composed of cryomodules A developed 
by CEA Saclay, and cryomodules B developed by IPN 
Orsay. Both types of cavities are equipped with the same 
power coupler specified for a maximum power of 40 kW 
CW (in travelling wave), developed in a third laboratory, 
LPSC Grenoble [2]. 

General development programs are quite similar for 
both types of cryomodule: a first qualification 
cryomodule has been tested before launching the series. 
All the components (cavities and cryomodules) are 
manufactured by industry. Cavities chemical treatments, 
HPR rinsing in clean room, assembly, and RF tests of the 
cavities in vertical cryostat and RF power tests of the 
cryomodules are performed in the labs. 

This paper presents the results of the RF tests 
performed in vertical cryostat on the qualification cavity 
as well as on the first 2 cavities of the series. RF power 
tests were performed on the complete qualification 
cryomodule up to the maximum power of 10 kW. A 

summary of all measurements and results obtained during 
these tests are presented. 

SUMMARY OF THE CRYOMODULE 
DESIGN  

Details of the cavity and cryomodule design were 
described in [3, 4]. Each of the 12 cryomodule A contains 
only one cavity  = 0.07. Due to beam dynamic 
considerations, the length along the beam axis of the 
vacuum tank (Figure 1) was minimized (610 mm). We 
could shorten this length by developing the cavity tuner 
that deforms the cavity perpendicularly to the beam axis. 
The cavity mechanical design was optimized in order to 
reach a full tuning range of 25 kHz at 4 K without plastic 
deformation of the niobium cavity.  

 

Figure 1: Cryomodule inside the test stand, connected to 
the valves box. RF coupler is below, hidden by the 
support frame. 

The first cavities of the accelerator low beta section 
will work at low accelerating field (Eacc  0.5 MV/m) 
while the last cavities of the section will work at about 
Eacc = 5 MV/m. 

TESTS IN VERTICAL CRYOSTAT  
Q Curves 

Results obtained during the first tests in vertical 
cryostat of the qualification cavity showed a very low Q0 
value of 2.108 whereas the prototype cavity was working 
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correctly with Q0 = 2 109 (Figure 2). However the cavity 
reached very high accelerating fields close to 11 MV/m. 
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Figure 2: Q0 vs. Eacc curve for the AZ1 (pink triangles) 
and prototype (blue squares) cavities. The red line 
showed the maximum field reach in the qualifying 
cryomodule. 

Several tests and analyses were conducted in order to 
understand the origin of the degraded Q0. These tests 
allowed locating the dissipation zone around the bottom 
of the cavity, but not on the removable bottom plate itself. 
The high magnetic field region, located on the torus and 
at the top of the stem, was not the location of the 
additional RF losses. 

The bad RF contact of the copper seal located between 
the cavity and the bottom flange was shown to be the 
cause of the additional RF losses. A new gasket was 
designed to improve the quality of the RF contact, and the 
expected Q0 curve could be obtained. Figure 3 represents 
the curves of the qualification cavity (AZ1) and of the 2 
first cavities of the series (AZ2 and AS3). These 2 serial 
cavities were manufactured by 2 different companies. All 
3 cavities have performances above the required 
specifications. 

 
Figure 3: Q curves of the 3 first cavities manufactured. 
The red star is the specification point. 
 

Multipacting 
Strong multipactor (MP) barriers at very low field, 

Eacc=17 and 53 kV/m caused difficulties to measure the 
Qo curve of the cavities. By chance they could be always 
passed after hours of attempts. This phenomenon may 
cause the qualification of the cavities to last several days 

more than foreseen. Once the barriers are passed, they do 
not show any processing effect at all even after days of 
RF. Other MP barriers at higher fields (1.2 and 
2.3 MV/m) can be processed. 

During one of the tests we could locate by chance one 
of the multipactor barriers at very low field: a thermal 
sensor that was placed on the bottom dismountable flange 
of the cavity showed an increase of temperature during 
the time the MP barrier at Eacc=53 kV/m was activated. 
This observation confirms the estimation of the 
multipacting that we performed on a 2D model of the 
cavity close to the non symmetric real cavity (Figure 4). 

 
Figure 4 : 2D Superfish model of the cavity. 

This 2D model is such that the cavity diameter, top 
torus region, stem and cavity bottom flange are identical 
to the real cavity. The beam region is tuned in order to 
obtain a resonant frequency of 88 MHz, therefore it 
differs from the real cavity, and is also axisymmetric. The 
field normalisation between this 2D and the 3D design 
model was done on the magnetic field, because this 
region is identical in both models. 
 

Eacc = 0.06 MV/m Eacc =0.09 MV/m, 3 points 

1.4 MV/m, 2 points 2.3 MV/m 2 points 
Figure 5: multipacting simulation on a simpler 2D 
model of the SPIRAL 2 cavity =0.07. 

 
The MUPAC [5] code was used to compute the MP 

barriers. The simulation (Figure 5) identified 2 barriers on 
the bottom flange of the cavity at the following gradients:  
Eacc=60 and 90 kV/m. The energy gaps of these 2 barriers 
are in the same range than the measured ones on the real 
cavity. 3D simulation of the cavity should be performed to 
identify more precisely the barriers. However this first 2D 
simulation allows to determine important points: 
1. several MP barriers at very low gradients (<200 keV) 

are at the bottom part of the cavity, 
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2. the energy of the electrons is too low to perform the 
processing of the surface 

3. Two higher field 2 points MP barriers are located in 
the top torus, computed at 1.4 and 2.3 MV/m 

The resonant trajectories are shown on figure 4 

The AZ1 cavity (red curve on Figure 3) was tested with 
a bottom cap made out of copper, and multipacting at very 
low field was not observed. This could be due to the fact 
that the coefficient of secondary electron emission of 
copper oxide is lower (1.8 maximum) than that of 
niobium oxides (2.8 maximum). Next measurements of 
the future serial cavities will also be performed with a 
copper bottom and will perhaps confirm this hypothesis. 

Copper Bottom Cap of the Cavities 
The value of the coefficient 1/2 H2dS on the bottom flange 
(1.6 102 W ) represents 3.6 10-3 % of the whole cavity 
one (4.33 106 W ). Taking into account the surface 
resistance of copper and niobium, the calculated power 
dissipated on the different bottom caps at the nominal 
accelerating field 6.5 MV/m are the following: 

* 0.6 W for copper RRR = 200 
* 6.6 10-5 W for superconducting niobium 
* 1.6 W for normal conducting niobium RRR = 200 
The disadvantage of the niobium is that this bottom 

flange could not be cooldown below 14 K inside the 
cryomodule, keeping the niobium in the normal 
conducting state (see following section). That is the 
reason why using copper is interesting. The power 
dissipated by the copper flange is about 15% of the total 
cavity dissipation (~4 W at 6.5 MV/m with a copper 
flange) keeping the overall dissipation of the cavity below 
the requirements of the cryogenic system of the LINAC 
(7 W per cavity). Therefore all cavities in the low beta 
cryomodules will be equipped with copper bottom 
flanges. 

TESTS OF THE QUALIFICATION 
CRYOMODULE 

A specific test stand ( Figure 1)  has  been  installed  at  
Saclay in order to qualify all cryomodules A. A 10 kW 
amplifier, identical to the Linac ones, provides the RF 
power. The cryogenic valves box is also of the same type 
as used in the Linac. 

RF power tests were performed from the end of 
December 2008 to April 2009. The qualification 
cryomodule was tested with the AZ1 cavity before we 
found the causes of the abnormal RF dissipations. In this 
configuration the cavity dissipated 100 W at the 
maximum accelerating field (11 MV/m). Therefore the 
initial test stand cryogenic system that was designed to 
accept a total of 40 W had to be modified in order to 
allow the surplus of helium consumption. 

The assembling of the cryomodule has been previously 
performed in the SupraTech clean room of IPN Orsay. 
This operation was made by CEA Saclay’s team with the 
help of the people from IPN Orsay. 

Cryogenic Measurements 
The cooling down is performed by cooling at first the 

copper thermal shield down to about 100K. Before the 
temperature of the cavity reaches 150 K, the liquid helium 
valve is opened and about 1 hour latter the cavity is at 
4 K. The tuner, installed on the cavity in the insulating 
vacuum, could only be thermalized after 4 days. 

Static consumption of the cryomodule itself has been 
measured by isolating it from the valve box and 
connecting the helium return gas to a pressure stabilized 
helium pipe. The measure of the return gas flow and of 
the helium level decrease gave the same result: static 
losses are comprised between 6.5 and 7.0 W. These values 
are a little higher than the first estimations (4 W) but they 
remain within the limit fixed by the cryogenic system of 
the SPIRAL2 LINAC (8.5 W). 

The dismountable bottom flange of the cavity is cooled 
down by several copper breads connected to the liquid 
helium bath. The RF power coupler that is connected to 
this bottom flange carries about 1 W to 1.5 W to the 
flange. As described above, we did not succeed to cool 
the bottom flange down to temperatures lower than 14 K 
to 17 K (depending on the thermalization scheme). 
Further thermal simulations showed that, unlike the first 
estimations we made, the copper breads cannot evacuate 
the power coming through the coupler. The main reason is 
that the efficiency of this cooling system is limited by the 
thermal resistance of the contacts between the breads and 
the copper blocks. It is the main reason of the high 
temperature of the bottom. 

The dynamic cryogenic losses include the losses of the 
cryogenic line (with one cold valve), the losses of the 
valves box, and the losses of the cryomodule. These 
losses are measured by the return helium gas flow meter. 
Measured values are much higher (around 35 W) than 
expected (about 15 W). The helium gas return gas pipe is 
undersized, and causes pressure increase when additional 
load (cavity RF power) is added to the static loads. As a 
consequence the helium level was difficult to stabilize in 
the first step of the tests. Modifications of the return gas 
pipe allowed helium level stabilisation in a second step. 

RF Power Tests 
Before mounted on the cavity, the power coupler had 

been previously conditioned on a specific stand in LPSC 
Grenoble [2]. Once mounted on the cryomodule, the 
power coupler was conditioned up to the full power of 
10 kW two times: at room temperature before cooling 
down the cryomodule, and when the cavity was cooled at 
4 K. Conditioning was performed at 89 MHz, 90 MHz 
and 87.69 MHz (cavity frequency at 300K), with a 50 Hz 
repetition rate and impulsion width ranging from 20 s to 
CW. Multipactor barriers appeared during conditioning at 
300 K, the main ones at 4, 26, 131 and 220 W. They 
proved impossible to fully process, as they systematically 
reappeared after conditioning of the next level. 

External Q factor has been measured by two means 
(cavity at 4 K): transmission method (using the 10 kW 
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amplifier and a network analyser), and using the decay 
time factor (at low field, 5 Hz, 5% duty cycle). Measured 
values are 5.2 105 and 5.4 105 respectively, for 10 mm of 
penetration of the coupler’s antenna inside the cavity. 

The RF operation was hampered by the low Q factor of 
the AZ1 cavity before improvement. The RF losses of the 
cavity are about 10 times higher than the expected value, 
thus the power dissipated by the cavity was about 35 W at 
6.5 MV/m accelerating field (design accelerating 
gradient). 

The maximum accelerating field reached was 
10.3 MV/m, higher than the design value required by the 
SPIRAL 2 project (6.5 MV/m). However duty cycle was 
reduced down to 5% (5 Hz) in order limit the thermal load 
that could destabilize the cryogenic system. 

Continuous mode could be maintained at a gradient of 
6.5 MV/m for about 40 minutes. 

Tests of the uning System 
As described in previous papers, the tuning system 

works by deforming the cavity in the region of the 
accelerating gaps [3, 4]. The tuning system is screwed on 
the cavity on one side, and a sliding system was put on 
the other side. Therefore, it can be used to squeeze the 
cavity but not to pull it. The cavity has to be tuned in such 
a way that at the working frequency (88.052 MHz) the 
tuner is working around the middle of its whole tuning 
range (25 kHz). 

For the first test, the tuning system was initially put just 
in contact with the cavity (at the extremity of its range), 
and not bolted to it. After a single thermal cycle of 
cooling down and warming up, the resonance frequency 
of the cavity was permanently lowered by 5 kHz. This can 
be explained by the differential shrinkage between 
niobium (of the cavity) and stainless steel (of the tuning 
system) (see figure 6). 

 

Figure 6: Differential shrinkage of the cavity and tuning 
system during cooldown. 

During the nitrogen cooldown of the copper thermal 
shield (0 to 1500 min on fig. 3), the cavity and the tuning 
system are slowly cooling down. During this period the 
stainless steel tuning system shrinks three times more 
than the niobium cavity. Therefore the cavity is squeezed 

by the tuning system. During the helium cooldown phase 
(about 1500 min on figure 6) shrinkage of the cavity is 
higher than the one of the tuning system: thus the cavity is 
free. Then while the tuning system temperature cools 
down slowly its shrinkage becomes once more higher 
than the one of the cavity, now stabilized at 4 K (between 
2000 and 6000 min on figure 6): once more the cavity is 
constrained It shall be remembered that the niobium 
elastic limit is 40 MPa at room temperature and around 
400 MPa at 4 K. Therefore, while the deformations 
caused by the differential shrinkage at 4 K remain purely 
in the elastic domain, the cavity is plastically deformed 
during the nitrogen cooldown phase. 

Thus, before any cooldown, the tuning system shall be 
placed some 1.3 mm away from the cavity. This was 
performed during the next cooldowns and no more 
permanent frequency shifts were observed. 
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Figure 7: cavity frequency versus the motor steps. The 
slight hysteresis of 1 kHz disappeared after 2 cycles. 

The measured sensitivity of the tuning system is about 
27 kHz/mm (25 kHz/mm expected). Full excursion of the 
tuning system and way back show a slight hysteresis of 
about 1 kHz (figure 7). This hysteresis disappeared after 2 
cycles. Frequency linearity downward is slightly better 
than upward. One can explain it by the fact that the tuner 
contact on the cavity is better when the force applied is 
stronger. 

Cavity Alignment 
Alignment tolerances of the cavities beam axis in the 

SPIRAL 2 superconducting LINAC are +/-1 mm. 
Displacements of the cavity inside the cryomodule 

during pumping, cooldown and warming up operations 
have been measured by two means. First, the beam port 
flanges of the cavity were equipped with special copper 
vacuum seals. These seals were machined with lug-
shaped sights (three per seal), which allowed to check the 
cavity movements by optical means in all directions. 
Second, a displacement sensor (Swema) qualified for 
cryogenic temperatures operation was mounted on the 
bottom flange of the cavity. The moveable part of the 
captor was tied on the cryostat top and bottom walls with 
an Invar wire in order to check vertical displacement of 
the cavity. 

T
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Pumping shows a vertical displacement of the beam 
axis lower than 0.1 mm. 

Cooldown show a vertical displacement of 1.13 mm by 
optical method, and of 1.07 mm by the displacement 
captor. No horizontal displacement is measured. These 
measurements are similar to the estimated value of 
1.11 mm upward during cooldown. 

Therefore the cavities will be shifted downward of 
1.1 mm during the cryomodules assembly to compensate 
for the beam axis displacement during cooldown. 

FUTURE ACTIVITIES 
As the first two cavities (AZ2 and AS3) reached the 

required performances, the following cavities fabrication 
was shared between the two manufacturers (5 cavities 
each). Next cavities will be delivered between May and 
July 2010. They will be tested in vertical cryostat at 
Saclay after their delivery and before assembly inside the 
cryomodules. 

The planning of the cryomodules delivery is in phase 
with that of the cavity delivery. The cryomodules 
components were ordered. The first of the series will be 
delivered at the beginning of 2010, and the 10 following 
ones will be delivered between July and December 2010. 

The clean assembling of the cryomodules will be 
performed in the future large clean room at Saclay that 
was designed for the assembly of the X-FEL cryomodule 
(Figure 5). 

The qualification cryomodule will be assembled and 
tested by the end of 2009 and the beginning of 2010. The 
main upgrade is the new magnetic shield. It consists now 
in a 1-mm thick foil of Mumetall® placed on the inner 
face of the cryostat (at room temperature). 
 

 
Figure 5: the new large ISO 4 clean room being built at 
CEA Saclay. 
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ILC TESTING PROGRAM AT CORNELL UNIVERSITY* 
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Abstract 
Cornell University’s superconducting cavity 

development program is one contributor to the global 
collaborative effort on critical SRF R&D for the ILC. We 
conduct R&D in support of the baseline cavity 
development as well as several alternate cavity 
development paths. For the baseline program we are 
preparing and testing ILC cavities. We have developed a 
new quench detection system and successfully applied it 
to ILC 9-cell and 1-cell cavities to find quench producing 
defects, which were characterized with subsequent optical 
examination. We have successfully repaired a 9-cell 
cavity using tumbling to raise the accelerating gradient 
from 15 to above 30 MV/m. We have identified quench 
producing defects in single-cell cavities using our large-
scale thermometry system and subsequently extracted and 
inspected the defect region with an SEM. For the alternate 
R&D, we are developing reentrant cavity shapes with 
70 mm and 60 mm apertures, and a simpler, potentially 
faster and less expensive electropolishing method called 
vertical electropolishing. We are also assisting in 
developing new cavity vendors by rapidly testing single-
cell cavities they produced to qualify their fabrication 
methods. 

INTRODUCTION 
In the early-1990’s the Cornell SRF group helped 

initiate the development of β = 1 cavities for TESLA.  
This work continues today supporting the ILC S0 goal of 
reproducibly producing high-Q Eacc > 35 MV/m 
superconducting niobium cavities set forth by the ILC-
GDE [1].  The critical S0 high-gradient project is 
addressing and advancing the major technical issues 
limiting the technology, including niobium cavity 
material, design, fabrication, processing, handling, and 
testing. 

Cornell has many unique facilities in support of the 
collaboration activities.  This paper will review the 
Cornell programs/facilities and give examples of their 
recent employment in support of the ILC high-gradient 
goals. 

First, we review a new method developed for quench 
detection in 9-cell and 1-cell cavities, followed by optical 
inspection [2].  We compare the defect imaging capability 
with more detailed imaging by SEM after extraction of a 
defect from a single cell cavity.  We discuss the repair of 
one 9-cell cavity by tumbling [3].  We discuss the tests 
performed at Cornell on multi-cell reentrant cavities and 
review the unique Cornell cavity processing features, a 
vertical electropolish (VEP) apparatus [4].  We have 
shown that individual cells of a 9-cell have surpassed 

35 MV/m after the VEP treatment.  Finally, we review 
our recent work pre-qualifying a new Americas region 
cavity vendor, a collaboration between Niowave, Inc. and 
C.F. Roark Welding and Engineering Co., Inc. 

A NEW METHOD FOR DEFECT 
LOCATION 

We are following the general ILC R&D strategy for 
raising the high-gradient cavity yield by locating the 
quench producing defects in low-performing cavities, 
followed by optical inspection and repair.  In the past year 
we have assembled and demonstrated a new and efficient 
quench-spot location system using 2nd sound in superfluid 
helium.  This system employs an array of oscillating 
superleak transducers (OSTs) to detect the second sound 
waves generated during quench, figure 1.  The distance 
between three or more transducers and the quench-spot is 
determined by measuring the time-of-flight between the 
arrival of the second sound wave at each transducer and 
the cavity quench location.  With this information the 
quench location can be unambiguously determined in 
three dimensions. 

The unique 2nd sound defect location system was 
employed on 37 cold tests in the past 18 months.  
Subsequent optical inspections of the second sound 
located quench-spots have found pits, bumps, and areas 
with no optically visible defects at all.  This work is 
reviewed in detail in reference [2].  Figure 2 shows one of 
the pits observed with the optical Questar based system. 

DEFECT EXTRACTION FROM A 
SINGLE-CELL AND SEM INSPECTION 
After preparing a single-cell 1.5 GHz cavity with VEP 

and testing with our standard thermometry system with 
760 fixed thermometers [5] we identified a quench spot 
and the pre-heating at this quench spot from temperature 
maps taken out to Eacc = 29 MV/m.  After extracting from 
the cavity a 1 cm2 sample centered on the quench region 
we examined the sample in the SEM and found a large pit 
near the equator weld, as shown in Figure 3.  We can see 
many interesting details of the pit with the SEM.  Such 
features do not show up with optical remote distance 
detection; see Figure 4 for an example.  Hence the optical 
system can only serve a rough but useful guide to the 
detailed nature of defects. 

9-CELL DEFECT REPAIR BY TUMBLING 
Cornell’s work with single cell cavities [2] discussed 

later demonstrated that “bump-like” defects can be fixed 
with additional etching, e.g. BCP.  However, there is 
mounting evidence that there are pit-like defects which 
cannot be fixed with heavy EP.  Several ideas are  
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Figure 1:  A quench event.  Four traces are shown: 1) the 
upper trace is the quenching-cavity transmitted power, 2-
4) the lower traces are transducer second sound signals. 

 

Figure 2: The 9-cell reentrant cavity pit defect. 

 

Figure 3: Pit defect found at quench location in a single cell
 cavity.  The bar is 500 microns.  

currently under investigation to fix such defects: 
centrifugal barrel polishing, local grinding/polishing, 
electron-beam melting, laser melting, tumbling, etc.  We 
employed a simple cavity tumbling apparatus which is 
cheap and simple to operate.  The apparatus was initially 
developed to tumble two-cell cavities for the ERL Injector 
cryomodule [6].  It was modified to tumble cavities with 
one to nine cells.  In this configuration the Cornell 
tumbling apparatus removes ~10 μm of surface material 
per day at the equator weld.  This removal rate is 
significantly less than centrifugal barrel polishing but the 
system is lower in cost and easier to implement. 

Recently, a 9-cell reentrant cavity was tumbled to fix 
equator weld defects [3].  Tumbling successfully repaired 
this cavity, which originally quenched at an accelerating 
gradient of 15 MV/m.  The cavity now reaches an 
accelerating gradient exceeding 30 MV/m, figure 4.  This 
shows that tumbling is a good way to repair defects, like 
pits. 

After tumbling, processing with VEP (removed 
~180 μm), 6000C baking for 10 hours, and micro-VEP 
(removed ~25 μm) the 9-cell reentrant cavity had a lower 
quality factor than expected.  Most likely this is due to 
insufficient hydrogen-degassing of the larger quantity of 
hydrogen absorbed during tumbling and subsequent 
vertical EP.  More work is planned to complete the 
development of the tumbling/degassing techniques for the 
production of high-Q and high-gradient cavities. 

ALTERNATE CAVITY DESIGNS 
Cornell is pursuing alternate cavity shapes which are 

designed to minimize the ratio of surface magnetic field to 
accelerating gradient in order to increase the maximum 
accelerating gradient limited by the RF critical field of 
niobium.   One proposed shape, the Cornell reentrant 
design [7] achieved accelerating gradients exceeding 
50 MV/m in single cell tests at Cornell [8] after post-
purification (at Cornell), tumbling (at KEK) and EP (at 
KEK).  Implementing this achievement in 9-cell cavities 
is the area of active work. 

A joint venture between Advanced Energy Systems, 
Inc., and Cornell has fabricated two multi-cell reentrant 
cavities: a 9-cell and a 3-cell [3].  The 9-cell reentrant 
cavity’s accelerating gradient increased dramatically after 
we employed second sound detectors to locate the 
gradient limiting pit-defect (figure 2), tumbling to repair 
the defect, and vertical electropolishing.  The lower Q is 
most likely due to excess hydrogen contamination 
accumulated during tumbling.  We found similar low-Q 
behavior with the 3-cell reentrant cavity which was also 
tumbled to smooth out the equator weld region and 
hydrogen-degassed with the standard temperature and 
time.  The Q-disease showed up in the 3-cell after parking 
the cavity in the dangerous temperature zone (100 – 
150 K) for 30 hours.  Tests results for both cavities are 
shown in figure 4. 

The finding of Q-disease in the two multi-cell reentrant 
cavities necessitates further processing to remove the 
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hydrogen from the bulk niobium.  JLAB has recently 
baked the reentrant 9-cell cavity at 6000C for 10 hours.  A 
cold test is planned for the 9-cell reentrant cavity in the 
next 2-3 months.  Future 13500C post-purification steps 
are planned for the reentrant 3-cell cavity.  If this is 
successful it will also be applied to the reentrant 9-cell 
cavity. 

 
Figure 4: RF performance of the two multi-cell reentrant 
cavities fabricated in a joint effort between AES and 
Cornell University.  Four RF performance curves are 
shown: 1) the 9-cell cavity at 2.0 K limited by a pit-defect, 
2) the 9-cell cavity at 1.7 K after tumbling-repair of pit-
defect, 3) the 3-cell cavity after its first cooldown at 1.6 K, 
and 4) the 3-cell cavity after a warm-up to 1000C-1350C 
for 30 hours and a rapid cool to 1.6 K. 

ALTERNATE PROCESSING 
Electropolishing (EP) is a critical treatment step for the 

production of niobium cavities with accelerating gradients 
> 35 MV/m [9].  The majority of EP facilities are using 
the continuous EP method developed at KEK [10] with 
the cavity held in the horizontal orientation.  We have 
developed an alternative method, vertical electropolish, 
which was designed to be less expensive and easy to 
install to support the mass-processing of cavities during 
ILC construction, refer to [4, 11].  The continuous VEP 
procedure: 

• Eliminates rotary acid seals 
• Eliminates sliding electrical contacts 
• Eliminates the cavity vertical/horizontal position 

control fixturing 
• Simplifies the acid pluming/containment 
We have employed the VEP procedure in the past year 

during the processing of two 9-cell cavities and numerous 
5-cell, 3-cell, and single cell cavities.  The aim of this 
work is to successfully process and test 9-cell ILC cavities 
with accelerating gradients > 35 MV/m.  Defects have 
prevented the 9-cell ILC cavities processed with VEP 
from reaching the gradient goal in the π-mode.  However, 
we have demonstrated, in individual cells, accelerating 
gradients which exceed 35 MV/m in two different 9-cell 
cavities processed with VEP: a reentrant 9-cell cavity 

fabricated by AES/Cornell and the TESLA-style 9-cell 
cavity ACCEL-9.  Refer to table 1 for the mode 
measurement table for one of the ACCEL-9 cold tests and 
to reference [3] for details of the reentrant 9-cell cavity 
tests. 

Table 1: Mode Measurement Table ACCEL-9 
Mode Epk(MV/m) Quench Location 

ππππ 51.4 Cell 1 

8ππππ/9 45.9 Cell 1 

7ππππ/9 
Under 

Analysis 
Cell 5, 

under analysis. 

6ππππ/9 48.8 Cell 1 

5ππππ/9 76.5 Cell 5 

4ππππ/9 60.6 Cell 4 

3ππππ////9 77.0 Cell 5 

2ππππ/9 29.8 No Quench 

ππππ/9 Not Tested Not Tested  

NEW VENDOR CAVITY EVALUATION 
To build the ~14,000 cavities required for the ILC each 

of the three world regions must have a sizable industrial 
base of qualified companies to draw cavities from [1].  
We have recently prequalified two new cavity vendors: 
Niowave/Roark [12] and AES, Inc.  

The pre-qualification goal of the cold tests performed 
here was to determine if the cavities were limited by 
defects to accelerating gradients less than 25 MV/m, not 
to initially push the cavities to the highest possible quality 
factors and accelerating gradients.  In support of this, the 
cavities were chemically polished with a 1:1:2 buffered 
chemical polish (BCP) at T<170C with the following 
procedure: 

1) Cavity is packed in ice. 
2) Chilled (80C) 1:1:2 BCP is transferred to the cavity. 
3) The BCP solution etches the cavity until the 

temperature rises to 15-160C. 
4) The cavity is drained, rinsed with DI H2O, and 

rotated 1800 
5) Steps 1-4 are repeated until the desired amount of 

material is removed. 
After chemical polishing the cavities were prepared by: 

1) Ultrasonically degreased in a 1% Alconox and 99% 
DI H2O solution for 30 minutes. 

2) Rinsed with DI H2O 
3) Ultrasonically cleaned in a DI H2O bath for 

30 minutes. 
4) 2 hour high-pressure rinse in a class 10 cleanroom. 
5) After drying for 24 hours the fundamental power 

coupler and the transmitted power coupler were 
installed in the same class 10 cleanroom. 

After the processing steps described above, the cavities 
were tested at 2.0 K in a vertical dewar.  Each vertical test 
was equipped with two calibrated ruthenium oxide 
resistors for bath temperature monitoring and an array of 
8 OSTs for quench-spot location, if necessary. 
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Figure 5: Q-curves for the six Niowave Inc. single-cell 
cavities tested at Cornell.  All cavities exhibited the high-
field Q-slope common to BCP cavities and two cavities 
quenched at equator weld defects. 

 
Figure 6: AES cavity 1.94 K performance after vertical 
electropolishing and hydrogen degassing.  The cavity 
started field emitting at 22 MV/m and never quenched. 

The RF performance for the BCP treated 
Niowave/Roark cavities is shown in figure 2.  All of the 
cavities exhibited high-field Q-slope due to the heavy 
BCP treatments they received. Five of the cavities 
achieved continuous wave accelerating gradients greater 
than 25 MV/m.  Of these five cavities only two were 
limited by defects, these defects are discussed in reference 
[12].  The sixth cavity’s (NR1-3, figure 5) maximum 
achievable continuous wave accelerating gradient was 
limited to 23 MV/m by Q-slope, but it did not quench.  
During pulsed operation this cavity attained accelerating 
gradients of 25 MV/m without quench. 

In addition to the pre-qualification tests of the 
Niowave/Roark cavities Genfa Wu (FNAL) performed 
identical tests on Advanced Energy Systems (AES), Inc., 
cavities at Cornell.  One of these AES cavities was 
recently processed with vertical electropolishing and 
tested.  The cavity received a heavy 200 μm vertical 
electropolish, a 48 hour 8000C bake to degas the hydrogen 
from the niobium, a 25 μm micro-vertical electropolish, 
ultrasonic cleaning, HPR, clean assembly, and a 48 hour 
1200C bake prior to testing at 2K.  The measured 

performance of this cavity is shown in figure 6.  Notice 
the large high-field Q-slope.  4 hours before the cold test 
the vacuum system connected to the cavity was violated 
resulting in a jump in the cavity vacuum from 5e-8 torr to 
2 torr, resulting in field emission during the test.  Further 
testing after additional HPR is planned. 

SUMMARY 
The Cornell SRF program is assisting in all areas of 

ILC cavity prototyping, testing, repair, and the associated 
basic R&D to improve processes.  We have many one-of-
a-kind facilities which complement existing and 
developing programs.  We will continue to develop new 
techniques for the production of high-gradient cavities. 
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SUPERCONDUCTING ACCELERATING MODULE TESTS AT DESY 

D. Kostin, W.-D. Moeller, A. Goessel, K. Jensch, 
DESY, Hamburg, Germany

Abstract 
The 9-cell TESLA type superconducting cavity based 

accelerating module is one of the key elements of the 
successfully operating FLASH linear accelerator at DESY 
as well as of the XFEL [1], [2], [3]. The next FLASH 1.2 
GeV upgrade and new XFEL prototype module has been 
assembled and tested on Cryo Module Test Bench 
(CMTB) at DESY [4]. 

INTRODUCTION 
The planned XFEL should provide transverse coherent 

X-rays at wavelengths down to 1 Å in pulses of 100 fs 
duration with dark intervals between pulses ranging from 
nanoseconds up to seconds in a most flexible way. XFEL 
linear accelerator (LINAC) will have 100 SRF modules 
providing the electron beam with energy about 17 GeV. 
One XFEL LINAC module contains 8 TESLA-type SRF 
cavities (Fig.1). 

 

 
Figure 1: XFEL LINAC SRF module. 

The VUV-FEL and XFEL accelerating cavity is a 9-cell 
standing wave structure of about 1m length whose 
fundamental TM mode has a frequency of 1300 MHz. It 
is identical to the so-called TESLA cavity, made from 
solid niobium, and is bath-cooled by superfluid helium at 
2 K. Each cavity is equipped with: a helium tank, a tuning 
system driven by a stepping motor, a coaxial RF power 
coupler; a pickup probe, and two higher-order mode 
(HOM) couplers. The superconducting resonators are 
fabricated from bulk niobium (Nb) with the highest 
critical temperature and critical magnetic field of all pure 
metals (Tc = 9.2 K; superheating field of approx. 240 mT) 

by electron-beam (EB) welding of deep-drawn half cells. 
The tubes for the beam pipes and the coupler ports are 
made by back extrusion and are joined to the cavity by 
EB welds. Application of the recently highly developed 
cavity production and treatment techniques combined 
with an extremely careful handling in a clean-room 
environment led to acceleration gradients of more than 35 
MV/m combined with cavity quality factor Q0 in range of 
1010. The XFEL design gradient of 23.6 MV/m can be 
achieved reproducibly now. The RF power sources for the 
XFEL accelerating modules are the 10 MW 1.3 GHz 
klystrons connected to the modules through the 
waveguide power distribution system. 

First XFEL prototype module PXFEL1 was assembled 
in team-work with XFEL Cold Linac Partners 
(IHEP/Beijing, CEA-IRFU/Saclay, IN2P3-LAL/Orsay, 
INFN/Milano, CIEMAT/Madrid, DESY) at DESY using 
3 cavities from disassembled module 8 (assembled and 
tested before), 5 cavities from the new production and 
cold-mass from IHEP/China. This module will be used 
for the FLASH energy upgrade. After the upgrade 
FLASH LINAC will have 7 accelerating SRF modules to 
reach 1.2 GeV for the next user run. 

CRYO MODULE TEST BENCH 
The Cryo Module Test Bench (CMTB) was built at 

DESY to test the accelerating SRF modules and cavities 
independently from the FLASH operation. CMTB allows 
the high and low power RF tests, as well as cryogenic 
tests to be conducted on one SRF module [4]. Module 
PXFEL1 was installed and tested at CMTB (Fig.2). 

 

 
Figure 2: PXFEL1 SRF module on the CMTB. 
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CAVITIES TESTS RESULTS 
Before assembly to the SRF module cavities are being 

treated and tested. CW test done in the vertical test 
cryostat without the LHe tank and auxiliaries with cavity 
fully immersed in the liquid helium. Pulsed high power 
RF test done in the horizontal cryostat fully equipped with 
the standard TESLA-TTF auxiliaries, main coupler and 
both Higher Order Mode (HOM) couplers (Fig.3,4). 
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Figure 3:  Single cavities CW tests results. 

Horizontal Cryostat Tests 
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Figure 4:  Two single cavities pulsed tests results. 

MODULE TESTS RESULTS 

RF Couplers Performance 
RF power coupler conditioning, done prior to cooling 

down the module, took about 72 hours. RF power coupler 
dynamic cryogenic losses (cavities are detuned) are 
measured, see Table 1. Obtained values are much less, 
then specified for the XFEL power coupler operation. 

Table 1: RF power coupler dynamic losses. 

 measured (CMTB) specification 
RF power, kW 120 230 200 
4K losses, W 0.1 0.26 0.5 

70K losses, W 2.5 3.75 6.0 

RF Cavities Performance 
The RF power measurements are done using the  

standard measurement procedure [4]. Module test with 
equal cavity RF power distribution (Fig.5-8) as well as 
single cavities tests with only one cavity on resonance at 
time (Fig.9-11) done. The cavities were tested with the 
flat-top RF pulse with 0.5 ms rise time and 0.8 ms flat-
top. The own quality factors Q0 measurements were done 
using the cryogenic losses measurement on the CMTB 
(Fig.5,7), modules radiation measurements done as well 
on the both ends of the module (gun / dump side) 
(Fig.6,8). 
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Figure 5: Module test (all cavities): Q0 vs. Eacc. 
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Figure 6: Module test (all cavities): gamma radiation. 
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Figure 7: Module test: dynamic cryogenic losses. 
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Figure 8: Module test: gamma radiation measured at both 
module ends (gun / dump) vs. gradient. 
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Figure 9: Single cavities test: cavities performance. 
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Figure 10: Single cavities test: gamma radiation measured 
at both module ends (gun / dump). 
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NON-EQUAL RF POWER DISTRIBUTION 
To optimize the module performance the tailored non-

equal binary RF waveguide power distribution was 
proposed [5]. This waveguide system connects the RF 
power couplers in pairs to the klystron through three pre-
adjustable nodes so, that the cavities pairs can get 
different RF power levels, see Fig.12,13. This can increase 
the usable gradient of the module, compared to the equal 
RF power distribution. In the fig.9 solid line shows 
proposed distribution for the PXFEL1 module in FLASH 
LINAC. 

 

 
Figure 12: Non-equal binary RF power distribution. 

 
Figure 13: Module PXFEL1 with XFEL-type non-equal 
pre-adjustable binary RF power distribution. 

STATISTICS SIMULATION 
XFEL cavities production statistics was simulated 

using MathCAD software with independent random 
numbers from a normal distribution with mean μ=27 
MV/m and standard deviation σ=5 (from previous 
cavities production statistics study, D.Reschke [6]), see 

with two different study cases: 
1) cavities are taken to the module production as 

soon as 8 of them are ready, see Fig.15; 
2) cavities are stored until storage is full, after 

cavities are sorted by accelerating gradient and 
used for the modules, see Fig.16.  

Fig.14. 32, 64 and 240 cavities storage was calculated 
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In all cases cavities are sorted within each module. 
Also two different RF power distributions simulated: 
1) equal RF power distribution within the module 

limited by the cavity with lowest accelerating 
gradient; 

2) non-symmetrical binary RF power distribution 
with cavities sorted and taken by pairs with 4 
different limits (cavities 1,3,5,7 from the sorted 
set).  

For the before mentioned study cases total accelerating 
voltage of the all modules was calculated and compared 
to the ideal case of all cavities operated at maximum 
possible gradient as well as to the other cavities 
distribution case. The total accelerating voltage 
differences in % for the simulated cases are presented in 
the Table 2. 

For the XFEL we would like to use the non-equal 
binary RF WG power distribution in order to increase the 
cavity using factor and thus the available accelerating 
voltage of the linac. Storing and sorting the cavities 
without such a RF power distribution, but with equal one 
(limited by lowest gradient in the module) gives about 
20% of total accelerating voltage increase. Using the 
tailored non-symmetrical binary RF power distribution 
decreases this difference down to 3 %. 
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Figure 14: Simulated cavity production of 64 cavities, 
independent random numbers from a normal distribution 
with mean μ=27 MV/m and standard deviation σ=5. 

 

 
Figure 15: Simulated cavity production of 64 cavities, 
cavities are not sorted. 

 
Figure 15: Simulated cavity production of 64 cavities, 
cavities are sorted. 

Table 2: Total accelerating voltage differences. 

simulated number of cavities in 
production 

32 64 240 

not sorted cavities with equal RF 
power distribution vs. maximum 
possible gradient (cavities sum) 

- absolute  
accelerating voltage loss 

23 % 

not sorted cavities with binary 
non-equal WG RF power 
distribution (cavities sorted within 
module) vs. maximum possible 
gradient (cavities sum) 

- absolute  
accelerating voltage loss 

3 % 

sorted (stored) cavities with equal 
RF power distribution vs. 
maximum possible gradient 
(cavities sum) 

- absolute  
accelerating voltage loss 

6 % 4 % 1 % 

sorted (stored) cavities with binary 
non-equal RF power distribution 
(cavities sorted within module) vs. 
maximum possible gradient 
(cavities sum) 

- absolute  
accelerating voltage loss 

1.0 
% 

0.6 
% 

0.2 
% 

unsorted cavities vs. sorted 
(stored) cavities with equal RF 
power distribution 

- relative  
accelerating voltage loss  

without sorting the cavities 

~ 20 % 

unsorted cavities vs. sorted 
(stored) cavities with binary non-
equal RF power distribution 
(cavities sorted within module) 

- relative  
accelerating voltage loss  

without sorting the cavities 

~ 3 % 
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SUMMARY 
• First XFEL prototype module PXFEL1 was 

assembled in team-work with XFEL Cold Linac 
Partners (IHEP/Beijing, CEA-IRFU/Saclay, IN2P3-
LAL/Orsay, INFN/Milano, CIEMAT/Madrid, 
DESY) at DESY using 3 cavities from disassembled 
module 8, 5 cavities from the new production and 
cold-mass from IHEP/China. 

• Module was successfully tested. Cavities gradients 
from 27 to 36 MV/m reached, module operation with 
average gradient of 30 MV/m using tailored RF 
power distribution is possible. 

• Deriving from statistical study, storage and gradient 
based sorting of the cavities before assembly to the 
module gives about 20% of total accelerating voltage 
increase, but if the tailored binary non-equal RF 
power distribution is used the increase due to the 
sorting is only 3 %. 
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SUPERCONDUCTING RF ACTIVITIES AT FZ-JUELICH 

R. Stassen, H. Singer, F.M. Esser, Forschungszentrum Juelich, Germany, R. Eichhorn, TU 
Darmstadt, Germany

Abstract 
For many years sc cavities have been designed and 

tested in Juelich: The 5-cell elliptical prototype cavity for 
the ESS was measured in a horizontal bath cryostat. A 
vertical test cryostat was installed to characterize the 
Halve Wave Resonators (HWRs) for the COSY linac 
project and several spoke-type cavities. During the 
measurements of the 352 MHz triple-spoke cavity 
(designed and built within the HIPPI collaboration) a 2K 
operation was established using some refurbished pumps 
from the University of Wuppertal. First experiences with 
the 2 K operation, sometimes hindered by thermo-
acoustic oscillations, and the final results of the 352 MHz 
spoke-cavity will be presented. Furthermore, we will 
report on the cryomodule performance, built for the Half 
Wave Resonators. Currently, one prototype cavity was 
completed with a titanium helium cover and installed into 
the cryostat. The whole system with one cavity is now 
ready for first RF tests. 

ESS 500MHz Test-Cavity 
First experience with superconductive cavities at 

Forschungszentrum Juelich was made during the studies 
of a superconductive alternative for the ESS linac [1]. A 
complete test module (a horizontal bath cryostat including 
a 5-cell elliptical medium-beta β=0.75 cavity) was 
realized in co-operation with industry [2] in order to 
supplement the design work by experimental 
investigations (Fig. 1). The 500MHz elliptical cavity was 
operated for tests with RF-power up to 40 kW in the 
proposed pulse scheme of the ESS long pulse and short 
pulse version. The cavity reached the design value of 
Eacc_cw=5MV/m in CW and about Eacc_pulsed=11MV/m in 
pulsed mode operation. 

 
Figure 1: ESS test-module. 

The Lorentz-force detuning was successfully 
compensated by feed-forward operation of the fast piezo 
tuning-elements [3]. 

760MHz Triple Spoke Cavity 
Within the frame of the ESS project the design of this 

cavity started already in 2000. Details of the design, 
fabrication, and tests results of this compact cavity can be 
found in [4] and [5]. 

 
Figure 2: Q0-Eacc curve at 4.2K of the 760MHz triple 
spoke cavity, measured at Jlab and FZJ. 

During the first tests in Juelich the cavity quenched at 
about 5.5 MV/m. The cavity was shipped to Jlab and an 
additional chemical preparation was performed. The test 2 
results at Jlab agree very well with the measurements at 
FZJ (Fig.2) and due to the additional preparation the 
cavity reached now a field of about 9MV/m limited by a 
quench. By contrast, at 2K, a field-level of Eacc~ 
12.5MV/m was reached without any quench [4]. 

352 MHz HIPPI Triple Spoke Cavity 
This spoke cavity (Fig. 3)was designed, fabricated and 

tested at the Forschungszentrum Juelich [6] within the 
framework of the High Intensity Pulsed Proton Injector 
(HIPPI) [7]. Intense cavity RF and structural analyses 
were carried out to optimise the medium beta cavity 
(β=0.48) with respect to high gradients and mechanical 
aspects like eigen modes and Lorentz-force detuning. 

 
Figure 3: 3d-sketch of HIPPI triple spoke cavity. 

The chemical treatment was done at Saclay in a closed 
acid circulation. After the removal of about 60 to 90μm of 
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niobium the cavity was high pressure water rinsed at IPN-
Orsay. 

First cold tests were carried out using the vertical bath 
cryostat. Even with beam-tubes this cavity fits into the 
70cm diameter of the cryostat. During the evacuation the 
resonance frequency changed from 353.2046 MHz to 
353.475 MHz. At about 1MV/m some multipacting levels 
appeared, which were conditioned within some minutes. 

 
Figure 4: Q0-Eacc curve of the HIPPI cavity. 

A field value of Eacc~6MV/m was reached easily at 
4.2K limited by a quench (Fig. 4). During the 
measurements of the HIPPI spoke cavity the installation 
of the refurbished old pumps came into operation. A 
temperature of about Tend=2.18K was reached, limited by 
the more than 30m long transferline from the cryostat to 
the pumps located in the cellar. Thermal acoustic 
oscillations appeared during the cool-down. Within some 
minutes the Helium pressure inside the cryostat rose to a 
value higher than the threshold of the safety valve, 
although the bypass to the refrigerator line was opened 
immediately after the appearance of the resonance. This 
effect was reproducible. It always appears when the 
difference pressure at the 2K-pumps exceeds 20mbar. 
The Lorentz-force detuning (LFD) was measured at 4.2K 
and at 2K. Both measurements give the same LFD 
constant of Klfd_exp=-5.5 Hz/(MV/m)². This value agrees 
very well with the calculated one (Kcalc=-
4.1Hz/(MV/m)².). 

 
Figure 5: Lorentz-force detuning of the HIPPI cavity. 

A similar good correlation was found concerning the 
cavity frequency and the helium bath pressure. After 

closing the helium flue gas valve the helium bath pressure 
increased while the frequency of the cavity decreased. 
This was directly measured with the frequency control 
loop (Fig. 6). The result of the measurement was 
df/dp_exp = -31.9 Hz/mbar whereas the calculation gives 
a value of df/dp_calc = -21.4 Hz/mbar. 
 

 
Figure 6: Sensitivity of cavity frequency of the HIPPI 
cavity. 

A first estimation of mechanical eigen modes was done 
by using the tuner-system of the half-wave-resonators 
which was fixed at the upper end-cup stiffening ring of 
the cavity. The sinusoidale excitation with the piezos and 
the response measurement with the frequency control 
loop shows much higher amplitudes in the resonator 
frequency change at the following frequencies: 211 Hz, 
282 Hz, 347 Hz and 391 Hz. 

Linac Cryostat 
The cryostat of the proposed COSY linac project [8] 

was designed to house 4 HW resonators [9] mounted on a 
common girder. The operating temperature is 4.2 K and 
the cryostat requires only liquid helium, neither secondary 
cold gas nor liquid nitrogen are required.  

 
Figure 7: Q-E curve of the two 160MHz HWR-
prototypes. 
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Two prototypes of the HW resonators were already 
manufactured by two different companies and tested in 
the vertical test cryostat several years ago.  

The cryostat will provide a separated vacuum for the 
beam to ensure a low dust concentration. For easy 
mounting, a top loading design was selected. The 
longitudinal space of the cryostat was restricted to 
1152mm, therefore, the cold-warm transitions at the beam 
ports must be kept as short as possible. 

A first cooling down test was done using LN2 as pre-
cooling medium. It was not possible to exchange all 
nitrogen into helium, even with four heaters located at the 
lowest point of the thermo-siphon. Thus, the temperature 
of the girder stayed constant at 77K. Even without pre-
cooling the remaining air in the thermo-siphon is frozen 
out before the siphon is filled with helium. The next 
cooling down test started with a pre-pumping of the 
helium-system [4]. Now all temperatures decreased and 
within 200 minutes the expected liquid helium level was 
reached. 

The static heat loss of the cryostat was measured to 
about 1W, mainly influenced by the short cold-warm 
transitions and the pumping line of the dummy cavities. 
Taking into account the missing RF-Couplers and tuners 
the static heat loss is lower than the estimated 3W.  
 

 
Figure 8: One prototype cavity installed in the cryostat 
before shield cooling MLI and magnetic shielding were 
added. 

One of the two HWR-prototypes was already prepared 
by the manufacturer to install a lHe cover. The titanium 
cover was electron beam welded at the central workshop 
of the FZJ. During the installation of the cavity into the 
cryostat the disadvantage of the compact cryostat design 
became obvious (Fig. 8). Magnetic shielding, multilayer 

insulation (MLI) and thermal shield had to be dismantled 
piece by piece before any cavity can be exchanged.  

The system is now prepared as having been in the 
COSY-Linac concept, with the exception of the medium 
power coupler [12], which is substituted by a simple but 
movable coupling loop. A first cold test is scheduled this 
year. 
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EXPERIMENTAL RESULT OF LORENTZ DETUNING IN STF PHASE-1 AT 
KEK-STF 

Y. Yamamoto#, H. Hayano, E. Kako, T. Matsumoto, S. Michizono, T. Miura, S. Noguchi, M. Satoh, 
T. Shishidio, K. Watanabe, KEK, Tsukuba, Japan

Abstract 
The cryomodule test was finished at KEK-STF 

(Superconducting rf Test Facility) on December/2008. 
The four 9-cell cavities (MHI#1-#4) were installed into it 
and measured around 2K for totally a few months. MHI#2 
cavity achieved around 32 MV/m (29 MV/m at vertical 
test) with the feed-back and the others around 20 MV/m. 
During the high power test with a klystron, the Lorenz 
detuning was observed and measured for these cavities. 
Generally, the Lorentz detuning is almost compensated by 
setting the offset of the cavity frequency in advance (pre-
detuning) and driving the Piezo actuator with an optimum 
condition. The optimum driving condition for the Piezo 
actuator was obtained, which controlled the detuning 
frequency of the cavity within ±30Hz. The MHI#2 cavity 
was stably operated around 30 MV/m with the Piezo 
compensation for several hours. During this operation, the 
r.m.s. of the detuning frequency was about 5Hz and the 
peak-to-peak of the gradient at the flat-top was below 
0.1%. 

INTROCUDTION 
The cryomodule test, which four 9-cell cavities were 

used, started at KEK-STF from May/2008. One of these 
cavities achieved above 30MV/m and operated stably for 
several hours. The overview of the cryomodule test is 
described in the paper [1, 2]. The cold test was successful 
and many data for the various tests were obtained. The 
contents of these tests are the high power test, the drive 
test for the motor tuner and the Piezo tuner, the 
measurement of QL, Qt and QHOM, the Q0 measurement, 
the measurement of the static loss, the observation of the 
Lorentz detuning around 30MV/m and the compensation 
of the Lorentz detuning using the Piezo at the same 
gradient. 

The cavity is generally deformed, when it is operated at 
the high gradient. This deformation leads to the detuning 
of the cavity and eventually the field degradation. It is 
crucial to compensate this effect by an artificial method in 
the pulsed operation at the high gradient like ILC 
(International Linear Collider). The feed-forward (F.F.) 
method by the Piezo drive and the feed-back (F.B.) 
method by LLRF (Low Level RF) control are generally 
used for the compensation [3]. The cryomodule test at 
STF was completely successful for both methods. 

MECHANISM OF SLIDE-JACK TUNER 
Figure 1 shows the mechanical tuner used for the 

cryomodule test at STF Phase-1, which is called Slide-

Jack tuner. It is attached at the side of the input coupler on 
the helium jacket. When the Slide-Jack moves along the 
stud bolt vertically, the movable end plate moves 
horizontally and the bellow expands. Therefore, the cavity 
expands and the frequency is increased. For the fine 
tuning of the frequency, the Piezo actuator is used. The 
Slide-Jack tuner typically changes the frequency by 
several hundred kHz and the Piezo tuner does by several 
hundred Hz at maximum. 

 

Figure 1: Slide-Jack tuner at STF. 

PIEZO ACTUATOR AND LOAD SENSOR 
Figure 2 shows the Piezo actuator (top) and the load 

sensor (bottom). There are two types for them. For the 
Piezo actuator, one is the 150V type and the other is the 
1000V type. The size is different between them. The 
deformation range is also different. On the other hand, 
there are two types for the load sensor. One is the 
Aluminum and the other is the Beryllium type. However, 
they did not work well at 2K. Table 1 shows the 
specification of them. Actually, the operation range of the 
Piezo actuator is narrower compared to the design to 
avoid the breakdown.  

___________________________________________  
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Figure 2: Two types of Piezo actuator and load sensor 

Table 1: Specification of Piezo actuator and load sensor 

Cavity MHI#3 MHI#4 MHI#2 MHI#1 

Piezo 
type 

150V 150V 1000V 150V 

Operation 
range 

0~100V 0~100V 0~500V 0~100V 

Load 
sensor 
type 

Aluminum Alminum Beryllium Beryllium 

OBSERVATION AND COMPENSATION 
OF LORENTZ DETUNING 

Observation of Lorentz Detuning 
Figure 3 shows the observational results of the Lorentz 

detuning during the high power test. The cavity is largely 
deformed as shown in the top figure, when the feed-back 
control and the Piezo does not work and the pre-detuning 
is not set at all. The Lorenz detuning is almost 

compensated in the bottom figure, when the F.B. control 
works, the pre-detuning is appropriately set and the Piezo 
actuator does not work. However, the klystron output is 
gradually increased during the flat-top of the pulse in this 
case, because of the F.B. control. This means that the 
extra power and the higher margin for klystron are 
necessary. For the effective operation, the Piezo is 
necessary as the feed-forward control. 

 

 

Figure 3: Example of the Lorentz detuning (top) and the 
compensation by F.B. control (bottom). 

Evaluation of Lorentz Detuning 
As the evaluation method of the Lorentz detuning, a 

pulse shortening method is usually used [4]. It is possible 
to obtain the Lorentz detuning by gradually shortening the 
pulse width. Figure 4 shows the example of the observed 
pulse data. The loaded Q (QL) is estimated from Log10E 
and the detuning frequency (Δf) is estimated from dφ/dt at 
the pulse end. Figure 5-7 show the examples of the pulse 
shortening for three cases of 400, 800 and 1480μsec. 
Figure 8 shows the result of the detuning frequency 
obtained by this method. The total detuning frequency 
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during the flat-top of the pulse is about 370Hz in this case 
with the F.B. and without the Piezo. 

 

Figure 4: Example of the observed pulse data. 

 

Figure 5: Pulse shortening at the 400μsec of the width. 

 

Figure 6: Pulse shortening at the 800μsec of the width. 

 

Figure 7: Pulse shortening at the 1480μsec of the width. 

 

Figure 8: Example of the result by the pulse shortening. 

Compensation of Lorentz Detuning using Piezo 
The Piezo actuator is normally used as the F.F. control 

to compensate the Lorentz detuning at the cryomodule 
test. It is possible to do that, if the Piezo is driven with 
some optimum conditions before the arrival of RF pulse. 
Many parameters of the Piezo drive were tried to search 
those conditions without the F.B. These parameters are 
following: 

• The initial offset of the cavity frequency (foffset) 
• The driving voltage of Piezo (Vpiezo) 
• The driving frequency of Piezo (fpiezo) 
• The time difference between RF pulse and Piezo 

action (tdelay) 
Figure 9 shows the results of the compensation for the 

Lorenz detuning using the Piezo around 30MV/m. 
Klystron output is not changed during the flat-top for F.F. 
control. Figure 10 shows one example of the Piezo 
compensation measured by the pulse shortening method. 
From many results of the Piezo compensation (Figure 11), 
the optimum condition of the Piezo drive is obtained, 
which suppresses the detuning frequency of the cavity 
within ±30Hz at the flat-top of the pulse. Figure 12-13 
show the optimum region for the above parameters [5]. 
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From these plots, it is found that there is the 
comparatively wide region for the drive parameters of the 
Piezo.  

 

Figure 9: Example of the compensation by F.F. control. 

 

Figure 10: Result of the compensation using F.F. control 
by the pulse shortening. 

 

Figure 11: Examples of the Piezo compensation using 
many drive parameters. 

 

Figure 12: Example of the optimum condition for the 
Piezo drive around 30MV/m (3D plot). 
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Figure 13: Example of the optimum condition for the 
Piezo drive around 30MV/m (2D plot). 

Pulse Stability Test 
The pulse stability test was carried out for a long term 

around 30MV/m. The operation with the compensation of 
the Lorentz detuning by the Piezo actuator was stable for 
several hours. Figure 14 shows the example of the pulse 
stability for 16 minutes. The r.m.s. of the detuning 
frequency was about 5Hz and the peak-to-peak of the 
cavity field at the flat-top was <0.1%.it is necessary to do 
much longer term test in S1-Global project. 

SUMMARY & FUTURE PLAN 
The Cryomodule test at KEK-STF was completely 

successful and the high power operation was stable. One 
cavity achieved above 30MV/m and many observational 
results for the Lorentz detuning were obtained. The 
compensation of the Lorentz detuning was successful for 
the both methods of the F.B. and the F.F. The optimum 
condition for the Piezo drive was obtained, which controls 
the detuning frequency of the cavity within ±30Hz. 

From 2010, S1-Global project will start at KEK-STF. 
The four new cavities delivered from KEK will 
experience the various tests. The other four cavities are 
delivered from DESY and FNAL. These cavities have 
different type of the mechanical tuner. KEK cavity has 
the Slide-Jack tuner. DESY cavity has a Saclay tuner. 
FNAL cavity has a Blade tuner. It is very important to 
compare the performance of these tuners in the S1-Global 
project. However, since the measurement time is very 
restricted, the LLRF system should be more useful and 
more effective for these tests. 
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Figure 14: Example of the pulse stability test for the long 
term. The left figure shows the trend graph during the 
long term test. The right figure shows the example of one 
pulse. 
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Abstract 

Accelerator Driven system (ADS) are being considered 
for their potential use in the transmutation of nuclear 
waste. Such a device typically requires a 600MeV to 
1GeV accelerator delivering a high intensity beam. 
Because of the induced thermal stress to the subcritical 
core, the high-power proton LINAC will have to fulfill 
stringent reliability requirements. One working package 
of the EUROTRANS project is dedicated to the design, 
realization and tests of a prototypical cryomodule, 
operating at 2K, for the LINAC high energy section. 
Elliptical cavities will compose this accelerator section. A 
full scale cryomodule with a beta 0.47 TRASCO cavity 
and its cold tunning system will be tested at IPNO, early 
2010. Experiment aims to evaluate the cavity 
performances (Eacc=8.5 MV/m) but above all the whole 
cryomodule reliability to fulfill ADS stringent 
requirements.  

INTRODUCTION 
According to the World Energy Council, conventional 

fossil fuel are the main resources for the world energy 
supply [1]. Since the demand in power has drastically 
increase the past decades, those fuel reserved are 
significantly decreasing. As a consequence, one can 
notice a growth of interest for nuclear power all over the 
World [2], especially for its high efficiency in electricity 
production without greenhouse gases emissions. 
However, High radio-toxicity waste production remains a 
major environmental topic. Concerning European Union, 
2500 tons of used nuclear fuels are produced, every year, 
including 3.5 tons of minor actinides and 3 tons of long-
lived fission products.  

Accelerator Driven system (ADS) is one solution to 
enable the reduction of nuclear waste radio-toxicity 
before their deep ground storage. Based on the 
transmutation process, such a device allows to decrease 
the radioactive waste life time and consequently to relax 
the constraints on the geological disposals. 

Towards this goal, the EUROpean research program for 
the TRANSmutation of high-level nuclear waste in 
accelerator driven systems (EUROTRANS), wish to 
demonstrate the technical feasibility of Transmutation in 
an ADS (XT-ADS concept) through the construction of 
an experimental facility  MYRRHA[3]. 

An ADS transmuter system is composed of a sub-
critical reactor, neutron supplied by a spallation source 
which provides the appropriate flux to keep the nuclear 
chain reaction going on. The spallation target is subject to 

an high proton flux to provide the neutron energy 
spectrum required to burn the minor actinides. The design 
of the MYRRHA proton accelerator will be definitely 
frozen for mid-2010. Its concept (see Figure 1) [4] leads 
to a superconducting linac in CW mode, ranging from 
2.4MW (XT-ADS demonstrator operation) up to 16MW 
for the future industrial application (EFIT). To minimize 
the thermal stress in the transmutation reactor, beam trips 
longer than 1 second should not exceed 5 per 3 months 
operating cycle [5]. This extremely high reliability 
requirement can immediately be identified as the main 
technological challenge to achieve. 

 

 

Figure 1: European ADS accelerator conceptual scheme. 

The Linac High energy part will be composed of  5-cell 
superconducting cavities ( β = 0.47 & β = 0.65 )  
operating in CW at 704.4MHz. A prototypical 
cryomodule, is presently being built in view of a full scale 
cavity test in an accelerator coupling configuration. The 
status of R&D activities concerning the Cryomodule as 
well as the Power Couplers design will be recounted in 
the following lines. Experimental perspectives and a 
preliminary discussion in terms of reliability evaluation of 
the whole device, with its digital Low Level RF (LLRF) 
feedback loop system, will end this paper.     

SUPERCONDUCTING ACCELERATING 
MODULE 

The development of an accelerating superconducting 
cavity requires the prototyping of all the auxiliary systems 
needed for its operation in a real environment. In this 
context, R&D activities involve INFN and CNRS 
resulting in the design and fabrication of a cryogenic real 
scale module dedicated to be tested in new experimental 
area. INFN contributed in the development of the 
Cryomodule and make available its beta 0.47 TRASCO 
cavity equipped with a cold tuning system. IPN Orsay 
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(CNRS/IN2P3) participated in the development of the 
cryogenic valve-box, one of the power couplers and 
makes available its new facility SUPRATech dedicated to 
the preparation (chemistry, clean room) and cavity tests 
(experimental area set up in progress) with an 80 kW RF 
power supply. 

The Cryomodule 
The Cryomodule design (see Figure 2) has been 

performed by considering reliable aspects for the 
assembly, and the cavity handling, derived from the 
experience accumulated by the TESLA Test Facility 
(TTF) and the Spallation Neutron Source (SNS). Its 
construction is now in progress.  

The module is 1.5 m long, for a diameter of about 1.4 m 
with the cold box assembled on top of it. The module was 
designed to operate at 2K for a nominal accelerating 
gradient of 8.5 MV/m and an assumed conservative 
quality factor value of Q0=5.109 for computations. At 2K, 
the dynamic Heat Load has been estimated to 25W for 
4W in static conditions. More details concerning the 
thermal design are given in Reference [6]. 

Static losses are kept in the module by minimizing the  
heat flow toward the 2K helium bath. Therefore, the 
thermal radiation, flowing from surfaces at room 
temperature, is intercepted by a thermal shield at 
intermediate temperature (Nitrogen at 77 K) and 
minimized by using multilayer insulating blanket (doubly 
aluminized Mylar® sheets separated by a low thermal 
conducting material ). 

The cryogenic cold valve box, derived from the IPN 
Orsay EURISOL design, has a nominal cooling capacity 
of 50W at 2K. A 20 liters helium buffer is placed inside 
the box to prevent from pressure perturbations in the 
cavity Tank. The cold box thermal shield, made of copper 
and covered with multilayer insulation, is able to evacuate 
60W at around 80K. 

 

Figure 2: The prototypal EUROTRANS 700MHz 
cryomodule, with its dressed cavity inside. 

The Dressed Cavity 
The cryogenic module will be equipped with one of the 

two TRASCO cavities (geometrical β=0.47) fully 
“dressed”. A magnetic shield made of 1 mm 
Cryoperm10® sheets encloses the cavity and is located 
inside the helium Tank [7]. Magnetic shield 
measurements showed that the contribution to the surface 
resistance by trapped magnetic field is estimated to be 
below 10 n which guarantee a quality factor higher than 
5.109.   

The cavity and its shield are placed in a titanium helium 
tank which provides the low pressure He bath for 2K 
operations.  

A coaxial blade tuner derived from the one successfully 
tested at TTF [8] has been developed and fabricated. This 
device, mounted on the tank, will allow slow and fast 
tuning compensation. A rotation torque provided by a 
stepper motor is transferred into longitudinal strength by 
means of  bending blades and allow static compensation 
of Lorentz forces detuning.  This coaxial device is also 
assisted by piezoelectric actuators which allow dynamic 
cavity frequency adjustments. 

POWER COUPLER RF DESIGN 
A Fundamental Power Coupler (FPC) development has 

been carried out at IPN Orsay. Based on the SNS Power 
Coupler design [9] it was adapted and optimized to 
transmit to the cavity up to 150 kW RF power at 704.4 
MHz with a capacitive coupling of  Qext = 1.107,adpted to 
the experimental needs (i.e without the beam).  

 

 

Figure 3: Section view of the power coupler connected to 
the cavity. 

The Figure 3 is a section of the final Coupler design. A 
Doorknob type transition performs the waveguide 
geometrical transition. In order to minimize thermal 
losses (Joule and dielectric losses), the inner conductor 
and the ceramic window are water cooled [10]. The FPC 
outer conductor RF and static losses are removed by  a 
supercritical helium heat exchanger (P=3bar, T=6K)  in 
order to minimize heat loads to the cold extremity of the 
cavity maintained at 2 K, to ensure the transition between 
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300K and 6K. A dedicated test facility named 
SUPERCRYLOOP was developed and successfully 
operated at IPN Orsay for measuring the performance of 
the cold heat exchanger and the first experimental results 
have confirmed its excellent performances [11]. 

Doorknob Transition 
To ensure the waveguide geometrical transition 

between rectangular waveguide (WR1150) and the 
coaxial power coupler a Doorknob type impedance 
matching structure was designed. The transition alone 
must have good impedance matching to enable good 
performances when integrated with the RF ceramic 
window.  
  Simulations showed that even a small change inside the 
structure can result in a significant change in the RF 
performances. The transition was computer simulated 
using the Ansoft HFSS® code. The doorknob height, the 
radius, the radius of the rounded corner and its positions 
to the short circuits were optimized to get the better 
transmission performances. Those different parameters 
were adjusted with a precision of one tenth of a 
millimeter. Such a study requires some carefulness as 
regard to the structure meshing. Since The HFSS® code 
frequency solver is using tetrahedral mesh, with 
“(semi)automatic” refinement for precision adjustments it 
was then decide to compare results with another 
calculation code. 
     The CST Microwave studio® code using its time 
domain solver with PBA® (Perfect Boundary 
Approximation) on a hexahedral mesh structure was 
employed. The optimized transition designed with HFSS® 
was implemented in the CST® code. The Figure 4 shows 
that simulations results, regarding the reflection (S11) and 
transmission (S21) coefficients are in agreements. With 
CST-MS® the “reflection peak” slightly shifted to lower 
frequency, but the -30dB bandwidths are appreciably 
similar.  

 

Figure 4: RF simulation results for the doorknob 
transition design. 

    The waveguide to coaxial transition can have either a 
“flat” or a circular rounded short circuit at the end of the 
rectangular waveguide. Simulations were made for 
transitions with both short circuit shapes and the results

showed that both types have similar RF performances. A 
manufacturing cost study showed that “flat” short circuits 
would be a smaller expense. Furthermore, once the 
doorknob is manufactured, its position to the short circuits 
is the only re-adjustable parameter.  
    Consequently the short circuit is mechanically realized 
by flat aluminum flange screwed on the waveguide, with 
an adaptable entering part. The doorknob and the internal 
conductor are in copper. First low power measurements, 
using an N to WR1150 transition and an coax-to N 
transition, showed that at 704 MHz the reflection 
coefficients is around -35dB. 

RF Window 
    The coaxial window is a planar annular disk made of 
97% aluminium ceramic. The windows were 
manufactured by the French company SCT. A deposit of 
TiN [12] was made on one of the two windows. Influence 
of this deposit on multipacting effect will be evaluated out 
during the Power Couplers conditioning.  The Chokes 
shape and size were adjusted to optimize there inductive 
influences to get the lowest return loss. The coaxial 
structure with the ceramic window and the doorknob 
waveguide transition were integrated in simulations. 
Figure 5 shows the electric field distribution in the whole 
structure. The field was calculated for 80kW TW signal 
passing through the coupler. The maximum peak field is 
located at the chokes extremity near the ceramic. The 
results showed that the doorknob transition is the limiting 
part for the signal transmission while the calculated 
values at 704 MHz for the ceramic window (alone) were : 
reflection < -70 dB and transmission >-0.005 dB. 

 

Figure 5: Electric field distribution in the transition & the 
coaxial coupler for an 80 kW RF power. The time 
instantaneous peak field is localized at the chokes extremity.  

External Coupling 
The external coupling Qext was fixed to the value of 

1.107. The coupler external and internal conductors’ 
radius were set by the size adaptation to the cavity aspect 
and the impedance of the coaxial line. So, the only free 
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parameter to adjust the FPC coupling is the antenna 
penetration into the cavity. CST-MS® simulations were 
done to evaluate this penetration depth. A final value of    
-18mm was then chosen, e.g. an antenna length of 281 
mm. 

Future Conditioning Experiment 
All the power coupler elements presented above were 

manufactured and delivered at IPN Orsay. The 
conditioning cavity was designed and its fabrication is 
presently in progress. According to RF calculations the 
cavity return loss at 704 MHz should be around -60 dB 
with a bandwidth of 1 MHz at -30dB. FPC will be 
conditioned [13] in a travelling wave mode at an RF 
power of 80 kW.   

EXPERIMENT & RELIABILITY 
Experiment & Facility  

During the Power Coupler conditioning, it is foreseen 
to proceed to the first low power tests of the cavity inside 
the Cryomodule (early 2010). Those tests will help in 
evaluating the cavity quality factor with its new 
“clothing”. It is also plan to evaluate the Lorentz Factor 
and to identify all the microphonics disturbances. This 
first test will also be useful to check the good functioning 
of the whole cryogenic device.  

The first results will help in defining a procedure for 
the ramping up of the field in the cavity during high 
power test and the controlling of the tuning system. For 
all the experiments the Cryomodule will be set up in the 
former IPNO cyclotron pit. The cavity will be RF fed 
thanks to a Thales Electron Devices® Induced Output 
Tube (IOT) able to provide an 80 kW Continuous Wave 
signal at 704 MHz. This IOT requires a 36 kV cathode 
voltage and the electron beam intensity in the tube can 
reach     3.3A. Therefore, it is DC power supplied thanks 
to a 160kW (40kV-4A) alimentation provided by 
Brucker®. The RF low power signal injected in the IOT is 
piloted by a synthesizer signal which is beforehand 
amplified by a 1kW Brucker® amplifier (Gain of 60 dB).  

The entire power supply chain has been installed, tested 
and is now fully operational. The Thales® IOT was 
successfully tuned, and an expected average gain of 21 
dB was measured (The gain is slightly changing as 
function of the output power, maximum: 21.5dB for 
60kW).  
 The high power tests will be a second evaluation of the 
module cryogenic efficiency. But, above all it is the 
capability of the piezo-based tuning system coupled with 
the prototypical digital LLRF I/Q feedback loop which 
will be evaluated. The reliability of the entire installation 
and its response time for fast set points update of the 
entire installation will be tested.  

Preliminary Reliability Study  
    EUROTRANS Linac reliability analysis estimates the 
number of malfunctions that could cause beam/plant 
shutdowns per 3-month operation cycle [14]. Results 

show that such linacs have a high potential for reliability 
improvement. For the XT-ADS, the objective is to only 
admit a maximum of 5 beam trips (longer than 1s) per 
cycle. 
    To reach this goal a fast fault recovery scenario has 
been established [5]. When a cavity or its supply fails, the 
philosophy is to re-adjust the accelerating fields and 
phases of some non-faulty RF cavities, for a short beam 
interruption of about 100 ms, to recover the nominal 
beam characteristics. 
    To forecast future reliability tests of the 704 MHz 
Cryomodule and evaluate the technical feasibility of such 
retuning, we computed a model of the cavity with the 
main characteristics of its LLRF system in the MATLAB 
Simulink® environnement. 

Figure 6: Simple model base for the sample feedback 
analysis 

 
Table 1 : Simulations Parameters 

Parameter  Value Parameter Value 

Frequency 704.4 MHz Microphonics 
frequency 

600Hz 
max. 

(r/Q) 160Ω Beam current 10 mA 

Coupling QL ~1.107 Synch. Phase -30° 

Lorentz Coeff. -10Hz/(MV/m) Loop Delay 2μs 

Acc. Field 8.5 MV/m Sampling time 1μs 

Acc. Gap 0.5 m Max. power 80 kW 

Mechanical 
const. 1ms IOT average 

gain 
21 dB 

Tunning System 
response time 10ms Correction 

gain 
120 

Microphonics 
amplitude 10 Hz max. Integration 

time 
400 μs 

 
    We established our calculation on a simple model (see 
Figure 6) in the frequency analysis to estimate the gain 
and the integration time of the corrector (PI), taking into 
account the sampling operation in a digital system. A 
delay and sampling time (Zero Order Hold function, 
ZOH) were introduced [15]. The IOT gain variation as 
function of the power delivered and non linearity are also 
taken into account. The cavity voltage is deduced by 
modeling the cavity as an RLC resonant circuit [16]. The 
detuning induced by the Lorentz forces and microphonics 
perturbations were also implemented as well as the fast 
cold tuning system control loop. Table 1 sums up the 
principal calculations parameters values. 
   The figure 7 presents the simulation results during a fast 
fault recovery procedure where the cavity field has to be 
increased by 15% and its phase changed by 3 degrees. 
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The process for this scenario is described by the following 
steps:  

1- The cavity accelerating field and phase was set 
to the nominal working points (8.5 MV/m, -30°); 
the beam is switched- on. 

2- A failure on another accelerating device is 
detected the beam is switched-off.  

3- The accelerating field set point is updated 
(10MV/m) 

4- The phase set points is updated (33°) 
5- The cavity field is stable the beam can be 

injected again.  

 
Figure 7: simulations results for the update of the 
accelerating field and cavity phase during a fast fault 
recovery scenario. 
 
    Results from this preliminary simulations study shows 
that during a short beam trip, the phase and the field 
amplitude in the cavity could be updated in around 15ms, 
with a good control of the feedback loop. When the phase 
set point is changed deviation of 0.1MV/m is observed 
but quickly compensated. The real transient effect, due to 
beam loading, is observed when the beam is switched-on 
(or switched-off), but one can see that it is also under 
control and corrected in 10 ms. 

CONCLUSION 
    The experimental campaign on the EUROTRANS 
700MHz full scale Cryomodule should start in 2010. In 

the long run, the experiment will be able to provide a 
testing bench for specific sequences of the XT-ADS fast 
fault-recovery reference scenario. The aims of reliability 
tests will be to recover similar results than computations 
for the set points updating and validate an efficient and 
safe procedure. 
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SUPERCONDUCTING RF ACTIVITIES AT LANL* 
T. Tajima#, G.V. Eremeev, F.L. Krawczyk, LANL, Los Alamos, NM 87545, U.S.A.

Abstract
Activities related to superconducting RF at LANL in the 
last 2 years are presented.  They include developments of 
a full cavity thermometry system for standard 1.3 GHz 9-
cell cavities, a surface inspection system and high-
gradient SRF cavities at 805 MHz, the frequency at which 
LANL’s 800-MeV proton accelerator operates, in order to 
boost the energy to ~1.2 GeV with only 2 cryomodules.  
Additionally, we have been studying thin-film 
superconductors coated on Nb separated by an insulator 
to increase achievable surface magnetic field for very 
high accelerating gradient (hopefully ~100 MV/m or 
higher) to realize a compact accelerator system.  High 
gradient SRF cavities would benefit such applications as 
the International Linear Collider (ILC), XFELs and cargo 
interrogation systems using proton or muon beams, 

INTRODUCTION
LANL has been involved in 4 activities in the last 2 

years: 1) development of a fixed-type full temperature 
mapping system for 1.3 GHz 9-cell “standard shape” 
cavities, 2) development of cavity surface inspection 
system, 3) development of high-gradient 805 MHz 
cavities, and 4) study of thin film superconductors aiming 
at future enhancement of cavity accelerator gradients.  In 
the following sections, each activity will be briefly 
summarized with references for detailed descriptions 
elsewhere. 

1.3 GHZ 9-CELL CAVITY T-MAPPING 
SYSTEM

We have developed and commissioned a full T-map 
system for standard shape 9-cell cavities.  A total of 4608 
temperature sensors made of 100 Ω Allen Bradley carbon 
resistors surround the entire cavity at every 10 degrees 
azimuthally, except for the end parts where part of He 
vessel is installed.  The details of the system and some T-
map results are described in Refs. [1] through [4]. 

The advantages of this full T-map system are 1) fast 
mapping of the entire cavity (within a few seconds), 2) 
detection of RF losses on the surface before quench, and 
3) detection of the heating caused by the electrons 
generated at other cells. 

CAVITY SURFACE INSPECTION 
SYSTEM

We have developed a system consisting of a cavity 
holding and moving mechanism and a scope based on a 
Karl Storz 6.2 mm diameter video scope having a 
working distance of 7-40 mm and an 80-degree field of 
view with remote articulation.  The image is captured on a 

1/10-inch CCD chip installed in the tip having 250,000 
pixels in an aspect ratio of 16:9.  Figure 1 shows the 
cavity surface inspection station located in a class 100 
clean room. 

 

Figure 1: Cavity surface inspection station.  Presently, 
only up/down control is computer controlled.  In the inset 
shown is a design drawing of the inspection with a 
videoscope. 

Theoretically, with our present videoscope, at the shortest 
distance (~7 mm), the highest resolution is approximately 
20 μm/pixel.  By replacing the present scope with an 8 
mm diameter one with 1/6-inch, 480,000 pixel CCD chip, 
the resolution will likely be improved. 

HIGH-GRADIENT 805 MHZ CAVITY 
DEVELOPMENT 

We are studying the possibility of producing very high 
gradient (40-50 MV/m) Nb cavities in order to shorten the 
length of accelerator.  The reasons for choosing 805 MHz 
are its compatibility with LANL’s LANSCE proton linac 
frequency, larger beam pipe aperture, fewer cells, less 
BCS losses for the same energy gain and operating 
temperature compared to popular 1.3 GHz cavities. 

The disadvantage would be larger diameter and surface 
area, making the cavity surface quality control more 
difficult and would lead to larger-diameter cryostats.  On 
the other hand, reducing the number of cells per cavity 
might lead to a better yield of high-quality cavities and 
depending on the application, the cryostat diameter can be 
reduced. 

We optimized the cavity design parameters with a 
constraint of the beam pipe inner diameter of 100 mm.  
Following the recent trend of reducing the ratio of Bpeak to 
Eacc to get higher gradient, we designed 3 types, i.e., 
standard, low-loss and re-entrant shapes [6].  By 
“standard”, we mean a cell shape with inclined walls to 
facilitate easy draining of rinsing water in a vertical 

 ___________________________________________  
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position.  The optimized Bp/Ea ratios for  standard, low-
loss and re-entrant cavities are 3.75, 3.60 and 3.57 
mT/(MV/m), respectively.  Compared to the ILC standard 
shape Bp/Ea = 4.15, we were able to obtain significantly 
better ratio. 

In collaboration with JLab, we have fabricated 3 
standard-shape single-cell cavities and tested one of them 
so far.  See the detail of test results in Ref. [6].  
Unfortunately, the 150 μm buffered chemical polishing 
(BCP) performed at LANL created a number of bubble 
traces on the cavity surface, causing a lot of field 
emissions.  However, the achieved accelerating gradient 
of ~22.5 MV/m, limited by available power as shown in 
Fig. 2, was not so bad.  The other 2 cavities will be tested 
after BCP by the end of 2009, and we might add 
electropolishing (EP) later to see the difference in the 
result. 

Figure 2: First result of β=1 805 MHz single-cell cavity 
having standard shape with the parameters optimized for 
high gradient. 

STUDY OF THIN FILM 
SUPERCONDUCTORS COATED ON NB 
The hard limit on accelerating gradient for Nb cavities 

in standing wave mode seems to be ~50 MV/m due to the 
RF critical field of ~200 mT for Nb, assuming the Bp/Ea 
ratio of ~4 mT/(MV/m). 

In 2005, Gurevich suggested a way to increase this 
limit using multi-layer coating of a different 
superconductor that has higher Tc than Nb [7].  One of the 
key elements of this proposal is the fact that the lower 
critical magnetic field Hc1 that is parallel to the material 
surface significantly increases if the film thickness gets 
less than its London penetration depth. 

Following this idea, we tested a sample of MgB2(100 
nm)/B(10 nm)/Nb at SLAC using TE013 mode Cu host 
cavity.  Here, the Nb substrate was a single-crystal bulk 
of 2 inches in diameter and ~1 mm thick.  The details of 
coating method and results are described in Refs. [8] and 
[9]. 

Figure 3 shows Q0 as a function of temperature at low 
power for the coated and uncoated Nb samples.  The 
effect of MgB2 layer is clearly seen as the increase of Q0 
starting from ~37 K where superconducting transition of 
MgB2 occurred.  After the Nb transition at ~9 K, the Q0 
seems to become dominated by the resistance of host 
copper cavity.  To know the detail of surface resistance at 
4 K or 2 K, the host cavity needs to be made of Nb. 

 

 
Figure 3: Q0 vs. Temperature at low field for bulk Nb 
(black) and MgB2/B/Nb sample (red).  The Tc of MgB2 
was measured to be ~37 K.  The transition of Nb is also 
seen since the MgB2 thickness (100 nm) is thinner than 
the penetration depth. 

Figure 4 shows cavity QL as a function of peak surface 
magnetic field on the sample for Nb and MgB2  coated 
Nb.  It was found that, for this sample, the breakdown 
field was significantly lower (~40 mT) than Nb sample.  
Since this is the only one sample tested, we do not know 
if this is caused by the coating or some defects on the Nb. 

 
Figure 4: Cavity loaded Q as a function of peak surface 
field on the sample for Nb (black) and MgB2/B/Nb (red) 
samples. 

Figure 5 shows cavity QL as a function of temperature 
at different peak fields.  The drop of QL at 42 mT at T<9 
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K suggests that the breakdown occurred in Nb, not in 
MgB2. 

We plan to increase the field to see at what level MgB2 
quenches.  Also, we plan to test thicker MgB2 film to 
determine the characteristics and quality of MgB2 film 
that we are depositing as well as identifying the reason of 
early quench in the Nb substrate. 

 
Figure 5: Cavity loaded Q as a function of temperature of 
the MgB2/B/Nb sample for different peak surface fields. 
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E. Zaplatin, Forschungszentrum Jülich, Jülich, Germany

Abstract
A superconducting linac for re-acceleration of exotic

ions is being constructed at Michigan State University
(MSU). The re-accelerator will initially be used by the
MSU Coupled Cyclotron Facility; it will later become part
of the Facility for Rare Isotope Beams at MSU. The
re-accelerator will include two types of superconducting
quarter-wave resonators (QWRs) to accelerate from 0.6
MeV per nucleon (MeV/u) to up to 3 MeV/u for uranium
(“ReA3”), with a subsequent upgrade path to 12 MeV/u
(“ReA12”). The QWRs (80.5 MHz, optimum β = 0.041
and 0.085, made from bulk niobium) are similar to the cav-
ities used at INFN-Legnaro for ALPI and PIAVE. They in-
clude stiffening elements and passive dampers to mitigate
fluctuations in the resonant frequency. Eight β = 0.041
QWRs have been fabricated; welding of the helium ves-
sels and RF testing is in progress. Another eight β = 0.085
QWRs are needed. Three cryomodules are needed to reach
3 MeV/u. Fabrication and assembly of the first cryomod-
ule (the rebuncher, with one β = 0.041 QWR and two su-
perconducting solenoids) is complete. This paper covers
production efforts, test results so far, and future plans.

INTRODUCTION
The National Superconducting Cyclotron Laboratory

(NSCL) at MSU is building a re-accelerator for exotic ion
beams [1, 2]. Stable ions are accelerated in the NSCL cou-
pled cyclotron facility. The primary beam produces a sec-
ondary beam of exotic ions by particle fragmentation. The
re-accelerator will consist of a gas stopper to slow down
the secondary ion beam, a charge breeder to increase the
charge of the ions, a multi-harmonic buncher, a radio fre-
quency quadrupole for initial acceleration and focussing,
and a superconducting linac to accelerate the beam to a fi-
nal energy of up to 3 MeV per nucleon. Additional cryo-
modules can be added to increase the final energy to up to
12 MeV per nucleon.

The superconducting linac will consist of quarter-wave
resonators (QWRs) optimised for β = 0.041 [3] and β =
0.085 [4, 5]. The cavities are housed in rectangular box
cryomodules. The driver linac of the Facility for Rare Iso-
tope Beams (FRIB) will make use of the same cavity and
cryomodule design, with the QWRs operating at higher
voltages [6]. This paper covers the production work on the

∗Work supported by Michigan State University.

cavities and cryomodules for the re-accelerator.

CAVITIES

Design
The QWRs developed by Legnaro for ALPI and PIAVE

[7] are the basis for the design of the QWRs for the re-
accelerator. Some design modifications have been imple-
mented. A larger aperture (30 mm) is used. Separation of
cavity vacuum from insulation vacuum is implemented to
reduce particulate contamination of cavity surfaces. Probe
couplers [8] are used instead of loop couplers.

The cavity design has undergone some evolution since
the first prototype cavity was fabricated and tested. For
production QWRs, the shorting plate is formed from sheet
niobium (3 mm thick) instead of being machined and the
tuning plate (1.25 mm thick) is slotted to reduce the tuning
force [8]. The shorting plate design is similar to designs
used by Argonne [9] and SPIRAL 2 [10]. The tuning plate
design is similar to designs for TRIUMF [11] and the ALPI
upgrade [12].

The helium vessel is made of titanium. The vessel de-
sign includes a Legnaro-type frictional damper [7] inside
the inner conductor to mitigate microphonic excitation of
the cavity. Stiffening elements are incorporated into the
cavity and helium vessel design, including a reinforcement
rib in the center conductor, a ring connecting the top of
the cavity to the helium vessel, and buttresses to strengthen
outer conductor near the beam ports. The stiffening mea-
sures provide a significant reduction in the sensitivity of the
resonant frequency to pressure, as indicated by numerical
predictions and measurements [13].

The design intrinsic quality factor is Q0 = 5 ·108 for both
cavities at the operating temperature of 4.5 K. The design
fields are Ep = 16.5 MV/m for the βm = 0.041 cavity and
Ep = 20 MV/m for the βm = 0.085 cavity, where Ep is the
peak surface electric field. Detailed RF parameters for the
cavities have been published previously [3, 4].

A drawing of the βm = 0.041 QWR is shown in Figure 1.
The helium vessel is also shown.

Fabrication
Sheet Nb of thickness 2 mm and RRR ≥ 150 was used.

The tip of the center conductor and the beam tubes were
machined from solid Nb. The Nb tuning plate on the bot-
tom of the cavity is held by a Nb-Ti to stainless steel flange.
Forming was done at NSCL and in the local area, while
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Figure 1. Isometric sectional view of the βm = 0.041
QWR with its helium vessel, stiffening elements, frictional
damper, tuning plate, and bottom flange. The helium vessel
and damper are shown in green.

electron beam welding was done with industry. Indium
joints were used to seal the bottom flange. Knife-edge seals
were used for beam tube flanges. Between 120 and 150 μm
was etched from the inner surface via buffered chemical
polishing. High-pressure rinsing was done with ultra-pure
water in a Class 100 clean room for 60 to 120 minutes.

A photograph of a production βm = 0.041 QWR and tun-
ing plate is shown in Figure 2. Etching, rinsing, and assem-
bly photographs are shown in Figure 3.

Figure 2. Photograph of a βm = 0.041 QWR after tack
welding of the helium vessel. The support flange is welded
to the helium vessel. The niobium tuning plate and stain-
less steel bottom flange are visible on the lower left-hand
corner.

Dewar Tests
Dewar testing has been completed for the prototype

βm = 0.041 QWR [3] and the prototype βm = 0.085 QWR
[4], as well as two production βm = 0.041 QWRs. RF test
results for the βm = 0.041 QWRs are compared in Fig-
ure 4. All three cavities exceed the design goals for the
re-accelerator, as well as the FRIB design goals.

CRYOMODULES
Design

A rectangular box cryomodule design [14]is being used
for the reaccelerator cryomodules. The cryomodule de-
sign accommodates QWRs and superconducting solenoids.
A Ti rail system is used for support and alignment. Ac-
tive and passive magnetic shielding is implemented. In the
first cryomodule (the rebuncher cryomodule), the magnetic
shielding consists of reverse wound coils at the ends of the
solenoid, a Meissner shield (Nb can) around the solenoid,
and μ metal shields around the Meissner shield and the cav-
ities.

A drawing of the rebuncher cryomodule is shown in Fig-
ure 5. The rebuncher contains one βm = 0.041 QWR and
two solenoids.

Fabrication
Some of the steps in the fabrication of the rebuncher

cryomodule are shown in Figure 6. To minimise par-
ticulate contamination of the cavity, the superconducting
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Figure 3. Left to right: etching, rinsing, and assembly of a βm = 0.041 QWR onto the insert for Dewar testing.
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Figure 4. Dewar test results for the first three βm = 0.041
QWRs. The tests on the second and third cavities were
done after the installation of the helium vessel.

solenoids were cleaned and their beam tubes were high-
pressure rinsed with ultra-pure water in a Class 100 clean
room before assembly onto the cold mass. The cold mass,
including the QWR, the solenoids, the beam line, and the
support rails, was assembled in the clean room. After the
beam line vacuum was sealed and leak checked, the cold
mass was removed from the clean room for assembly of
the cryogenic plumbing, thermal shield, and vacuum ves-
sel. Multi-layer insulation was installed between the 77 K
thermal shield and the 300 K vacuum vessel.

Rebuncher Testing
The rebuncher cryomodule has been installed on the re-

accelerator deck and cooled down. Below 150 K, the cryo-

 
Figure 5. Isometric sectional view of the rebuncher cryo-
module.

module was cooled rapidly to minimise the risk of surface
hydride formation (“Q disease”). The measured static heat
leak of the module at 4.5 K is about 8 W ± 1.2 W.

RF testing of the cavity is in progress. The testing is
being done with a direct connection from the RF ampli-
fier to the coupler, and also with a sliding short to set up
a standing wave on the rigid copper coaxial transmission
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Figure 6. Construction of the rebuncher cryomodule. Top
left: cold mass in the clean room; Bottom left: cold mass
under top plate; Top right: 77 K shield; Bottom right: com-
pleted cryomodule after installation on the ReA3 deck.

line. The sliding short configuration provided less mis-
match and mades it easier to infer the intrinsic Q of the
cavity (Q0) from the RF measurements; simple loop cou-
plers are used to couple into the transmission line through
the short and monitor the field in the line. The measured
QWR input coupling strength is Qext = 1.2 ·106 with a di-
rect connection. This corresponds to a cavity bandwidth of
67 Hz (the design goal was 42 Hz). Preliminary RF mea-
surements indicate that a field level of Ep = 36 MV/m can
be reached with a forward power of 500 W with a direct
connection.

The tuner has been operated over its full range of about
28 kHz in frequency, corresponding to about 6 mm in tun-
ing plate motion, with a force magnitude of 950 N or less.
Measurements of the dynamic load and measurements with
the solenoids are in progress.

CONCLUSION

The NSCL re-accelerator requires 3 cryomodules, with
a total of 15 cavities and 8 solenoids. Fabrication of the
βm = 0.041 has been completed; the installation of helium
vessels and Dewar testing is in progress. The first cryo-
module, containing one cavity and two solenoids, has been
installed and is being tested. The second cryomodule is
currently being fabricated.
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(2004), p. 605–607.

[10] G. Devanz, in Proceedings of the 12th International Work-
shop on RF Superconductivity: Ithaca, 2005, LEPP, Cornell
(2007), p. 108–112.

[11] T. Ries et al., in Proceedings of the 2003 Particle Accelera-
tor Conference (2003), p. 1488–1490.

[12] D. Zenere, A. Facco & F. Scarpa, in Proceedings of EPAC
2008, Genoa, Italy, EPS-AG (2008), p. 3413–3415.

[13] E. Zaplatin et al., “Structural Analyses of MSU Quarter-
Wave Resonators,” these proceedings.

[14] M. Johnson et al., in Proceedings of the 2005 Particle Ac-
celerator Conference (2005), p. 773–775.

TUPPO011 Proceedings of SRF2009, Berlin, Germany

01 Progress reports and Ongoing Projects

204



3.5-CELL SUPERCONDUCTING CAVITY FOR DC-SRF PHOTOINJECTOR 
AT PEKING UNIVERSITY  

Jiankui Hao
State Key Laboratory of Nuclear Science and Technology, Institute of Heavy Ion Physics, 

Abstract 
DC-SC photocathode injector was upgraded for Peking 

University Free Electron Laser (PKU-FEL) facility. A 3.5-
cell superconducting cavity is the key component of the 
DC-SC photoinjector. Design and simulation of the 3.5-
cell cavity was finished. Two 3.5-cell SRF cavities were 
fabricated at Peking University. One is made of large 
grain niobium and the other is made of fine grain niobium. 
All the material is from Ningxia OTIC. After BCP 
treatment and 1250°C post purification by Peking 
University, the 3.5-cell LG cavity was sent to Jlab for test. 
Due to the special structure, the cavity was treated with 
BCP, 800 °C degassing and HPR at Jlab. The Eacc of the 
cavity reached 23 MV/m with Q=1.2×1010 at highest 
gradient. The 3.5-cell LG Nb cavity was installed to the 
new DC-SC photoinjector and will be tested with the 
cryomodule for the next step. 

INTRODUCTION 
PKU-FEL facility is set up by SRF laboratory at Peking 

University. PKU-FEL will run in IR (5~10 μm) and THz 
(100~3000 μm) region with high stability and high 
average power. It can also provide high-quality electron 
beams for experimental studies such as nuclear physics, 
high energy physics, etc. An energy recovery linac (ERL) 
is designed based on PKU-FEL, see Fig. 1.  

 
Figure 1: Layout of PKU-FEL. 

Electron injector is the key part of the whole system. A 
DC-SRF photoinjector is used as the electron source for 
PKU-FEL. The concept of combining of DC and SRF 
photo-injectors was first proposed by Peking University 
in 2001[1]. This is a compact electron gun, which 
integrates a pierce DC gun and a superconducting cavity. 
This compact structure solved the compatibility problem 
between the superconducting cavity and the photocathode. 
It can run at CW mode to provide electron beams with 
high repetition rate, high average current and high quality. 
A 1.5-cell DC-SRF photoinjector was tested in 2004 [2]. 
After the demonstration of the DC-SRF concept, the 
injector was upgraded to 3.5-cell DC-SRF photoinjector. 

Figure 2 gives the structure of 3.5-cell DC-SRF 
photoinjector. The core elements of the DC-SRF injector 
are a 100 kV DC pierce gun and a 3.5-cell super-
conducting cavity. In this paper, the design, fabrication 
and test of the 3.5-cell SC cavity is reported. 

 
Figure 2: Structure of 3.5-cell DC-SRF photoinjector. 

DESIGN AND OPTIMIZATION OF 3.5-
CELL SC CAVITY 

Geometry Optimization 
The structure of the 3.5-cell cavity is showed in Fig. x. 

TESLA mid-cup and end-cup are adopted for the three 
β=1 cells. The first half-cell is designed and simulated 
carefully. The small beam tube between the DC gun and 
the superconducting cavity should be as short as possible 
in order to control the emittance increase. With a conical 
wall 10.5°, the first half cell has a negative value of the 
radial field near the entrance of the cavity and focuses the 
electron beam after the DC structure when the energy is 
only 90 keV. This also makes it not too difficult for the 
surface cleaning. Fig 3 and Table 1 gives the optimized 
parameters of the 3.5-cell cavity. Table 2 gives the RF 
parameters of the cavity. 
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Figure 3: Geometry of 3.5-cell cavity. 

Table 1: Geometry Parameters of 3.5-cell Cavity 

 Mid-
cell 

Left cup 
(1st cell) 

Right cup 
(1st cell) 

End-
cup 

Requator 103.3 105.3 105.3 103.3 

Riris 35 6 35 39 

Rc 42.0 17.14 17.14 40.3 

a 12 3 12 10 

b 19 3 20 13.5 

Length 57.7 35.19 37.72 56.0 

 

Table 2:  Design Parameters of the 3.5-cell SRF Cavity  

Mode TM010,π-mode 

Frequency 1300MHz 

Q0 1×1010 

Eacc 13 MV/m 

Effective Length 0.417 m 

G-factor 242 Ω 

Epeak/Eacc 2.12 

Bpeak/Eacc 4.95 mT/(MV/m) 

Shunt Impedance   r/Q 417 Ω 

Multipacting Simulation 
Multipacting simulations for the 3.5-cell SC cavity are 

done with code MultiPac and FishPact. Fig 4 gives the 
electron trajectory orbit and enhanced counter function 
respectively. The results indicate that the multipacting 
barrier can be processed for good cavity surface. 

 
(a) 

 
(b) 

Figure  4:  Multipacting simulation: (a) by FishPact (b) by 
MultiPac. 

Lorentz Force Detuning 
The bandwidth of the cavity is only about 130 Hz since 

the external Q value (Qe) is about 1×107. The frequency 
shift caused by the Lorentz force detuning is higher than 
500 Hz when the cavity is operated at 13 MV/m if there is 
no stiffen rings. It is difficult for the control system at 
pulsed mode. Stiffen rings are added to the cavity. By 
optimization, the Lorentz force detuning coefficient is 
reduced to 1.2 Hz/(MV/m)2. 

Cross Talk 
Due to the DC structure, the two HOM couplers, main 

power coupler port and pick-up port are located at the 
same end of the 3.5-cell cavity, see Fig. x. The RF power 
from the pickup antenna could have the signal directly 
from the main power coupler. To guarantee the low level 
control of the injector, cross-talk should be avoided. 
Calculation and RF measurements are done with a two-
cell copper cavity. The results showed that the transmitted 
power to the pickup from the cavity is 6 order higher than 
from the main coupler at superconducting conditions. 
Thus the cross talk between the pickup and the main 
power coupler can be neglected for the injector running. 

 
FABRICATION AND TEST OF THE 3.5-

CELL CAVITY 

Fabrication 
Peking University has started researches on large grain 

niobium superconducting cavity since 2005. A 1.3 GHz 
single-cell and 2-cell TESLA type cavities were 
fabricated with Ningxia large grain niobium sheets[3-5]. 
They were tested by Jefferson Lab (USA) and DESY 
(Germany) separately. Gradients are higher than 40MV/m 
and Q value is higher than 1×1010for both cavities: 

Based on the experience on large grain cavity 
researches, two 3.5-cell SRF cavities were fabricated by 
Peking University. One is made of large grain niobium 
and the other is made of fine grain niobium. All the 
material is from Ningxia OTIC. The large grain cavity, 
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see Fig. 5, is adopted for the DC-SRF injector since the 
post treatment procedure can be simplified. 

 
Figure 5: Large grain niobium 3.5-cell cavity made by PKU. 

RF Test at Room Temperature 
After the fabrication, RF measurements have been done 

for the 3.5-cell LG cavity. The field flatness is tuned to 
94%. Since the cavity will be sent to Jlab for cold test, it 
is not necessary to tune the filed flatness to a better value. 
When the injector operates, the dissipated power by 
HOMs is less than 1 W. TELSA type HOM couplers are 
chosen for the cavity. Measurements for HOMs are done 
at room temperature and the results show that the 
fundamental mode TM010 is cut off and HOMs can be 
extracted effectively. 

Vertical Test at Jlab 
After RF test and flatness tuning, the surface of the LG 

3.5-cell cavity was removed 100 m with BCP treatment 

and then post purified under 1250°C temperature at 
Ningxia OTIC for 3 hours. After a flash BCP and HPR, 
the cavity was sent to Jlab for vertical test.  

Due to the special structure of the 3.5-cell cavity, 
further treatment was done in J-Lab by Dr. Rong-Li Geng. 
After delivery to JLab, the cavity had only high pressure 
rinsing and the first and second cold tests were done. The 
gradient of the cavity is only 7 MV/m, limited by strong 
field emission. New BCP treatment and special optimized 
high pressure rinsing were applied for the 3.5-cell cavity. 
45° nozzles were added based on the standard 9-cell 
cavity HPR system. After 30μm BCP removal and new 
HPR at JLab, the cavity had the third cold test. There was 
no field emission for this time, and the gradient increases 
to 11 MV/m, limited by strong multipacting, which 
occurred from 8 MV/m. Q0 is only 6×109 even at low 
field.  

Multipacting simulation was done again for the 3.5-cell 
cavity and it predicates tow possible regions for 
multipacting. One gradient region is lower than 10 MV/m, 
referring to the first half cell. The other is 18~23 MV/m, 
responding to three TESLA type cells. See also Fig. 4. 

The barriers are not so strong. The low Q0 means that the 
surface of the cavity is polluted during BCP due to the 
small hole. In order to cure Q-drop and MP, 800°C heat 
treatment and additional 30 μm BCP were done followed 
by HPR. During the first power rise of the 4th test, two 
MP barriers encountered from 8 MV/m and 18MV/m and 
processed through finally. The gradient reached 23.5 
MV/m, and Q value is higher than 1.2×1010, limited by 
quench, see Fig. 6.  

 
Figure 6: Final test result of 3.5-cell LG SC cavity. 

SUMMARY 
3.5-cell cavity is designed by Peking University. Field 

flatness tuning, Lorentz for detuning, HOM extraction 
and cross-talk are solved by optimization, calculation and 
RF measurements. A large grain and a fine grain 3.5-cell 
cavities are fabricated by Peking University. The LG 3.5-
cell cavity was BCP and 1250°C treated in China and sent 
to Jlab for test. The accelerating gradient of the LG 3.5-
cell cavity reaches 23.5 MV/m and the Q0 is above 
1.2×1010, which is very well for the DC-SRF 
photoinjector. The 3.5-cell LG Nb cavity was welded with 
liquid helium tank and installed to the new DC-SRF 
photoinjector and will be tested with the cryomodule for 
the next step. 
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Abstract 
Pohang Accelerator Laboratory has obtained a full 

funding to upgrade Pohang Light Source. In the PLS-II 
storage ring, three elliptical superconducting RF cavities 
of 500 MHz will be used for accelerating an electron 
beam with energy of 3.0 GeV, and working at temperature 
of 4.4 K. Each cavity is powered by one set of high power 
source, and controlled by one set of digital LLRF and 
control system. The cryomodules are cooled by a 
cryogenic plant of 700 W. 

INTRODUCTION 
Pohang Light Source (PLS) of Pohang Accelerator 

Laboratory (PAL) has been making the significant 
contribution to the scientific research from all over Korea 
and foreign countries since 1995 first at 2.0 GeV and later 
at 2.5 GeV [1]. In recent years, the PLS customers need 
PLS offering the lower emittance beam, higher energy 
photons and more insertion devices eagerly. 
Unfortunately, the existing PLS can not offer high energy 
photons and does not allow more ID (inert device) 
sections. In order to meet PLS customers’ requirements, 
PLS needs to be upgraded immediately. In March of 
2009, PAL has obtained a full funding for upgrading the 
PLS. After upgrading, the PLS-II’s electron beam energy 
will be increased from 2.5 GeV to 3.0 GeV; beam current 
will be increased from 200 mA to 400 mA, and beam 
emmitance will reduce from 18.9 nm rad to 5.9 nm rad in 
the storage ring. Table 1 lists the primary parameters 
relative to RF systems of PLS and PLS-II storage rings. 

Table 1 shows that the PLS-II electron beam energy, 
current, and emittance have the significant change 
compared with those of PLS, these induce the beam loss 
power and RF voltage of PLS-II to be sharply different 
from PLS. It indicates that the PLS RF system can not 
meet the PLS-II’s requirements, and need to be upgraded.  

After comparing the operation reliability, beam 
stability, available ID numbers, cost, project schedule for 
both choices to superconducting RF (SRF) system and 
normal conducting RF (NRF) system for PLS-II, and 
considering the future project and technology 
development at PAL and in Korea, a SRF system has been 
chosen finally for PLS-II storage ring. Two single-cell 
cavity cryomodules are going to be used and installed in 
one long-straight section of the PLS-II storage ring 
tunnel. One cryomodule will be developed for a short 
straight section in future. Every cryomodule is powered 
by one high power station, and controlled by one set of 
digital LLRF (low-level RF) and control system. The 
cromodules are working at 4.4 K and cooled by a 

cryogenic plant of 700 W.  

Table 1: Primary parameters relative to RF systems of 
PLS and PLS-II storage rings. 

Parameters PLS PLS-II 
Energy [GeV]  2.5 3.0 
Current [mA]  200 400 
Emittance [nm rad] 18.9 5.9 
Circumference [m]  280.56 281.82 
Revolution frequency [MHz]  1.068 1.064 
Harmonic number  468 470 
Beam power loss due to dipoles 
[KW] 

110 417.3 

Electron energy loss due to IDs 
[KW]  

32 246 

RF frequency [MHz]  500.082 499.973 
Beam loss power due to 
radiation [kW]  

142 663.3 

RF Voltage [MV]  1.6 3.3* 
*the RF voltage of 3.3 MV is the minimum 

requirements based on the beam lifetime, energy 
acceptance etc. Normally, higher RF voltage can give 
more benefits for the beam lifetime, energy acceptance 
etc. 

RF CAVITY CHOICE 
Both the SRF system and normal conducting RF 

system can meet the PLS-II requirements, but only one 
type RF system will be used for PLS-II. For PLS-II RF 
cavity selection, following issues need to be considered: 
1. Operation reliability: PLS-II RF system should have 

a small number of trips and can provide a stable and 
long-lifetime beam to customers. 

2. Beam stability: RF system should not decrease the 
beam lifetime and quality, and affect the beam 
stability. 

3. ID numbers: PLS-II will have 12 long straight 
sections (LSS) and 12 short straight sections (SSS). 
LSS is more valuable for the IDs than the SSS. RF 
system should save more long straight section and give 
more sections for the IDs as able as possible.  

4. Cost: the RF system has to be completed with the 
lowest capital cost. Also the future operation cost 
needs to be considered. 

5. Schedule: project period of the PLS upgrade is three 
years. We have to start the commissioning in July 
2011, and offer the beam to user in October 2011. This 
schedule forces us to do not let RF system delay whole 
project.  

6. Future project and technology development: for the 
RF system choice, we should consider what kind of ____________________________________________ 
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technology will be used in the future project at PAL 
and in Korea.  

In order to make a right choice for this important 
system, we have surveyed the choice reasons and 
operation status and experiences of the RF systems for the 
light sources over the world; and two international review 
meetings for the PLS-II RF system had been held. The 
first international review meeting for PLS-II RF system 
was held from April 27 to 28, 2009, at PAL, Pohang, 
Korea; the second international review meeting for PLS-II 
RF system was held during PAC2009 conference on May 
6, 2009 in Vancouver, Canada.  

After two international review meetings and discussing 
with the light source and SRF experts, we obtained 
following conclusions: 

Operation Reliability 
Trip rates and downtime for the NRF and SRF systems 

are similar once steady state operation has been attained. 
Trip rate depends on the team experience and the size of 
the institution. Mean time between failures is probably 
similar or lower for the SRF systems but the mean time to 
repair might be higher.  

In addition, the survey of the design and operation 
powers for the RF cavities used in light sources shows 
that the PLS-II coupler power and gradient assumed for 
the NRF option are conservative, but that for SRF option 
are reasonable. 

Beam Stability 
Both HOM (higher order mode) damped NRF cavity 

and SRF cavity are probably stable against coupled bunch 
instability due to HOMs. The SRF solution with the lower 
number of cavities has greater headroom. Either 
transverse or longitudinal feedback systems are not 
necessary in SRF case. Transverse feedback systems 
might be needed in the NRF case to stabilize some dipole 
modes at full current. If so, they will take some straight 
section space. The NRF cavities have higher R/Q and 
there are twice as many as SRF cavities so that the beam 
induced transient due to the ion clearing gap will be 
significantly larger for the NRF case.  

ID Numbers 
The NRF option needs one LSS and one or two SSSs. 

The SRF option needs one LSS for two commercial SRF 
cavitiws. The third SRF cavity will be developed for a 
SSS. Here one long straight section is only for RF cavities 
and can not be used for any IDs. Therefore, both NRF and 
SRF options can offer the same room for IDs. 

Cost 
SRF option needs 3 subsystems, and NRF option needs 

6 subsystems at least. An individual SRF cavity could be 
more expensive than that of a NRF cavity, but the SRF 
option needs a smaller number of the subsystems. An SRF 
system needs a cryogenic system, which is expensive, 
while a NRF system does not need a cryogenic plant. The 

cost survey and estimation show the capital cost for both 
options is the almost same. 

For the long-term operation cost, even including 
cryogenic operation cost, the energy cost for SRF system 
will be lower than that for NRF system.  

Schedule 
RF system project delay would induce PLS-II whole 

upgrade project to be delayed. The vendors of the NRF 
and SRF cavities said the both options have the almost 
same delivery period. For NRF cavities, the vendor 
probably can ship the cavities to PAL on schedule, but no 
guarantee. For SRF cavities, indications from Mitsubishi 
Electric Corporation in Japan suggest that they would 
have to rely on support from KEK for cavity processing 
and therefore may not be able to guarantee a delivery 
schedule. However, ACCEL (now Research Industries) is 
also notorious for late delivery. Therefore, PLS-II should 
allow at least 2 years for SRF cavity module delivery in 
either case. Based on above facts, we are going to use the 
existing NRF cavities during the commissioning in order 
to insure the PLS-II commissioning on schedule and 
extend the RF project period until all the RF cavities are 
all ready. This indicates that either NRF or SRF option 
can meet the PLS-II commissioning requirements. 

Future Project and Technology Development 
In Korea, PAL is going to develop new generation free 

electron laser (XFEL), the SRF accelerator would be the 
best choice for it; Proton Engineering Frontier Project 
(PEFP) is going to use SRF cavities in its extended 
project [2,3,4]. Based on the Korean future projects and 
the national interest, PLS-II needs to use and develop 
SRF experience and technology including cryogenics and 
‘dust-free culture’ at PAL and in Korea.  

Above discussions show the SRF option has the same 
operation reliability and capital cost as the NRF option, 
and can meet the PLS-II requirements of the ID numbers, 
schedule, but better beam stability, lower long-term 
operation cost than the NRF option. With these 
advantages and the consideration of the Korean future 
projects, SRF option is the best choice for PLS-II. Finally, 
the SRF system was chosen for PLS-II. 

SRF CRYOMODULE 
The currently available commercial cryomodule is the 

CESR- and KEKB-type cryomodules. The CESR-type 
cryomodule is fabricated by ACCEL (now RI), and the 
KEKB-type cryomodule is built by Mitsubishi Electric 
Corporation. So far, we have not decided which 
cryomodule will be used for PLS-II RF system. Either 
CESR- or KEKB-type cryomodule has the almost 
structure [5,6,7], but the type of fundamental power 
coupler (FPC) is different.  

SRF Cavity 
The main difference between CESR and KEKB SRF 

cavities is coming from the different FPC types. A CESR 
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cavity uses a waveguide FPC. A KEKB cavity adopts an 
antenna-type coaxial FPC. This difference induces the 
cavity shapes a little change. For accelerating TM010 π 
mode, both cavities have the almost same RF parameters. 

HOM Induced Power 
According the CESR and KEKB HOM dampers’ 

testing results [8, 9], a reasonable estimation for all the 
HOMs’ Qext could be 100. Based on this estimation and 
HOM calculation results, the HOM reduced power in the 
PLS-II cryomodules are 4.17kW for a CESR-type cavity, 
and 0.717 kW for a KEKB-type cavity. 

Qext of the Fundamental Power Coupler 
An external quality factor Qext of a FPC is decided by 

the beam current, cavity operation frequency, cavity 
accelerating voltage, cavity shunt impedance, cavity 
intrinsic quality factor, synchronous phase angle, Lorentz 
force detuning frequency, and microphonics. Because the 
PLS-II SRF cavities are operating at a CW mode, we 
needn’t to consider the Lorentz force detuning frequency 
effect on the Qext. The amplitude of the microphonics is 
assumed about 100 Hz normally. Based on above 
discussions and PLS-II SRF cavity operation parameters, 
an optimal Qext for PLS-II RF cavities is 1.33×105. 

Cryomodule Arrangement 
The available length for cryomodule of a LSS is 6.3m 

(from the elliptical-transverse vacuum chamber flange to 
flange), and it of a SSS is 2.8 m. Actual length of a 
CESR-type cryomodule is 3.043m for SSRF case [10], 
and it of a KEKB-type cryomodule is 3.48m for BEPC-II 
case [11]. Two CESR-type cryomodules can be installed 
into a LSS (see Fig. 1). In order to install two 
cryomodules into one LSS, we need to take off the tapers 
of two KEKB cryomodules and connect them together by 
a beam-pipe. An ion pump with 300 l/S and a photon 
absorber will be installed on the beam-pipe. Two big RF 
shorted gate valves will be installed on the both sides of 
the beam-pipe (see Fig. 1).  

The third cryomodule will be developed and installed 
into a SSS in future.  

HIGH POWER SYSTEM 
In the PLS-II storage ring, the beam-loss power is 

663.3 kW. The maximum HOM reduced power d is 15 
kW. The total beam lost power is 678.3 kW, which is 
supplied by three SRF cavities equally. The RF power 
transfers to a cavity through a FPC. For the FPC Qext with 
tolerance of 20%, in order to keep the same beam power 
for PLS-II cavity, the extra RF power need is 2.83 kW. 
The RF power loss is 2.62 kW in the transfer line. The RF 
power loss in a circulator is 5.85 kW. So total RF power 
need for a SRF cavity is: 237.4 kW. Normally, 
considering the operation reliability, a 25% extra power is 
need at least. The RF output capacity of the amplifier 
should thus exceed 300 kW. Therefore, the maximum RF 

load for a circulator and RF load of the PLS-II 
transmission line should not be less than 350 kW. 

 

A. Two CESR-type cryomodules for one LSS. 

 

B. Two KEKB-type cryomodules for one LSS. 

Figure 1: Two-cryomodule installation in a long-straight 
section. 

Amplifier Choice 
There are three main kinds of CW high power 

amplifiers: klystron, IOT (Inductive Output Tube) and 
solid-state amplifier. Because the output power of the 
solid-state amplifier can not be up to 300 kW at 500 MHz 
and CW mode at present, this amplifier could not be used 
for PLS-II RF system. The IOT CW output power at 500 
MHz can be up to 320 kW by combining 4 IOTs, each of 
which can output a maximum power of 80 kW. The 
available commercial klystron can output 310 kW or 800 
kW CW RF power at 500 MHz. A comparison between 
the klystron and IOT for PLS-II RF system shows that the 
reliability and room need of the klystron is better than that 
of IOT system, other properties of the both power sources 
are the almost same. The final choice will be decided by 
the biding price. 

High Voltage Modulator  
There are two kinds of the high voltage modulators for 

high power source: traditional crowbar circuit and pulse 
step modulation (PSM). The crowbar circuit modulator 
has been used in many accelerators. In past years, the 
crowbar circuit modulator is the main fault parts of the 
high power system. At present, many accelerator 
institutes don’t want to use this modulator, instead of the 
PSM. PSM is consists of element modules, for example, a 
300kW and 55 kV PSM modulator is composed of 86 
modules. Because the individual module contributes a 
low voltage to whole modulator, the faults of the 
individual modules can not effect the klystron operation. 
The modules are easy to be replaced. In order to improve 
the PLS-II RF system reliability, the PSM modulator will 
be used in the PLS-II RF system.  
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Transmission Line 
During first commissioning stage, the cryomodules 

could not be available, 4 PLS NRF cavities will be used 
(two are in LSS 12, another two in SSS 12). One 300 kW 
klystron will supply the RF power to two NC cavities in 
the LSS 12. Two NRF cavities of the SSS 11 will be 
powered by two PLS power sources. After obtained the 
cryomodules, two NC cavities will replace by one 
cryomodule in the LSS 12. Therefore the waveguide 
transmission lines should be assembled for the NRF 
cavities as well as the SRF cavities.  

To operate a SRF cavity, a 300kW RF source supplies 
the power to one cavity directly. The transmission lines 
are consisted of the WR1800 straight lines, flexible lines, 
directional couplers, elbows and a 350kW circulator and a 
350 kW ferrite RF load. For operating two NC cavities by 
one 300 kW power source, a splitter and a phase shifter 
will be added to divide the 300kW RF power into two 
ways. A three-way transfer switch is used to test the 
klystron, circulator, RF load. A stub-tuner could be use to 
match the impedance of a SRF cavity. Figure 2 and 3 
show the layouts of the PLS-II RF transmission line for a 
SRF and two NRF cavities. 

 

Figure 2: A layout of the PLS-II RF transmission line for 
a SRF cavity. 

 

Figure 3: A layout of the transmission line for two NC 
cavities. 

LOW-LEVEL RF AND CONTROL 
SYSTEM 

The main function of a LLRF and control system is to 
control a RF cavity’s accelerating field amplitude, 
frequency and phase, protect the cryomodule, high power 
system, cooling system, initialize and restart the RF 
system, communicate with central control system, and to 
compress beam longitudinal instability.  

Phase fluctuations or jitters of the accelerating RF 
voltage bring time jitters on the arrival time of the 
synchrotron radiation pulses through longitudinal 
oscillation of the bunched beam. The general expectation 
is that the amplitude of beam jitters should less than 10%, 
based on the beam parameters of the PLS-II storage ring, 
the requirement for the synchronous phase stability of a 
PLS-II RF cavity is less than 0.3o, and that for voltage 
stability is less than 0.5%. 

LLRF System-type Choice 
Main LLRF and control systems of the charged-particle 

accelerators are analogous and digital at present. 
Analogous LLRF and control system has the merits: easy 
to implement hardware, single input/output systems and 
quick response speed. But it is complicated, and with low 
stability and control precision. In contrary, digital LLRF 
and control system is reliable and flexible, and has high 
control precision and simple circuit. After its cost survey 
for current-operating and recent-building light source 
accelerators, we found the cost of a digital LLRF and 
control system is 50% lower than that of an analogous 
LLRF and control system. Considering following factors: 
1. PLS-II needs reliable and high control precision LLRF 

system; 
2. Digital LLRF and control system can meet PLS-II 

requirements; 
3. Digital LLRF and control system can save an amount 

of budget; 
finally, a digital LLRF and control system was chosen for 
PLS-II. 

Overview of the LLRF and Control System 
The LLRF and control system includes: feedback loops 

for cavity frequency, phase and voltage amplitude, control 
system of the cooling system, interlock systems, 
communication system for transferring RF system’s 
information to central control system, expert system for 
automatic initialization or restarting, and the alarm-call 
system. The feedback loops for the cavity frequency, 
phase and voltage amplitude control are performed by a 
digital LLRF control system. The control system of the 
cooling system, interlock systems and the alarm-call 
system are conducted by the PLC (programmable logical 
controller) and fast analogue section, which also 
communicate with digital LLRF system. The expert 
system for automatic initialization or restarting is 
achieved by a reset section.  

PLS-II RF system has three sets of the individual 
subsystems or three stations. Every subsystem includes 
one set of LLRF control system, one set of high power 
system and one cryomodule. Three stations are controlled 
by one signal distributor, which is control by control 
center. The control center can communicate with three 
stations individually 

Digital LLRF ontrol ystem 
The digital LLRF (DLLRF) control system of PLS-II is 

based on digital IQ modulation and demodulation 
technique carried out by a commercial cPCI FPGA board. 
The function block includes the local oscillator (LO) 
signal, RF IN, RF OUT, clock signal distributor, digital 
processor, and communication between the controller and 
local host PC [12]. The FPGA board implements the 
control algorithm of the DLLRF. The RF IN processes 
three signals: the reference signal, the forward power 
signal from waveguide directional coupler, and the cavity 
signal from the field probe. They are down-converted to 

C S
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IF signal in this part. The RF OUT translates the base-
band control signals of the digital processor from digital 
to analogous signals and then up-converts them to the RF 
frequency. The clock generator distributes various clocks 
for sampling, synchronizing, triggering, and so on. The 
FPGA board interfaces with the Carrier board by the PCI 
bus.  

RF COOLING SYSTEM 
The RF cooling system consists of two parts, one is a 

water cooling system for removal of working heat from 
klystron & HVPS, power transmission systems, photon 
absorbers, HOM absorbers and tapers of SRF cavities; 
another is a cryogenic cooling system to keep the SRF 
cavity at the operating temperature and cool the 
fundamental power coupler.  

The central utility distributes low conductivity water 
(LCW) to each cooling station. For the reliable operation, 
the temperature rise of the cooling media in the power 
amplifier and its transmission system must not be higher 
than 10 degree. The 20oC cooling water with low 
conductivity (>1 MΩ.cm) from the central utility is 
supplied via maim piping system and branched to each 
component. 

The cryogenic cooling system is consisted of mainly 
helium refrigerator and nitrogen liquid supplier. The 
estimation cryogenic heat load per cryomodule is 103 W 
including static, dynamic heat loads and FPC heat load. 
The cryogenic heat produced from valve boxes, transfer 
line and Dewar (2000 liters) is 140 W. The capacity of He 
refrigeration is 673.6 W at 4.4K, which has about 50 % 
capacity margin. The installation capacity of cryogenic 
cooling system is more than 700 W at least. 

RF SYSTEM-COMMISSIONING 
SCENARIO 

The SRF cryomodules have long lead time for being 
fabricated and conditioned, and we have to start the PLS-
II commissioning in July 2011. So the special milestone 
for the construction of SRF system is indispensible 
compared to other systems of storage ring.  

Fortunately, the NRF system of PLS, of which power 
capacity and RF voltage is about 200 KW and 2 MV 
respectively, is available before the preparation of the 
cryomodules. The basic idea of PLS-II operation scenario 
in the point of RF system that the PLS NRF system will 
be re-used from commissioning phase to some extended 
period until SRF system to come in operation. The NRF 
cavities will be replaced by SRF cryomodule with 3 
phases in step by step. The construction target is that all 
SRF system will be equipped in September 2012, then the 
full performances is to be achieved in April 2013. 

SUMMARY 
A SRF system has been decided to use in the PLS-II 

storage ring, based on consideration of the machine 
operation reliability, beam stability, available ID numbers, 

project cost, project schedule, and future project and 
technology development at PAL.  

Based on the SRF system choice, a PLS-II RF system 
has been designed. The PLS-II RF system of the storage 
ring is composed of three cryomodules, high power 
systems, LLRF & control systems, one cryogenic system 
and associate facilities. All the subsystems have been 
designed and studied, and are under bidding or 
developing. 
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OVERVIEW OF HIGH GRADIENT SRF R&D FOR ILC CAVITIES  
AT JEFFERSON LAB* 

R.L. Geng#, Jefferson Lab, Newport News, VA 23606, U.S.A.                                                  

Abstract 
We report the progress on high gradient R&D of ILC 

cavities at Jefferson Lab (JLab) since the Beijing 
workshop. Routine 9-cell cavity electro polishing (EP) 
processing and RF testing has been enhanced with added 
surface mapping and T-mapping instrumentations. 12 new 
9-cell cavities (10 of them are baseline fine-grain TESLA-
shape cavities: 5 built by ACCEL/Research Instruments, 4 
by AES and 1 by JLab; 2 of them are alternative cavities: 
1 fine-grain ICHIRO-shape cavity built by KEK/Japan 
industry and 1 large-grain TESLA-shape cavity built by 
JLab) are EP processed and tested. 76 EP cycles are 
accumulated, corresponding to more than 200 hours of 
active EP time. Field emission (FE) and quench behaviors 
of electro polished 9-cell cavities are studied. EP process 
continues to be optimized, resulting in advanced 
procedures and hence improved cavity performance. 
Several 9-cell cavities reached 35 MV/m after the first 
light EP processing. FE-free performance has been 
demonstrated in 9-cell cavities in 35-40 MV/m range. 1-
cell cavity studies explore new techniques for defect 
removal as well as advanced integrated cavity processing. 
Surface studies of niobium samples electro polished 
together with real cavities provide new insight into the 
nature of field emitters. Close cooperation with the US 
cavity fabrication industry has been undertaking with the 
successful achievement of 41 MV/m for the first time in a 
9-cell ILC cavity built by AES. As the size of the data set 
grows, it is now possible to construct gradient yield 
curves, from which one can see that significant progress 
has been made in raising the high gradient yield.         

INTRODUCTION 
The accelerating gradient choice has a significant 

impact to the project cost for the International Linear 
Collider (ILC). The current ILC design assumes a cavity 
accelerating gradient of 31.5 MV/m (baseline TESLA-
shape) to achieve a center-of-mass energy of 500 GeV 
with two 11-km long main linacs. The vertical test 
acceptance gradient was decided to be 35 MV/m at the 
second ILC workshop in 2005 at Snowmass. Successful 
9-cell cavity results of a DESY/KEK led collaboration 
provided the proof-of-existence of 35 MV/m by using EP 
surface processing and in-site low temperature bake 
treatment [1]. As shown clearly, EP is the necessary 
technology for reaching 35 MV/m in standard fine-grain 

niobium cavities. Therefore it has been chosen as the base 
line processing method for ILC cavities.    

Today, the ILC cavity gradient R&D program has 
become a global effort with major contributions from 
DESY, JLab, FNAL, KEK and Cornell [2]. A major focus 
is to improve the gradient yield. In the mean time, a 
broader range of SRF cavity R&D topics are being 
addressed in support of ILC, such as alternative cavity 
shapes and large-grain niobium material [3]. The 
alternatives are relevant to the ILC gradient goal in terms 
of reaching higher ultimate gradient (new shape cavities) 
or reaching the same gradient at potentially lower cost 
(large-grain material). In this paper, an overview of high 
gradient SRF R&D at JLab will be given for baseline ILC 
cavities, alternative shape cavities (ICHIRO cavities) as 
well as focused R&D with 1-cell cavities and niobium 
samples. JLab collaborates with FNAL and KEK and 
cooperates with the cavity fabrication industry in many 
activities reported here.      

ADVANCED 9-CELL CAVITY 
PROCESSING PROCEDURES 

The main processing procedure at JLab is consistent 
with the base line ILC procedure (heavy EP + vacuum 
furnace out-gassing + light EP + cleaning + low 
temperature bake-out) with the unique post-EP ultrasonic 
cleaning in de-ionized water with detergent (Micro-90® 
was initially used. It has been replaced by Liquinox®. 2% 
volume concentration is needed for effectiveness [4][5]). 
The updated 9-cell cavity procedure is consisted of the 
following steps: 

1. Rough field flatness tuning. 
2. Ultrasonic cleaning. 
3. Optional BCP (~10 µm RF surface removal). 
4. Heavy EP (~ 140 µm removal at equator). 
5. Ultrasonic cleaning. 
6. Ethanol rinsing. 
7. HPR (typical 4 hours).  
8. Vacuum furnace heat treatment (600ºC for 10 

hours or 800ºC for 2 hours). 
9. Field flatness and frequency tuning. 
10. Light EP (~ 25 µm removal at equator). 
11. Low pressure water rinsing. 
12. Ultrasonic cleaning. 
13. HPR (6 hours). 
14. Class-10 area drying. 
15. Class-10 assembly. 
16. Second HPR (6 hours). 
17. Final class-10 area assembly. 
18. Slow pump down and leak check. 
19. Low-temperature bake out (120ºC 48 hours). 
20. RF test at 2 Kelvin. 

___________________________________________ 
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Improvements in many areas have been made toward 
optimized EP processing. Initial acid mixing is made 
using a volume ratio of 1:10 (HF (49%):H2SO4 (96%)). 
Nominal voltage across the cavity and cathode is 14-15 V. 
Acid supplying holes in the cathode face upward. The 
acid flows at a typical rate of 3-4 liter per minute. The 
optimal EP is done in the continuous current oscillation 
mode,[6][7]. More active temperature control is 
accomplished by steering the cooling water in the heat 
exchanging loop or sometimes by briefly turning off the 
voltage. The electrolyte circulation continues for another 
30 minutes after the voltage is turned off. This improves 
removal of niobium oxide granules, which will be shown 
later to be a major type of field emitter intrinsic to electro 
polished niobium surfaces. The minimum purging N2 gas 
flow reduces HF loss. Plugging openings around the acid 
sump prevents water (moisture) addition into acid and 
also reduces HF loss. Removal of residual water in the EP 
machine and in the acid sump before mixing new acid 
assures correct molar ratio of HF:H2O:H2SO4. 
Identification and removal of a major bug in the valve 
control logic resulted in significantly improved process 
reproducibility and eliminates completely the need of 
adding HF acid after the first use of a new batch of 
electrolyte. Reliable and reproducible EP processing is 
now possible for repeated use of the electrolyte, 
sometimes after over weeks of storage in the acid sump.    

Ethanol rinsing and HPR after bulk EP and before 
vacuum furnace heat treatment improves S removal from 
niobium and avoids burning chemical residuals into the 
cavity surface. A method of bead-pull cavity without 
touching the RF surface eliminates possibility of surface 
damage due to accidental contact. Low pressure water 
rinsing and HOM can brushing following the light EP 
removes niobium oxide granules as well as S that are 
otherwise not effectively removed by HPR due to 
shielding effect.  

The improved cleaning and assembly procedure, along 
with the advanced EP procedure, ensured a significant 
reduction in field emission and enabled the realization of 
> 35 MV/m in four 9-cell cavities (out of 5 manufactured 
by ACCEL) following the first light EP. One cavity (A12) 
demonstrated a remarkable gradient performance of 40 
MV/m without detectable X-ray. 

NEW T-MAPPING AND OPTICAL 
INSPECTION INSTRUMENTS 

A major development in ILC high gradient cavity R&D 
since last SRF workshop is the introduction of T-mapping 
and optical inspection instrumentations. 

Thermometry studies were already started at Jefferson 
Lab two years ago in pursuit of understanding the quench 
behavior of an electro polished 9-cell cavity whose 
performance was limited below 20 MV/m and was 
insensitive to repeated EP processing [5]. Taking 
advantage of the existing hardware/software for a 1-cell 
cavity thermometry developed previously at JLab, two 
sets of thermometry boards were fabricated and have been 
routinely used for quench location determination in 9-cell 

 
Figure 1: JLab T-mapping system mounted to a 9-cell 
cavity for determination of quench location and pre-cursor 
heating studies of the defect site. 
 

 
Figure 2: JLab long-distance-microscope based optical 
inspection apparatus. 
 
cavities, [8]. Each board hosts 160 carbon resistors, fully 
covering the equator and the neighborhood area. This 
system (Fig. 1) not only captures quench events but also 
provides pre-cursor heating data at quench locations.  

An optical inspection apparatus (Fig. 2) based on a 
long-distance-microscope and a mirror was developed at 
JLab [11]. It has been routinely used for inspecting 
regions of the quench location determined by the T-
mapping system and imaging and documenting 
responsible defects. It has been also used for inspection of 
as-built as well as partially processed cavity surfaces, in 
an attempt to discern the role of material/fabrication in 
bring about the operating defects. The system has a spatial 
resolution of up to 3 μm. It is possible to inspect the entire 
surface of a cavity by tilting the mirror. The cavity can be 
rotated automatically. A laser-based device is being 
implemented to allow precise projection of interior defect 
location to the cavity exterior surface. Our next step is to 
improve automation and add new analytical capabilities.    
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NEW 9-CELL CAVITY RESULTS      

Achievement of  > 35 MV/m in 4 out of 5 
Cavities Manufactured by ACCEL  

The performance of 5 new cavities manufactured by 
ACCEL (A11, A12, A13, A14 and A15) is given in Fig. 3. 
Among these 5 cavities, 4 (A11, A12, A13, A14) reached 
a gradient of > 35 MV/m after the first light EP. A15 was 
limited at 19 MV/m by quench due to a defect near the 
equator weld of the cell #3. Note that A12 result shown in 
Fig. 3 is that obtained after a second light EP (for removal 
of HPR damage introduced during additional preparation 
after initial successful qualification).  

Figure 3: Performance of 5 new cavities manufactured by 
ACCEL and EP processed and tested since July 2008 at 
JLab. Error bars are not shown for clarity. 

 

Achievement of first 41 MV/m in AES8 – a 9-cell 
Cavity Built by US Cavity Vendor AES  

The performance of 4 new AES cavities (AES5, AES6, 
AES8 and AES9) is given in Fig. 4. 

 
Figure 4: Performance of 4 new cavities manufactured by 
AES and EP processed and tested recently at JLab. Error 
bars are not shown for clarity. 
 

 These 4 cavities are among the new batch of 6 cavities 
manufactured by AES using their own EBW machine and 
improved techniques. These results are obtained after only 
one light EP. AES8 exceeds the ILC vertical test 
specification and reached a maximum gradient of 41 
MV/m (administrative limit). AES9 reached a maximum 
gradient of 34 MV/m with a Q0 of > 1×1010 limited by 

quench. AES5 & 6 are limited by quench at < 21 MV/m, 
due to defects in cell #3 and #5, respectively. It should be 
noted that AES8 and AES9 were vacuum furnace treated 
at 800°C for 2 hours for hydrogen out-gassing, whereas 
AES5 and AES6 were treated at 600°C for 10 hours (a 
standard recipe in the past for 9-cell processing). AES8 
was light BCP etched for a 10 μm removal from its inner 
surface which eliminated weld spatters and created a 
desirable starting surface before heavy EP processing.    

Pushing Gradient in low-loss Shape Cavities  
A low-loss shape cavity (ICHIRO#5) from KEK was 

EP processed and RF tested at JLab to evaluate its 
gradient potential. As shown in Fig. 5, ICHIRO#5 reached 
a best gradient of 36 MV/m at a Q0 of 6×109. Recently, we 
have received a new fully featured (with input & HOM 
couplers) ICHIRO cavity (ICHIRO#7) from KEK. 

 
Figure 5: Best performance of ICHIRO#5 during EP 
processing and RF testing at JLab. 

Evaluation of JLab In-house Built 9-cell Cavities   
Two 9-cell fine-grain cavities (J1 & J2) built by JLab 

were electro polished and one of them, J2, has been 
tested. Fig. 6 gives its performance after the 1st light EP 
(less optimal because of unwanted water addition into the 
acid) and a 2nd EP. After a 3rd light EP, J2 was found to be 
limited by mode mixing (the only cavity exhibited mode 
mixing at JLab and observed in more than one tests). 

 
Figure 6: J2 has Q-slope after 1st light EP from surface 
roughening due to unwanted water addition. A 2nd and 
normal light EP improves roughness and RF performance. 
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Understanding FE Behaviors and Demonstration 
of FE Free Performance at > 35 MV/m  

FE has been reduced in electro polished 9-cell cavities, 
thanks to the post-EP cleaning procedures. Nevertheless, 
there are remaining issues needs to be addressed toward 
the complete FE suppression at very high gradients. For 
example, we have observed FE turn on caused by low 
temperature bake out as reported in [9]. Surface studies of 
niobium samples electro polished together with real 
cavities reveal niobium oxide granules to be a major 
source of field emitters (see later section).  

Guided by the idea of reducing niobium oxide granules, 
several techniques have been experimentally found to be 
useful in reducing FE: (1) re-processing a FE-loaded 
cavity by additional ultrasonic cleaning and HPR; (2) 
Light EP processing at lower temperatures; (3) Brushing 
HOM cans and hooks following the light EP. By applying 
one or more of these techniques, several examples of FE-
free performance at > 35 MV/m have been demonstrated. 
ICHIRO#5 reached 35 MV/m without detectable X-ray 
during test 5 shown in Fig. 5; A12 reached 40 MV/m 
without FE during final test shown in Fig. 3; AES8 
reached a FE-free performance during the first power rise 
up to 36 MV/m (at which point a sudden FE turn on 
commenced).      

Gradient Limiting Defects in 9-cell Cavities  
With the assistance of T-mapping and optical inspection 

instrumentations, quench limited 9-cell cavities have been 
studied. A detailed report is contributed to this workshop 
[10]. An example is given in Fig. 7, showing T-mapping 
hot spot at the quench location and the long-distance 
microscope image of the defect observed on the RF 
surface in the region near the quench location. 

  

    
 
Figure 7: T-mapping and optical inspection of AES5 
quench limited at 20 MV/m after the first-pass EP. (a) 
Quench location determined as a “hot spot” near the 
equator weld of cell #3. (b) Circular defect (indicated by 
arrow), 700 µm in diameter, 14 mm away from the weld 
seam, observed on the RF surface near hot spot location.  

 
Five cavities (AES1, AES3, A15, AES5, AES6) EP 

processed at JLab are quench-limited below 21 MV/m. 
The quench locations in these cavities are ultimately all 
determined by thermometry measurements (AES1 was 
studied with thermometry at FNAL [11]). Optical 
inspection of the RF surface at the quench location was 
ultimately all conducted (AES1 and AES3 inspected at 
KEK). Here is a summary of facts: 

• Outstanding defects are observed within 10 mm 
distance from the quench location determined by 
thermometry. 

• Defects are of more or less circular shapes with 
an apparent diameter in the range of 0.3-1mm. 

• Defects in AES1 and AES3 are found to be pit or 
bump, with a depth/height of less than 50 µm. 
Defect in A15 is a pit with an estimated depth of 
more than 100 µm. Defects in AES5 and AES6 
are not estimated with regard to their profiles.  

• Defects are near but outside the complete melted 
region of the equator EBW. They are not 
correlated to the overlap of the equator weld. 
They appear to be observed often in a transition 
region where apparent grain growth stops. 

• Only one defect in one cell limits the entire 
cavity in A15, AES5 and AES6. Other cells 
already reached a very high gradient in the range 
of 28-44 MV/m.   

In summary, a consistent pattern seems to be emerging 
with regard to the size, shape and location of the   
responsible defects. However, presently it is still 
premature to draw definitive conclusion. Microscopic and 
analytical studies of the defect are necessary in the future, 
even at the cost of sacrificing a 9-cell cavity. The origin of 
these defects remains unresolved, despite the existence of 
some models. Nevertheless, it seems that one can argue 
that a local repair method for defect removal would be 
useful. In this direction, a local e-beam treatment method 
is being investigated at JLab [12].  

GRADIENT YIELD CURVE 
It is now possible to construct preliminary gradient 

yield curves. An exemplary yield plot is given in Figure 8 
based on actual cavity results obtained at JLab. 

    

 
Figure 8: First-pass and second-pass gradient yield based 
on 14 cavities built by various manufactures processed 
and tested at JLab as of February 2009. 1st pass yield of 
the 4 new AES cavities (more recent) is shown also. 
 

Despite the relatively small data set, several features of 
the yield curve are noted: (1) a drop at 20 MV/m (it is 
understood as described previously that this is caused by 
sub-mm sized defects near the equator weld); (2) an 
appreciable increase by re-processing (re-HPR or re-EP) 
those cavities that fail the first-pass processing.    

(a) (b) 

1st pass yield of 4 
new AES cavities 
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FOCUESED R&D WITH 1-CELL CAVITY 
AND NIOBIUM SAMPLES  

New Insights into EP Specific Field Emitters  
At JLab, niobium disks (with a typical 25 mm diameter) 

EP’ed together with 9-cell cavities are subjected to 
scanning by a high-voltage tip, revealing field emitters. 
The identified field emitters are further analyzed using 
SEM/EDX by transporting the sample from the scanning 
chamber to the integrated SEM chamber. One important 
finding is the identification (in most cases studied) field 
emitters to be NbxOy granules/clusters (Fig. 9). 

    
 
Figure 9: (a) Field emitters revealed by scanning a high-
voltage tip over a niobium surface electro polished 
together with a 9-cell cavity. (b) SEM image of the field 
emitter (indicated by arrow in Fig. 3a); EDX analysis 
indicates no foreign elements except niobium and oxide. 
 

A more recent JLab surface study (scanning Auger and 
SEM/EDX) of niobium samples electro polished at KEK 
in a cavity-like configuration reveals some interplay 
between S and NbxOy [13]. It is discovered that (1) S 
distribution is not uniform across the sample surface and 
in particular some S-enriched regions are centered around 
NbxOy granules; (2) some NbxOy granules contain S 
(again spatially non-uniform). Fig. 10 shows an example 
of S hiding in NbxOy granules. 

 

    
 
Figure 10: (a) A cluster of NbxOy granules with non-
uniform S distribution. (b) EDX analysis shows detectable 
S in the boxed region in Fig. 4a; no detectable S outside 
the boxed region.    

Local e-Beam Treatment for Defect Removal  
    Guided by the fact that some under-performing 9-cell 
cavities are limited by only one defect in one cell, we 
proposed and started to develop a local repair method 
based on electron beam treatment. Sample studies 
demonstrated proof of principle and the first 1-cell cavity 
has been treated recently. RF testing is under way.   

Integrated Cavity Processing  
We envision an integrated cavity processing concept is 

the way for future large-scale cavity processing. This 
necessitates cavity processing in vertical orientation in an 
integrated fashion. As a first step, vertical EP with acid 
circulation has been developed. The first 1-cell cavity 
vertical EP processed at JLab reached a maximum 
gradient of 44 MV/m limited by quench.    
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A NEW ATLAS EFFICIENCY AND INTENSITY UPGRADE PROJECT* 

P.N. Ostroumov#, J.D. Fuerst, M.P. Kelly, B. Mustapha, K.W. Shepard, J. Xu, 
ANL, Argonne, IL, U.S.A.

Abstract 
The ATLAS facility provides beams of essentially all 

stable isotopes at energies above the Coulomb barrier for 
nuclear physics research. We have developed a two-stage 
ATLAS upgrade plan which includes the replacement of 
aging split-ring cavities by high-performance quarter-
wave resonators (QWR) capable of accelerating ~100 
pμA ion beams. The first stage of the upgrade project 
funded through the American Recovery and Reinvestment 
Act includes an accelerator efficiency increase by adding 
a new RFQ injector, development and construction of a 
new cryomodule containing up to 4 SC solenoids and 7 
QWRs. A new 72.75 MHz resonator is designed for an 
optimum ion velocity β=0.075. To achieve a record high 
accelerating voltage of ~ 2.5 MV at this very low velocity 
range, the EM properties of the resonator are highly 
optimized to reduce peak surface fields. The vast 
experience gained during the development, 
commissioning and operation of the ATLAS energy 
upgrade cryomodule [1,2] will be applied to the design of 
the new cryomodule. 

INTRODUCTION 
The efficiency and intensity upgrade of ATLAS is 

motivated by the need to increase intensities for both 
stable and exotic beams to address the most pressing 
scientific issues defined in the most recent NSAC Long 
Range Plan. The factor of two intensity increase for 
exotic beams from Californium Radioactive Ion Beam 
Upgrade (CARIBU) project provides, for example, the 
opportunity to (i) investigate the single-particle structure 
of neutron-rich nuclei in the 132Sn region further from 
stability, and (ii) to probe new collective modes in 
neutron-rich Zr and Pd nuclei. It will also provide access 
to nuclei required to study reactions close to the 
astrophysical r-process path. An increase in the intensity 
of stable beams is an essential component of research 
programs investigating the structural properties of the 
heaviest elements, shell structure in N=Z nuclei near 
100Sn, reaction yields of astrophysical importance (rp-, 
αp-, νp-, CNO-processes). In addition, high-intensity 
stable beams will be used to produce beams of rare 
isotopes by the in-flight technique for both structure and 
nuclear synthesis investigations. They are also required to 
provide the large quantities of specific isotopes needed 
for high-precision measurements of fundamental 
symmetries in atomic and ion traps. 

The replacement of the first two Booster cryomodules, 
as shown in Figure 1, is essential to increase the intensity  
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Figure 1: Layout of the existing ATLAS (top) and the 
proposed efficiency and intensity upgrade (bottom).  

of ATLAS. These modules contain aging split ring 
cavities which are the most responsible for the present 
intensity limitations. The new cryomodule will provide 
beams up to ~ 5 MeV/u. While the biggest gain will be in 
the increased intensity of stable beams (less beam steering 
and losses), the improved transmission will also increase 
the intensity of CARIBU re-accelerated beams. 

The new cryomodule with seven βG=0.075 QWRs and 
four SC solenoids takes advantage of the recent ATLAS 
Energy Upgrade (AEU) cryomodule developments and 
superior technology of fabrication and surface treatment 
of superconducting cavities at Argonne [3]. Currently, 
extensive beam dynamics studies are being performed to 
optimize the accelerating and focusing lattice of the new 
cryomodule incorporated into the ATLAS structure. 
Preliminary studies show that larger beam apertures for 
both solenoids and cavities, together with corrective beam 
steering implemented into the cavity design, provide a 
transverse acceptance four times larger than in the 
existing Booster section.  The previously-used resonator 
Voltage Controlled Reactance (VCX) phase control 
system for this velocity range limits the accelerating 
gradients to ~8.3 MV/m.  Therefore newly developed fast 
piezoelectric tuners will be used to operate SC cavities at 
higher gradients. The new resonators will provide 
accelerating gradients a factor of three higher, on average, 
than in the existing ATLAS. The resonators will be 
equipped with capacitive couplers to handle about 2 kW 
RF power.   

CAVITY AND CRYOMODULE 
SPECIFICATIONS 

 The fundamental frequency of the ATLAS linac is 
12.125 MHz. The proposed RFQ for the intensity upgrade 
project will operate at the 5th harmonic (60.625 MHz). 
The natural choice of the frequency for the upgrade 
cryomodule would be also 60.625 MHz, however, to 
reduce the resonator frequency jitter due to micro-phonics 
we choose a frequency of 72.75 MHz. At 72.75 MHz, the 
cavity is shorter by about 20 cm.  

The choice of the design β was optimized based on the 
beam dynamics and the actual performance of ATLAS 
cavities, especially the PII injector which is operating at 
more than 50 % higher voltage of its original design. It 
was found that a β of ~ 0.075 is most appropriate. 

___________________________________________  

*This work was supported by the U.S. Department of Energy, Office 
of Nuclear Physics, under Contract No. DE-AC02-06CH11357. 
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Figure 2 shows the effective voltage per cavity as a 
function of β for a 1/7 charge-to-mass ratio. The 7 points 
at ~ 2.5 MV corresponds to the proposed intensity 
upgrade cryomodule and the last 7 points to the newly 
installed energy upgrade cryomodule.  The focusing 
period will consist of 2 cavities and 1 solenoid.  

 

0

0.5

1

1.5

2

2.5

3

0.02 0.04 0.06 0.08 0.1 0.12 0.14
β

V
ef

f (
M

V
)

 

Figure 2: Effective voltage as function of β for existing 
ATLAS cavities and the proposed cryomodule for 
ATLAS intensity upgrade project (7 points at ~ 2.5 MV). 

  ELECTROMAGNETIC OPTIMIZATION 
    To reach a record high accelerating voltage of 2.5 MV 
per cavity, the EM design was carefully optimized. The 
main goal of the optimization was to minimize the peak 
magnetic and electric fields while still keeping good 
values for the stored energy, the shunt impedance (R/Q) 
and the geometric factor (RS×Q). The cavity height was 
also another important parameter as mentioned above. 
Starting from a 25 cm diameter cylindrical shape and 
gradually increasing to a 30 cm diameter with the same 
cavity geometrical β, we notice a significant improvement 
in all the parameters of interest (see Figure 3). Beyond 30 
cm we begin to sacrifice real-estate gradient. We clearly 
notice a ~ 15 % reduction in peak magnetic field.  

In a second step of the optimization we varied the top 
cylinder diameter while keeping the same diameter for the 
bottom section of the cavity at 30 cm. The cavity now has 
a cylindrical shape on the bottom and a conic shape on the 
top as shown in Figure 4. We have clearly noticed an 
improvement in almost all the important parameters with 
a larger diameter on the top. More importantly, the cavity 
height is reduced by about 6% (from ~ 122 cm to ~ 116 
cm) for a top cylinder diameter of 40 cm. At 40 cm, the 
effect on the real-estate gradient is not significant because 
we take advantage of the space required for cavity 
interconnections and solenoids. More detailed 
optimizations were performed to reach the final design 
parameters given in table 1. The optimization also 
included the internal drift tube face angle required for 
beam steering correction. An angle of 2.5 deg was found 
appropriate to correct the beam centroid. 
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Figure 3: Cavity parameters normalized for 1 MV/m 
accelerating field as functions of the cavity diameter. 

 

Figure 4: Resonator main dimensions. 

MECHANICAL DESIGN 

Cavities 
Recently we have commissioned a new cryomodule 

containing seven 109 MHz β=0.15 quarter-wave 
superconducting cavities [1,2]. All cavities tested in the 
cryomodule have shown outstanding performance which 
resulted in an average quench-limited gradient of 12 
MV/m. Therefore, our intention is to apply all design 
features of the 109 MHz QWR except for slight 
modifications. Namely, the VCX fast tuner is not part of 
the new cavity design. A fast phase control in the new 
cavities will be provided by over-coupled operation. In 
addition, a piezoelectric tuner will be developed and  
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Table 1: Final design parameters of the new QWR 

Parameter Value Units 

 Frequency 72.75 MHz 

β value 0.077  

Stored energy @ 1 MV/m 0.152 J 

BPEAK              @ 1 MV/m 48.0 Gs 

EPEAK              @ 1 MV/m 3.25  

R/Q 575 Ohm 

RSQ 26.4 Ohm 

Design voltage 2.5 MV 

Design Q0  @2.5 MV 2×109  

Dynamic cryogenics load @2.5 MV 5.4 W 

 
installed to control low frequency micro-phonics noise 
below ~100 Hz if required. 

The new cavity will have longer stem compared to the 
109 MHz QWR and, consequently, more risk of micro-
phonics. Significant engineering studies using ANSYS 
multi-physics software are being performed to:      

a) Minimize the resonator frequency sensitivity to 
fluctuations in  helium pressure; 

b) Move eigen-frequencies of mechanical oscillations 
above ~100 Hz by appropriate stiffening of the 
cavity body and stems; 

c) Provide acceptable level of stresses; 
d) Evaluate slow tuner range and stresses; 
e) Find the best location for the fast tuner and 

perform modal analysis of the cavity including 
piezoelectric tuner system. 

Based on our recent experience and as a result of new 
developments, substantially higher accelerating fields and 
cavity voltages are expected compared to other TEM 
cavities being used or developed worldwide in this 
velocity range.  

Cryomodule 
The cryomodule design is very similar to the recently 

commissioned AEU cryomodule [1,2]. Features include 
separation of the cavity and the cryogenic vacuum 
systems, and top-loading of the cavity-string subassembly 
which enables assembly and hermetic sealing of the 
cavity string in the clean room. Based on our experience 
with AEU cryomodule, slight design modifications are 
being implemented mostly related to the cryostat bottom, 
coupler penetration and vacuum manifold. Figure 5 shows 
a section view of the cryomodule containing 6 cavities 
and 3 solenoids. Recently we have received additional 
funds to include one more cavity and a solenoid. Figure 6 
shows a conceptual 3D view of the cavity string. The 
seven-cavity cryomodule will provide 17.5 MV total 
voltage which is comparable to the total voltage provided 
by all four existing Booster cryomodules. 

 

 

Figure 5: Section view of the cryomodule. 

 

 

Figure 6: Conceptual 3D model of the cavity-solenoid 
string. 

RF Coupler 
A capacitive coupler is a good option for QWRs due to 

suitability for bottom mounting and low RF losses. An 
adjustable coupler offers several advantages compared to 
a fixed one. Our experience shows that using an 
adjustable coupler for RF pulsed conditioning can result 
in higher accelerating gradients. In addition, the 
adjustable coupler will minimize the required RF power 
in future upgrades of ATLAS. The design of a 2 kW 
adjustable capacitive coupler matching to 1-5/6″ coaxial 
cable is in progress. A 3D engineering model of the 
coupler is shown in Fig. 7. The cavity vacuum space is 
isolated by an 8-mm-thick ceramic disk window which 
will be actively cooled by liquid nitrogen. An additional 
warm window to isolate the cryostat vacuum is foreseen. 
A copper plated SS bellow to enable 30 dB coupling 
range will be used between the conflat flange shown in 
Figure 7 and the cavity flange. 

The recently commissioned 109 MHz cavities have 
RMS micro-phonics of 1-2 Hz [4]. Based on this data we 
expect that the micro-phonics noise for the 72.75 MHz 
cavities should be within a ~ 25 Hz window. Therefore, 
over-coupling a 2 kW RF power to the cavity operating at 
design accelerating gradient of 12.5 MV/m is sufficient to 
control microphonic noise with peak-to-peak amplitude of 
24 Hz as shown in Figure 8.  The optimal QEXT is 2·106 
and can be achieved at the coupler location shown in 
Figure 9.  
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Figure 7: 3D engineering model of the coupler. 
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Figure 8: RF power as a function of the external Q to 
accelerate 100 μA beam at synchronous phase 25°. The 
blue and red curves correspond to 12.5 MV/m and 18.8 
MV/m accelerating field respectively.  

Fast Tuner 
A fast piezoelectric tuner will be installed on the cavity 

(Fig. 9) to supplement micro-phonics control. As is seen 
from Figure 8, a 2 kW RF power may be sufficient to 
operate at the design voltage of 2.5 MV. However, for 
given RF power, operation at higher voltages reduces the 
controllable frequency window (Fig. 8). Therefore, a fast 
tuner will be necessary to compensate the frequency jitter 
at higher level of cavity voltage. The combination of 
over-coupling and fast tuner should allow us to operate 
the new cavities as high as 20 MV/m which corresponds 
to 4 MV voltage gain per cavity. 

Slow uner 
This system will be the same pneumatic tuner as was 

used in the previous 109 MHz QWRs. These tuners are 
capable of operating with very high slew rate ~1.2 
kHz/sec [5] and have shown excellent reliability during 
ATLAS operations. 

PROJECT STATUS 
The cavity electromagnetic design is complete. 

Currently several components of the cavity sub-systems 
such as the coupler and its components and the 
piezoelectric tuner are being developed and fabricated. 
We are working with several vendors on the technology 
of copper plating of SS bellows. Previously we had 
negative experience with copper plated bellows in the 
coupler assembly. In particular, the copper film had 
flaked off after HPR.   

SC coils for the solenoid will be purchased from a 
vendor and a cryostat satisfying the pressure vessel code 
will be built. This solenoid will be tested together with the 
new 72.75 MHz SC cavity. All cold tests will be 
performed in the new TC3 test cryostat [6] located near 
the ATLAS front end. 

Currently we are procuring RRR250 Nb for seven 
cavities. Our plan is to build the first fully-dressed cavity 
and cold test in TC3 by the end of next year.  

CONCLUSION 
A new 72.75 MHz quarter wave resonator is being 

developed for an optimum ion velocity of β=0.077. 
Thanks to highly optimized design including all cavity 
sub-systems, each cavity should provide a nominal 
voltage of 2.5 MV. The first fully-dressed cavity will be 
tested by the end of next year while the construction of 
the 7-cavity cryomodule and following installation, 
commissioning is planed in three years. 

    

 
Figure 9: Correct position of the coupler minimizing 
required RF power. 
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A. Meseck, A. Neumann, T. Quast
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Abstract

The HZB (previously BESSY) was the first institution
in Germany to build and operate a dedicated synchrotron
light source (BESSY I). About 10 years ago BESSY-II,
a third generation synchrotron light source, was commis-
sioned. Presently, HZB is developing a design for a future
multi-user light source as a successor to BESSY II and to
enable ”next-generation” experiments. Such a facility will
be based on the energy-recovery-linac (ERL) principle. Al-
though ERL facilities exist for the IR and THz range [1],[2]
their moderate parameters (current, emittance, energy) are
insufficient for x-ray sources. HZB is therefore propos-
ing to build a prototype ERL facility (BERLinPro) that will
demonstrate high current and low emittance operation at
100 MeV. BERLinPro is intented to bring ERL technol-
ogy to maturity so that it can be employed for x-ray light
sources. This paper presents an overview of the project and
the key components of the facility.

GOALS OF BERLinPro:
ADDRESSING THE CHALLENGES OF

ERLS

ERL specific issues revolve primarily around the fact
that an ultra-low-emittance beam must be generated at
storage-ring-level currents that then is accelerated to full
energy without emittance dilution. It must also be demon-
strated that efficient energy recovery is possible, even when
the beam’s energy spread is increased. Nearly all com-
ponents along the linac are impacted by these unique op-
erating conditions. While not all aspects can be cov-
ered exhaustively, the following are key areas which the
BERLinPro program will concentrate on.

Beam Dynamics

One of the ERL’s advantages is the fact that emittance
and bunch length do not arise from an equilibrium condi-
tion like in storage rings but are defined by the source and
by bunch manipulation techniques. Therefore the challenge
is to generate, accelerate and transport an electron beam of
ultra high density from the source through the accelerator
to the x-ray generating insertion devices.
Emittance Compensation and Preservation: an emit-
tance compensation scheme for the entire injection path,
from the gun through the booster to the entrance of the
linac, has to be developed. The scheme must optimize the

gun field and phase, the strength and position of the gun
solenoid as well as the postion and gradient of the booster
module, and consider the merger section into the main
linac. Especially the merger with several dipole bends is
challenging, because the emittance compensation is not yet
complete. The dipoles manipulate the phase space of the
low energy beam, leading to effects that can be detrimental
to the emittance. Many of these issues must be revisited
in studying the return arc of the ERL. Although the energy
is higher, reducing the space-charge effects, coherent syn-
chrotron radiation gains in importance due to the stronger
dipoles. The return arc must also include the possibility
of bunch compression and compensation of non-linearities
that the bunch incurs in the main linac due to the curvature
of the RF voltage. A number of theoretical concepts have
already been studied in existing facilities such as the JLAB
ERL-FEL [1]. However, here the emittance is at least a fac-
tor 10 higher and the current a factor 10 lower than needed
for X-ray ERLs, so that effects at the sub-micron emittance
level are not visible.
Bunch Length: one of the great strengths of an ERL is
the high degree of flexibility with respect to the choice
of bunch length. But bunch length reduction can only
be sought at the expense of increasing transverse dimen-
sions (increased emittance) or energy spread. The min-
imum achievable bunch length is limited by longitudinal
space charge, the increase in the energy spread and non-
linearities in the RF voltage. Bunch compression will
primarily be performed in the recirculation loop to avoid
Emittance growth in the low-energy beam transport and to
minimize HOM excitation in the main linac. Conventional
dipole chicanes and compression in the return arcs are ap-
proaches that have to be studied. Modest velocity bunching
in the booster and compression in the merger may also be
studied. These techniques can generate short bunches in the
linac for high-frequency HOM experiments. A number of
these techniques have the potential of adversely affecting
other critical ERL parameters, for example, the phase of
the recovered beam and the energy spread. Hence careful
attention must be paid to developing a complete solution
that provides a good compromise.
Energy Spread and Beam Loss: bunch compression and
radiation production in high-energy ERLs are the main
sources of energy spread. A large longitudinal and trans-
verse acceptance is essential to keep beam losses below
10−5. This ensures efficient energy recovery, a good va-
cuum, low cryogenic load and in general prevents dam-
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age to the machine. Such challenging beam-loss control
must be studied, both theoretically as well as experimen-
tally with the appropriate diagnostic tools to measure these
small losses. When the recirculated bunch is decelerated,
the relative energy spread increases by the ratio of the ini-
tial to the final energy. Energy spreads up to a significant
fraction of the final beam energy can be reached in the
dump line. Therefore the design of the extraction and beam
dump needs to be carefully considered.
Energy Recovery: different concepts of recirculation
loops have been considered for ERLs in operation and
those being proposed [3]. Issues of interest besides the
emittance growth, the energy acceptance and the bunch
compression are the path length variability, critical to
match the bunch arrival time during deceleration to the RF
phase. A magnetic chicane introduced between the two re-
turn arcs is the straight forward approach but it must be
compatible with the bunch compression. Careful consid-
eration must be also given to designing and testing optics
that can handle a beam with widely varying characteristics
to provide the flexibility of ERLs.
Beam Break-Up: an ERL is a multi-pass multi-bunch ac-
celerator, as each bunch passes through the linac-cavities at
least twice. An off-axis passage of a bunch through the cav-
ity leads to the excitation of dipole HOMs whose field may
deflect a subsequent bunch. Following recirculation, the
bunch re-enters the linac displaced, thereby feeding even
more energy into the mode. This positive feedback can
potentially drive instabilities, if the current is so high that
more energy is transferred into the HOMs than is extracted
by the HOM couplers. Similar effects exist for monopole
and higher multipole modes. The actual beam-break-up
(BBU) threshold is determined by the HOM spectra of the
cavities and the optics of the ERL. If it is insufficiently
high, active feedback or modified optics may be required
to increase the limit. Other techniques, such as random-
ized HOM spectra for the different cavities may also help.
BBU must be carefully studied so that it can properly be
predicted for large-scale facilities.
Ion Generation: the production of ions in the beam pipe
through collisions with the rest gas is governed by a num-
ber of factors. Beam instabilities, particle loss and optical
errors can occur where these ions create a highly nonlinear
potential in the vicinity of the beam. This is especially im-
portant in future ERLs with the highest currents, and meth-
ods to mitigate the problem must be developed. These in-
clude gaps between bunch trains as well as utilizing clear-
ing electrodes. By varying the bunch-gaps and electrode
voltage and measuring the betatron phase variation in the
linac, ion trapping can be evaluated and

CW SRF Cavity System

The high average current in an ERL requires a CW ma-
chine operation. Together with the need for a high gradi-
ent in the rf cavities superconducting accelerating techol-
ogy is a key aspect for ERLs. The basic superconduct-

ing linac technology has been developed and demonstrated
with great success in facilities such as FLASH, which uses
pulsed TESLA technology [4]. For several years, extensive
studies at HZB-ME/BESSY with HoBiCaT have already
served to adapt this to CW operation [5, 6]. Other insti-
tutes, such as Cornell University, FZ Dresden-Rossendorf
and Daresbury Laboratory have also been modifying vari-
ous aspects of TESLA technology for CW linacs. It will
therefore also provide the baseline for BERLinPro. For
ERLs, though, further significant changes are required.
Electron Source: the ultimate performance of the ERL de-
pends on the ability of the electron source to deliver a high
brightness, high-average-current electron beam to the main
accelerator complex. The highest bunch repetition rate
should match the fundamental accelerator frequency of 1.3
GHz (see below), to minimize the bunch charge and hence
the achievable emittance. A variable ERL source must pro-
vide an average current of order 100 mA, with approxi-
mately 50-100 pC bunch charge at about GHz repetition
rates and a normalized Emittance better than 1 mm mrad.
For maximum flexibility, the source must also be able to
generate pulses of higher charge at lower repetition rates
to meet specific experimental needs. SRF photoinjectors
have the greatest potential and flexibility, as they are able
to operate at 100% duty factor and can generate signifi-
cantly higher fields than (CW-operated) normal conducting
RF (NCRF) and DC systems. Most importantly, they offer
the most potential for continued future improvements, so
vital to the upgrade of ERL facilities. One of the primary
goals of the BERLinPro facility will therefore be to demon-
strate that a high brightness, high-average-power electron
beam can be generated and maintained by a photo-driven
SRF gun. The main challenges for this system are:

- The cathode/cavity interface.

- Achievement of the highest accelerating field by
employing appropriate treatment techniques.

- Cathode lifetime and techniques for rapid cathode
exchange.

- The emittance compensation scheme.

Injection System: the injection linac is a short acceler-
ation section that boosts the beam energy from the gun to
approximately 5 - 10 MeV. This beam energy is not recov-
ered during the later deceleration phase because the relative
energy spread produced in the undulators and bends will
amplify during deceleration, thus preventing energy recov-
ery down to near-zero energy. Consequently, the booster
module must provide the full beam power (500 - 1000 kW
@ 100 mA), placing stringent boundary conditions on the
SRF hardware and the beam dynamics. The voltage pro-
vided by each cavity is limited by the average RF power
that can be coupled to the beam, rather than the achievable
peak field. This must be contrasted with the current SRF-
cavity development for projects such as XFEL and ILC,
where the maximum attainable gradient is being pushed.
Not only must suitable high-average-power RF sources be
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developed, but more critically, the RF input coupler sys-
tem has to handle the large thermal loading associated with
> 100 kW of RF power operation, approximately five
times more than established systems can handle. The large
beam loading also requires that the input coupler strongly
couples to the cavity to transfer the RF power to the beam.
This leads to beam disruption. Coupling schemes to mini-
mize this are thus an important aspect of the booster mod-
ule (and gun-cavity) design.
SRF Main Linac: the SRF main linac encompasses the
part where the beam energy later is recovered. Here the
effective beam loading is negligible, provided energy re-
covery is efficient, and these units are not affected by the
coupling issues of the booster cavities. Still, a number of
other aspects will need to be addressed.
Higher-Order Modes: common to the booster, the cavi-
ties must handle a large current (> 100 mA). This is com-
pounded if multi-turn acceleration is implemented. For ps
long bunches, as much as 100 W/m of higher order mode
(HOM) power can be generated, with a frequency spec-
trum out into the 100-GHz range. Optimizing the cavity
shape and number of cells is an important method to re-
duce the HOM power in the first place. But the remaining
HOM power must be extracted with specialized HOM ab-
sorbers in the cryostat that guarantee efficient power extrac-
tion with minimum beam disruption. The beam disruption
can only be studied when a high-current beam is acceler-
ated which is used to excite the higher order modes. Un-
der certain circumstances, modes can also be trapped in the
multicell cavity structure, and are invisible to the absorbers
and pickup probes. They will, however, communicate their
presence to the beam which therefore serves not only to ex-
cite the modes but also is an important diagnostic tool.
Field Stability: for future experimental users of ERL facil-
ities, the pulse-to-pulse timing stability and synchroniza-
tion to a master clock will be an important requirement, es-
pecially for dynamic experiments at the sub-ps level. This
ultimately translates into stringent stability requirements
for the electron-beam and hence the source and the accel-
erating cavities. Phase deviations in the cavities can also
affect the bunch profile whenever this is manipulated in the
linac (e.g., bunch compression). Similarly, the efficiency of
energy recovery will be determined by the phase stability
of the beam. In particular, microphonics are expected to be
a dominant noise source and their strength must be mea-
sured during module operation. Important results to stabi-
lize CW cavities against microphonics have already been
gained in the HoBiCaT developments at HZB [7]. They
need to be implemented under realistic accelerator condi-
tions to demonstrate their flexibility, robustness and long-
term reliability.
Cryogenic Load: the main linac of an X-ray ERL repre-
sents by far the dominant cryogenic load and hence is a
significant cost driver both in terms of capital investment
and operating costs. For the feasibility of future ERL fa-
cilities, it must therefore be demonstrated that lowest-loss
(high Q-factor) cavities can be produced and operated over

the long term in an ERL system. Many factors contribute to
the losses, from insufficient magnetic shielding, to prepa-
ration techniques and cavity material, to the actual cavity
shape and operating temperature. All these must be opti-
mized and their benefit demonstrated in a fully operational
module. This focus is in contrast to the present cavity de-
velopment for XFEL and ILC, where the emphasis is on
maximizing the (pulsed) field rather than improving the
quality factor. Templates are provided for recommended
software and authors are advised to use them. Please con-
sult the individual conference help pages if questions arise.

DESCRIPTION OF THE
BERLinPro FACILITY

As shown in Figure 1, BERLinPro will be located in an
extension of an existing assembly hall (Schwerlasthalle).
The building also houses the HoBiCaT facility which al-
ready is used extensively for off-line cavity and subsys-

Figure 1: Layout of BERLinPro in the extension to the
existing Schwerlasthalle. The cryogenic facility and
HoBiCaT, with room for a gun test stand, will be in close
proximity to the prototype facility.

tem testing in collaboration with DESY, FZD, CEA-Saclay
and INFN Milano. Furthermore, an extension of HoBi-
CaT will provide room for a gun test stand to enable rapid
gun development. Thus all BERLinPro development facil-
ities will be in close proximity to another. An important
first stage of the BERLinPro program will be the in-depth
development of anoptimized layout. However, even now
one can specify the general layout of the facility, as indi-
cated in Figure 2, its main parameters being listed in Ta-
ble 1. This represents the minimal arrangementrequired

Table 1: Main Parameters of BERLinPro
maximum beam energy 100 MeV
maximum beam current 100 mA
nominal bunch charge 77 pC
maximum repetition rate 1.3 GHz
normalized emittance < 1 mm mrad
cryogenic load at 1.8 K 240 W
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Figure 2: Schematic of the main components of
BERLinPro.

for the experimental investigations discussed above. An
SRF photoinjector will serve as the beam source. A com-
bination of RF focusing and solenoidal field provides the
first stage of the emittance compensation scheme, which
continues through a booster module. The beam must then
be inserted into the main linac at a small angle, which is
accomplished with a merger section consisting of several
bending magnets. The main-linac acceleration to 100 MeV
is provided by a 1.3-GHz superconducting module to be de-
veloped. Recirculation is done in a race-track configuration
through optics with a high degree of flexibility to configure
BERLinPro for the various studies. Also, undulators such
as the HZB APPLE III devices or the FZ Karlsruhe super-
conducting short-period system can be tested with a low
emittance beam in the straight section. Finally the beam is
extracted after deceleration into a highpower beam dump.
Importantly, the BERLinPro site is chosen in such a man-
ner, that a second recirculation arc can be implemented in a
future upgrade of the facility. This would increase the beam
energy to nearly 200 MeV and permit important studies of
multi-turn energy recovery, an aspect that has not yet been
studied with superconducting ERLs and which may be of
great importance for future facilities.

Electron Source

A CW operated SRF photoinjector will be the electron
source for BERLinPro. It will be developed in a staged
approach [8]. The design parameter for the final gun will
be a frequency of 1.3 GHz, an energy gain of up to 1.5 MV
and peak field of 50 MV/m. The maximal average current
will be in the regime of 100 mA.

Booster RF System

A booster appropriate for use in BERLinPro is shown in
Figure 3 and is currently being commissioned by Cornell
University [9, 10]. The module contains five 2-cell, 1.3-
GHz niobium cavities each equipped with two high-power
RF couplers to both symmetrize the fields and increase
the available RF power to 150 kW [11]. The RF system
is capable of accelerating 100 mA to 5 MeV, or 33 mA
to 15 MeV. Newly developed HOM beam-tube loads be-
tween the cavities are designed to absorb the large amount
of high-frequency HOM power at 80 K, to minimize the
heat load to the liquid helium. Importantly, each cavity
will be powered independently. Not only does this permit

the maximization of the performance, but it also enables
independent phasing of the booster cavities. This scheme
provides for a large degree of flexibility for beam manipu-
lation, including velocity bunching, to perform the numer-
ous studies outlined earlier and to optimize the emittance
compensation process. Both the booster and photoinjector
RF systems have the same requirements, these being lim-
ited by the capability of the 75-kW input couplers. Each
cavity will be fed by its own 150-kW transmitter through
two input couplers. 120-kW IOT or 150-kW klystron tubes,
both developed by CPI, are currently being considered. The
transmitter will be based on technology already developed
and in operation at HoBiCaT and the MLS facility built
by HZB. Prototyping of the low-level RF-control system is
well under way at the HoBiCaT facility. RF control will be
provided by adigital, FPGA-based system as described in
Chapter 6 of the BESSY-FEL TDR [12].

Figure 3: ERL booster module developed by Cornell Uni-
versity, a design suitable for BERLinPro.

Main Linac Acceleration Module

Significant effort has been invested in developing
TESLA technology since the early 1990’s in anticipation of
the construction of the next high-energy accelerator (now
referred to as the ILC). Its maturity and reliability for
light sources has been amply demonstrated by the TESLA
Test Facility at DESY, now called FLASH. CW and high-
current operation, as needed for ERLs, was not in the orig-
inal portfolio of TESLA, but owing to its success, it is
now being considered for numerous smaller CW machines,
shifting the focus to highest Q, high-current operation. As
outlined earlier, this will impact the design of both the
cavities and module. First steps in this direction have al-
ready been performed by HZB in developing the BESSY-
FEL modules [12, 13], although these were designed for
low-current operation. Plans now call for a collaborative
development of a high-current, low-beam-loading module
between Cornell University and HZB, starting from the
TESLA module design. Modifications to the cavity design
and number of cells will serve to reduce the HOM excita-
tion, minimize the risk of modes being trapped, to improve
the HOM extraction and to reduce the cryogenic load. Spe-
cial beam-tube HOM absorbers located between cavities
and cooled to 80 K will reduce the load on the helium sys-
tem. Apart from optimizing the cavity shape to reduce the
cryogenic losses, other techniques may also flow into the
module design. These include reduced trapped magnetic
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flux by employing better magnetic shields, such as double
or triple shields, and special treatment techniques such as
electropolishing and low-temperature bakeouts. Further-
more, cavity operation will be at 1.8 K or lower to reduce
the BCS losses. For many of these, HoBiCaT represents
an ideal facility for off-line tests on the complete cavity
units, before the ideas are integrated into the module de-
sign. The cavities will operate at less than 20 MV/m for
100 MeV beam energy. As measurements in HoBiCaT
have shown, Q-factors of order 2 · 1010 are possible. Even
for Q = 1.3 ·1010 and including static losses, the total cryo-
genic load of the module is expected to be less than 150 W.
The RF system will be identical to the one planned for the
BESSY FEL (see [12], Chapter 6). For flexibility and relia-
bility it will consist of one 15 kW transmitter for each cav-
ity with RF power supplied via coaxial transmission lines.
A number of IOT tubes, favored because of their efficiency,
are currently being tested in HoBiCaT. 10 kW RF power is
sufficient for 20-MV/m operation, given peak microphonic
detuning around 25 Hz and negligible beam loading.

Cryogenic System

The cavities of BERLinPro are cooled with superfluid He
at 1.8 K. As shown in Figure 4, the cryogenic system con-
sists of two essentially independent parts: a liquefier to cool
helium at room temperature to 4.2 K and a sub-cooling sys-
tem to cool helium from 4.2 K to 1.8 K. The cold helium is
provided by two medium-size cryogenic plants which are
part of the BESSY II installation, providing liquefaction
rates of 6 g/s and 23 g/s at 4.2 K. The 1.8-K sub-cooling
unit, based on a combination of warm and cold compres-
sors, must still be added for BERLinPro. HZB has ex-
tensive experience operating a Linde TCF50 cryoplant for
BESSY II (4.2K) and HoBiCaT (1.8 K). The upgrade of the
system with a Linde L700 plant to increase the capacity for
current activities is in operation. Both plants are connected
at the 4.2 K temperature level by a cryogenic line, so that
the full liquefaction power can be merged in a big 10.000 l
dewar and is available for BERLinPro. The capacity repre-
sents about 150% of that required for BERLinPro.

Figure 4: The cryogenic plant for BERLinPro.

OUTLOCK

A first prototype of a SRF gun [8] is planned to be in-
stalled and tested at the HoBiCaT facility in 2010. The
realization of the BERLinPro facility is expected to be in
2011 until 2015.
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OPERATIONAL EXPERIENCE OF DIAMOND’S SUPERCONDUCTING 
CAVITIES 

M.R.F Jensen, P. Gu, M.J. Maddock, P.J. Marten, S.A. Pande, A. Rankin, S. Rains, D. Spink, 
A. Watkins; Diamond Light Source Ltd, Harwell Science and Innovation Campus, UK

Abstract 
The Diamond Light Source has been operating with 

users since January 2007. From the start, the cavities 
suffered with a high number of trips, but recently 
significant improvements in reliability have been 
achieved. We report here operational data, initially with a 
single cavity, and later with two installed cavities. We 
describe our observations during cavity conditioning and 
present a variety of diagnostics which were installed to 
identify the origin of the trips.  

INTRODUCTION 
The Diamond Light Source is a 3 GeV synchrotron 

which started operation with users in 2007 [1,2]. Since the 
start of operation additional insertion devices have been 
installed and the beam current has been steadily 
increasing, whilst the Storage Ring RF systems have been 
adjusted to deliver more power and to make up for 
increasing energy loss per turn. The Diamond storage ring 
RF system [3,4] consists of two high power, 300 kW IOT 
based amplifiers each connected to a 500 MHz Cornell-
type superconducting single cell cavity. A third system is 
available for testing and as a future upgrade.  

OPERATIONAL OBSERVATIONS 
Since the original start date of January 2007, the 

number of user hours has been increased from 3160 in 
2007 to 4656 hrs in 2009 with further increases planned. 
Additionally, the RF systems must be available for 
machine development and start-up days; a total of 5700 
hrs in 2009. The early operation was with a single 
superconducting cavity and a beam current of 125 mA, 
but since the middle of 2008, the second cavity was 
brought into routine operation. Early operation suffered 
from a variety of RF faults but the number of beam losses 
was strongly dominated by trips associated with the 
superconducting cavities. In 2007, operating only Cavity 
1, the mean time between RF failures (MTBF) where a 
failure includes any trip resulting in a loss of beam, was 
just 20 hrs. During the first half of 2008 the MTBF 
dropped slightly to ~17 hrs, but meanwhile 2008 saw a 
steady increase in beam current and power demand. From 
the middle of 2008 Cavity 2 was brought into operation, 
and for the rest of 2008 the MTBF on System 1 
immediately increased to 100 hrs, as the power demand 
was shared between Systems 1 and 2. System 1 includes 
the full RF chain associated with cavity 1. From then on, 
the total MTBF of the two systems together increased to 
28 hrs, with the MTBF being dominated by trips 
associated with Cavity 2. During this period, the beam 
current was progressively increased to 250 mA and from 

the end of October 2008 Diamond started to operate in 
‘Top up’ mode. We currently operate with a maximum 
loss per turn of 1.35 MeV subject to ID gaps and the field 
in the wigglers. The first run in 2009 was poor with the 
RF system reliability severely compromised by the high 
number of Cavity 2 trips, but from then on the situation 
started to improve. A shift in power balance between the 
two cavities, combined with extensive high power pulse 
conditioning with long pulses, started to improve the 
reliability of Cavity 2. Although the MTBF of the 
complete RF system is still dominated by Cavity 2 trips, 
the MTBF has improved significantly and since the start 
of May 2009 (Run 04) the MTBF of the complete RF 
systems of the last runs has increased to >80 hours 
including both complete RF systems and the cryogenic 
plant. This corresponds to an average MTBF of each 
system consistently approaching 200 hours.  

ADDITIONAL CAVITY DIAGNOSTICS 
Due to the high number of Cavity trips a variety of 

diagnostics have been installed in addition to the original 
GUI interlock screens. These include a Libera beam 
position processor configured to record rf amplitude and 
phase signals, a fast vacuum recorder and a National 
Instrument PXI data acquisition system.  

The Libera beam position processor, which is also used 
for our beam position diagnostics [5], records fast 
measurements of the forward power, reflected power and 
cavity probe signals. This is triggered from the Machine 
Protection System (MPS) and combined with the beam 
position diagnostics gives a good view of the sequence of 
events associated with a beam trip. Figure 1 shows a plot 
of an RF trip. From this we can see that Cavity 2 tripped 
first. Of interest is that, in this example, the cavity field 
collapsed in very few turns immediately preceded by a 
rapid ramp in power as the LLRF compensates for the 
drop in field in the cavity. As each turn takes 1.87 μs, the 
resolution is adequate to see the sequence of events 
however is insufficient to observe very fast changes. The 
red vertical line at t=0, indicates the time of the MPS 
trigger. In this example, the RF tripped first and the MPS 
triggered about 250 turns later as the beam decays 
inwards and triggers the orbit interlock. Additionally, 
looking closer we observe that the forward power and 
reflected power increase rapidly as the field in Cavity 2 
collapses. After the loss of field in Cavity 2, the 
circulating beam extracts more power from Cavity 1 
causing the field in Cavity 1 to fall followed by a rapid 
increase in forward power on System 1 until System 1 
also shuts down on an interlock. Immediately after both 
systems shutdown, the fields in both cavities drop until  
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Figure 1: Plot from the RF post-mortem. This shows the 
magnitude and phase of the forward and reflected power 
and cavity field relative to the MPS trigger at t=0.  

the circulating beam induces a lower field in both cavities 
until the beam is finally lost. 

In addition to the Libera Beam position electronics 
units, we have implemented a fast vacuum recorder which 
records the output from the gauge controllers (Figure 2). 
Although the signal is delayed by the electronics, the 
vacuum data is synchronised and the delays for each 
channel are expected to be very similar. From the vacuum 
data and consideration of gas transport delays, the 
approximate location of the point of gas production can 
be estimated. Additionally, we see that generally gas 
cannot get through a cold bend. This is clear as there is no 
increase measured by the window on Cavity 1 for a trip 
on Cavity 2, as this would require the gas to make it 
through the cold waveguide bend despite having no direct 
line of sight.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Vacuum signals following an RF trip.  

Figure 2 shows the synchronised vacuum signals 
following a trip on cavity 2. The earliest vacuum signal is 
on Gauge 6 which is closest to the coupler on cavity 2. 
The remaining signals follow subject to delays 
corresponding to the delay in time of flight of the 
propagating gas. Gauge 03 is the window on Cavity 1. 
Note the signal is very small and the ripple is electronic 
noise. The vertical scale for each plot is logarithmic and is 

scaled for each gauge. The horizontal time axis is the 
same for each plot. 

Since gas originating from the beam pipe cannot get to 
the window and gas from the window region cannot get to 
the beam pipe, different types of trips can be 
distinguished. For example, during early beam 
conditioning of the RF window the system could trip due 
to multipactor (MP) on the RF window. This would occur 
as the beam current was ramped to a new high level but 
gas is only produced for a limited voltage range. Outside 
that range, either above or below, no activity was 
observed.  For such instances, there was no signal on the 
gauges on the beam pipe (Figure 3). Such trips have now 
been eliminated following extensive conditioning with 
beam. Typically, however, for our most frequent trips on 
the cavities, gas is observed both on the beam pipe and on 
the gauges near the window of the cavity in question. This 
indicates that the site of the gas production either moves 
during the breakdown event or an initial event can trigger 
a secondary event. 
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Figure 3: Plot of vacuum data during a beam conditioning 
trip. Here the only signal is on the window of Cavity 1 as 
the gas cannot propagate through the cold waveguide 
bend. 

Initially, further analysis was made using oscilloscopes, 
but it soon became clear that using standard 4-channel 
oscilloscopes the number of channels became a limiting 
factor and so a fast data acquisition was installed. This 
system is based on the National Instruments PXI platform 
and is equipped with three 8-channel, 60 MHz 
oscilloscope cards with a common trigger, which enables 
us to record data for many more signals simultaneously 
and synchronised. In addition to the 60 MHz cards, the 
data acquisition unit can trigger and download the data 
from an external oscilloscope for direct comparison with 
the 60 MHz channels. This enables the full 500 MHz 
waveform to be resolved. Furthermore, slow signals such 
as temperature signals are recorded via a FPGA controlled 
acquisition card. This system as a whole enables a vast 
variety of signals to be recorded and synchronised for 
further analysis. Plots from selected channels of the data 
acquisition are shown in Figure 4. 
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Figure 4: Plot of signals measured immediately before 
and after a cavity trip. The top 4 plots show 25 μs worth 
of data and the bottom plot shows a close up of the region 
circled on the waveguide e- pickup. 

During Run 1 in 2009, Cavity 2 was tripping regularly, 
approximately 10 hrs after each injection. The number of 
trips suggested that the time between trips was not 
random. Previously this had not been so clear, in part due 
to operation in decay mode and partly due to the 
relatively high number of other machine trips. The 
waveguide for each cavity is fitted with solenoid coils 
which can be energised to ‘bias’ the waveguide and 
reduce the risk of MP. Unfortunately, no settings have yet 
been found which show any reduction in the frequency of 
the trips. As a further attempt to find a more reliable 
operating point, the power balance between the two 
cavities was changed to bring Cavity 1 below ~120 kW 
and Cavity 2 above 170 kW. Following the shift in power, 
the frequency of the trips dropped immediately and we 
now generally operate the cavities with the view to avoid 
a forward power between 130 – 165 kW. 

PULSE CONDITIONING 
Since installation, we have continued to condition the 
cavities during shutdowns with pulses up to 100 kW and 
of length 1-10 ms. Although the cavities appeared to be 
conditioned i.e. the cavities were no longer producing gas, 
operation with beam continued to be problematic. The 
peak power during the pulse conditioning was 
subsequently increased carefully by slowly increasing the 
peak power followed by a slow increase in pulse duration. 
At the same time the cavity was tuned in and out of 
resonance to ‘sweep’ the standing wave in the waveguide. 
At that point we found significant gas being released and 

particularly for a certain range of detune angles which 
correspond to a particular standing wave pattern in the 
waveguide. Pulse conditioning is now carried out with 
pulses up to 250 kW and up to 75 ms long. Figure 5 
shows a typical pulse conditioning plot which releases gas 
as the cavity is being detuned. With this process, it is 
possible to condition the surfaces such that no significant 
out-gassing is observed during the pulses at that particular 
operating point, however, we often see repeat periods of 
higher pressure despite no obvious changes to the system. 
Additionally to date we always see significant gas 
following operation with beam, although the time for it to 
condition out during pulse conditioning during shutdowns 
is getting shorter. 

 

 
 Figure 5: Plot of gauge pressure in the 

waveguide/window as the phase of the cavity is changed. 

Diamond continues to carry out regular pulse 
conditioning of the cavities to continue to improve the 
reliability of the cavities and the RF system as a whole. It 
is clear that we are dealing with a dynamic situation. In 
addition, we are investigating possibilities of identifying 
the onset of MP with the view of breaking the MP 
condition before the cavity breaks down. It is hoped that 
this will help to reduce further the number of cavity trips 
during operation. 

CONCLUSION 
Diamond is operating routinely for users with two 

superconducting cavities in operation. Despite a high 
number of trips during initial operation, the MTBF of the 
cavities and the RF systems has improved markedly. A 
variety of diagnostics have been installed and a number of 
different modes of trips have been identified. 
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CRYOMODULE TESTS OF THE STF PHASE-1 AT KEK 

E. Kako*, H. Hayano, S. Noguchi, M. Sato, T. Shishido, K. Watanabe and Y. Yamamoto 
KEK, 1-1, Oho, Tsukuba, Ibaraki, 305-0801, Japan 

Abstract 
A 6-m cryomodule including four Tesla-like cavities 

was assembled, and was tested as the STF phase-1.0 at 
KEK. The performance as a total superconducting cavity 
system was checked in the cryomodule test at 2 K with 
high rf power. One of four cavities achieved a stable 
pulsed operation at 32 MV/m higher than an operating 
accelerating gradient in ILC. The maximum accelerating 
gradient, Eacc,max, obtained in the vertical cw tests was 
maintained or slightly improved in the cryomodule tests 
operating in a pulse mode. Compensation of Lorentz force 
detuning at 31 MV/m was successfully demonstrated by a 
piezo tuner and pre-detuning.  

INTRODUCTION 
Construction of Superconducting RF Test Facility 

(STF) has been carried out at KEK for the future 
International Linear Collider (ILC) project, since 2005. 
The main purpose of the STF is to develop cryomodules 
containing high gradient cavities, which can be stably 
operated at an average accelerating gradient of 31.5 
MV/m. A superconducting cavity system, which includes 
four Tesla-like 9-cell cavities, input couplers and 
frequency tuners, was designed and fabricated, [1]. The 
component tests of the 9-cell cavities [2] and the input 
couplers [3] were carried out in order to qualify their 
performances. In the first step called the STF phase-0.5, a 
6-m cryomodule containing one Tesla-like cavity had 
been tested in 2007. Overall superconducting cavity 
system had worked well without any big troubles in the 
initial test, [4 and 5].  

In the second step called the STF phase-1.0, assembly 
of the cryomodule containing four Tesla-like cavities was 
started in Jan. 2008. After installation in the tunnel and 
cooling-down of the cryomodule, high power tests at 2 K 
were carried out in July-Dec. 2008. The purposes of the 
cryomodule test in the STF phase-1.0 are as follows: 

• To check the performance as a total superconducting 
cavity system, and to find out the improvement 
points for the future project. 

• To confirm a stable pulsed operation at higher fields, 
and to compare the achieved Eacc,max in the 
cryomodule tests with the results in the vertical tests. 

• To demonstrate a compensation of Lorentz force 
detuning by a piezo tuner, and to establish the 
effectiveness of an improved stiffness in a cavity 
support structure. 

In this paper, high gradient performance of four Tesla-
like cavities in the cryomodule tests is mainly described. 

ASSEMBLY OF CRYOMODULE 
Assembly procedure of the STF cryomodule is 

summarised as follows: 
• In a class-10 clean room, string assembly of four 

cavities were performed. Attachment of input 
couplers with a cold rf window and HOM pick-up 
antennas, connection with a bellow duct between two 
cavities and installation of a gate-valve in each end 
beam-tube were carried out, (Figure 1, left). 

• In a class-1000 clean room, after vacuum leak-check 
of the string cavities, argon gas was introduced very 
slowly for ~40 hours up to an atmospheric pressure, 
(Figure 1, right).  

• At an outside area of a clean room, attachment of 
frequency tuning system and alignment of four 
cavities were carried out, (Figure 2, left).  

 
 

      
Figure 1: String assembly in a class-10 clean room (left) 
and vacuum leak-check in a class-1000 clean room (right). 
 
 

      
Figure 2: Alignment of four cavities (left) and hanging the 
string cavities on a GRP (right). ___________________________________________  
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• At a cryomodule assembly area, the string cavities 
were hung on a helium gas return pipe (GRP), and 
the cavities were covered with 5 K and 80 K thermal 
shields, (Figure 2, right). 

•  An assembled cold mass including four Tesla-like 9-
cell cavities was inserted into a vacuum vessel, as 
shown in Figure 3. 

•  The completed STF cryomodule was installed in the 
tunnel. The cryomodule was connected with a cold 
box for supplying liquid helium and liquid nitrogen. 
Input couplers of four cavities were connected with a 
high power rf source through an rf power distribution 
system [6] consisting of waveguides, circulators, 
power dividers and directional couplers, as shown in 
Figure 4. 

 

 
Figure 3: Insertion of an assembled cold mass into a 
vacuum vessel. 
  

 
Figure 4: Installation of the cryomodule in the STF tunnel.  

PROCESSING OF INPUT COUPLERS 
Prior to combine with the 9-cell cavities (see, Figure 1), 

processing of the input couplers were carried out at a high 
power test stand with a pulsed klystron of 5 MW. RF 
processing was initially started in a short pulse operation 
of 10 or 100 μsec, and rf power level was increased very 
carefully. Finally, rf processing up to 1.0 MW in a pulsed 
operation with 1.5 msec and 5 Hz was successfully 
performed in four input couplers. The processing time at 
the test stand was about 50 hours, as shown in Figure 5.  

After installation of the cryomodule in the STF tunnel, 
connection of a warm coupler with a cold coupler was 
carried out in a working area covered with a special clean 

booth to keep a clean environment. In-situ baking of cold 
rf windows inside the cryomodule was carried out at 85oC 
for 15 hours. Baking of the cold rf windows prior to rf 
processing is very effective to reduce the processing time. 
Rf processing of the input couplers at room temperature 
before cool-down was carried out up to 240-330 kW 
under the total reflection condition. The processing time 
was 11-17 hours, as shown in Figure 6. Processing of the 
No.3 coupler (C/#2 cavity) was carried out twice, and the 
processing time in the second was remarkably short. It is 
considered that a memory of the previous processing has 
been preserved. 

 

  
Figure 5: Processing time of two pairs of input couplers at 
the test stand under the matching condition. 

 

 

Figure 6: Processing time of four input couplers in the 
cryomodule under the total reflection condition.  

TUNER PERFORMANCE 

Slide-Jack Tuner 
Tuning characteristics of four cavities in low power rf 

measurements at 2 K is shown in Figure 7. The dynamic 
range of the frequency change was 600~800 kHz, and the 
frequency sensitivity was about 300 kHz per mm, as 
expected. However, one cavity (A/#3) showed the strange 
performance, and the reason might be due to a mistake of 
adjusting a true frequency in the pre-tuning at room 
temperature. Therefore, an operating rf frequency was 
changed from 1300.000 MHz to 1300.500 MHz in order 
to drive simultaneously four cavities, as shown in the 
orange lines in the figure.  
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Figure 7: Frequency shift vs. a tuner stroke, equivalent to 
change of a total cavity length by a slide-jack tuner.  

Piezo Tuner 
Optimization of timing, frequency, amplitude and 

waveform of the drive pulse signal to a piezo tuner is 
important for an effective compensation of Lorentz force 
detuning. The maximum load of 5 kN and the stroke at a 
low temperature of about 4 μm are required. Three low 
voltage type (max. +150V) and one high voltage type 
(max. +1000V) piezo elements were set in the piezo tuner 
of four cavities, in order to compare their performances. 
Measurement of pulse response signals driven by the 
piezo tuner and the results of the frequency change, Δ f, 
are shown in Figure 8. The frequency change of more 
than 300 Hz was obtained in the high voltage type 
(+500V). On the other hand, the frequency change in the 
low voltage type (+100V) was considerably lower than an 
expected Lorenz detuning frequency (-350 Hz) at 31.5 
MV/m. Improvement of the piezo tuner system with the 
low voltage type is needed for the next step. 

 

  
 

Figure 8: Pulse response signals driven by a piezo tuner 
with a single pulse (left) and the frequency change (Δ f) as 
a function of a drive frequency with a piezo tuner (right). 

HIGH FIELD PERFORMANCE 
One of four cavities achieved a stable pulsed operation 

at 32 MV/m higher than an operating accelerating 
gradient in ILC. The typical pulse signals without and 
with an rf feedback control are shown in Figure 9. The 
input rf power of 340 kW was reduced to 240 kW (70%) 
after 0.5 msec by a step pulse. Although change of the 
cavity phase and decrease of the accelerating gradient 

were seen in the left figure, they were precisely kept to be 
constant by the rf feedback control in the right figure, [7]. 
Comparison of the maximum acceleration gradient, 
Eacc,max, obtained in the cryomodule test with that in the 
vertical test is shown in Figure 10. The average Eacc,max 
in the vertical tests and the cryomodule test (1.5 msec) 
were 22.7 MV/m and 23.7 MV/m, respectively. Therefore, 
it is concluded that the cavity performance have been 
maintained in the cryomodule with no severe degradation. 
Since the average Eacc,max in the shorter pulse-width of 
0.6  msec  (0.1 msec at flat-top)  was  28.3  MV/m,  it  is 
considered that the achievable Eacc,max might be limited 
by a total amount of the heat loss at the hot spot. 

The observation of x-rays radiation in each cavity is 
shown in Figure 11. Heavy x-ray radiation due to field 
emission higher than 100 μSv/h was detected by a sensor 
located just under the cryomodule. Contamination by dust 
particles during connecting with a beam-tube in the STF 
tunnel might be considered as one of the potential causes. 
 
 

 
 

Figure 9: Pulsed signals at high field operation without an 
rf feedback control (left) and with rf feedback control 
(right). The light blue line is an input phase (φin) between 
an input rf power and a reference. The green line is a 
cavity phase (φt) between a transmitted rf power through a 
cavity and a reference. The dark blue line is an input rf 
power, and the pink line is an accelerating gradient. 
 
 

 
 

Figure 10: Comparison of Eacc,max between in the 
vertical cw tests and in cryomodule tests in the pulsed 
operation with 1.5 msec / 0.6 msec and 5 Hz. 
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Figure 11: Relation between x-ray radiation levels and 
accelerating gradients in four cavities in the pulsed 
operation with 1.5 ms and 5 Hz. 

LORENTZ FORCE DETUNING 
A resonant frequency of a cavity gradually lowers due 

to deformation of a cell-shape by Lorentz force during an 
rf pulse. Figure 12 shows an example of Lorentz force 
detuning at 30 MV/m in a stable pulsed operation with 1.5 
msec and 5 Hz. The observed detuning frequency, Δ f, 
 
 

 
Figure 12: Observation of Lorentz-detuning frequency 
(Δ f) at 30 MV/m measured by a pulse-cut method, [7]; rf 
feedback control/ON, pre-detuning/0 Hz, piezo tuner/OFF. 
 
 

 
Figure 13: Successful compensation of Lorentz force 
detuning by pre-detuning and a piezo tuner. The data in a 
case of no piezo drive (black dots) is added for the 
comparison. (The detailed result is reported in ref. [8].) 

during the rise time of 0.5 msec and the flat-top of 1.0 
msec was -360 Hz and -315 Hz, respectively. The 
detuning frequency in the rise time can be compensated 
by pre-detuning or off-set detuning, which is to set a 
resonant frequency of a cavity higher than a drive 
frequency of an rf power source in advance, (see, Figure 
13). The detuning frequency at the flat-top is necessary to 
compensate by using a piezo tuner. The detuning 
frequency of -315 Hz at 30 MV/m was relatively much 
lower than that in the Tesla cavity tested at DESY, and 
this was resultant in the improved stronger stiffness in the 
Tesla-like cavity. This effect is helpful to reduce the 
required piezo stroke and to minimise the tuning error at 
flat-top by compensation. 

Successful compensation of Lorentz force detuning at 
31 MV/m by pre-detuning and a piezo tuner is shown in 
Figure 13. The pre-detuning was adjusted to +360 Hz, and 
the parameters of the piezo drive pulse were optimised to 
the drive frequency of 250, 300, 350, 400 Hz with the 
suitable delay time between a piezo drive pulse and an rf 
pulse in the fixed applied voltage of +500V. The tuning 
error less than +/- 50 Hz at the flat-top, which is a target 
value in ILC, was achieved in the wide parameter range to 
drive the piezo. 

DYNAMIC LOSS MEASUREMENT 
Dynamic rf loss was measured at 2 K by a flow rate of 

the evaporated helium gas in the cryomodule, [4]. Total rf 
loss of four cavities being operated with the vector-sum 
control [7] on resonance is shown as a function of the 
average input power to four cavities in Figure 14, together 
with the total heat load at four input couplers (off 
resonance). Difference of these two values means the net 
rf loss in the cavity inner surface. The measured heat load 
at 2 K at the input couplers was much higher than a 
calculated value of 0.03 W per one coupler at an input 
power of 350 kW. 

 
 

 
 

Figure 14: Measurement of the dynamic rf losses at 2 K 
in the four-cavity simultaneous operation with off-
resonance (blue) and on-resonance (red). Measured static 
loss of 9 W has been already subtracted in this figure. 
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The rf loss in the cavity inner surface gives a Qo value, 
as shown in Figure 15. Although the Qo values drops due 
to field emission as seen in Figure 11, the Qo values of 
higher than 1010 at the lower fields are shown in the figure. 
This result indicates a good shielding effect of the 
magnetic shield inserted in the helium vessel. 
 

 
Figure 15: Unloaded Q values (Qo) calculated from the 
results of the dynamic rf loss measurement at 2 K. 

SUMMARY 
Two notable progresses were made in this cryomodule 

tests containing four Tesla-like 9-cell cavities: 
• A stable pulsed operation at 32 MV/m was 

confirmed in one cavity with no severe degradation 
from the vertical test results. 

• Successful compensation of Lorentz force detuning 
at 31 MV/m was demonstrated by pre-detuning and a 
piezo tuner. 
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STATUS OF KEKB SUPERCONDUCTING CAVITIES AND STUDY FOR 
FUTURE SKEKB 

Y. Morita#, K. Akai, T. Furuya, A. Kabe, S. Mitsunobu, M. Nishiwaki, S. Takano, 
KEK, Tsukuba, Ibaraki, Japan 

Abstract 
With superconducting crab cavity, 8 superconducting 

accelerating cavities were stably operated last two years 
and KEKB luminosity reached the world record of 
2.1x1034/nb/s. For future Super KEK B-Factory (SKEKB) 
we are developing a high power input coupler for 600kW, 
a HOM damper for high power absorption more than 30 
kW and a cavity operation with reversed phase position 
for high power loading. The reversed phase experiment at 
150 mA of a beam current in KEKB showed potential for 
the low voltage and high power application. 

INTRODUCTION 
 KEKB, an energy-asymmetric electron-positron double 

ring collider for B-factory, was commissioned in 
December 1998. Four heavily-damped superconductiong 
(SC) accelerating cavities were installed in the high 
energy electron ring (HER) and commissioned. Another 
four cavities were installed in 2000[1]. A hybrid RF 
system of eight superconducting cavities together with 
twelve normal conducting accelerating cavities (ARES) 
provided the total RF voltage of 14 MV in the HER ring. 
The maximum current stored in the HER is 1.4 A[2].  

Two crab cavities ware installed and started crab 
crossing operation in 2007[3]. The HER currents 
gradually increased up to 1.2 A with crab cavities. KEKB 
recently achieved the world luminosity record with crab 
crossing. SC cavities were operated stably during the crab 
crossing operation and contributed stable operation for the 
crab crossing.  

R&D for the SKEKB is under way. One is a high power 
HOM damper [4]. The HOM power in each cavity is 
expected to be more than 30 kW. We are developing a 
new HOM damper with a ferrite thickness of 3 mm. 
Another is a high power input coupler [5]. Finally, we 
proposed new operation mode of the SC cavities for 
SKEKB. Synchronous beam phase of several SC cavities 
are reversed to maintain high accelerating RF voltage.  

This paper presents present status of the SC cavities at 
KEKB and R&D status for the super-KEKB. 

KEKB SUPERCONDUCTING 
ACCELERATING CAVITY 

 A cross sectional view of a KEKB SC cavity is shown 
in Figure 1. In the HER ring, eight SC cavities and twelve 
ARES cavities provides the total RF voltage of 14 MV. 
Each SC cavity provides an RF voltage 1.4MV and 
delivers an RF power of 350-400 kW to the electron beam 

of 1.4 A. Typical forward and reflected RF powers are 
plotted in Figure 2. Achieved parameters during the 
KEKB commissioning are listed in Table 1. 

 
Figure 1: A cross sectional view of the KEKB 
superconducting accelerating cavity. A 509 MHz single 
cell cavity with a large iris diameter of 220 mm has ferrite 
HOM absorbers on both sides and a coaxial-type input 
coupler. The cryomodules of 3700 mm in length are 
connected to the beam ducts of 150 mm in diameter. 

 

 
Figure 2: Input and reflected powers of each SC cavities 
for the external Q of 5×104 at 1.4 MV. 

Trip Rate 
High currents and short bunch length produce large 

HOM powers, which have to be absorbed in the HOM 
dampers located on the beam pipes at room temperature 
(Fig. 1). The HOM powers in case of the beam current at 
1.4 A and 1400 bunches with a bunch length of 6 mm are 
16 kW in each SC cavity. The HOM power heats ferrite 
absorbers up to 900C and causes outgas. Those outgases 
condenses on the cold cavity surface and triggers the 
discharge in the cavity. Statistics of RF trips in HER are 

_________________  
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summarized in Figure 3. In the crab crossing operation, 
the HER currents were from 800 mA to 1.2 A depending 
on the beam optics. RF trip rates of the SC cavities 
improved from 0.5 to 0.1 trips per day. A half of the RF 
trip is caused by the discharge in the cavities or in the 
input power couplers and a half is caused by the system 
failures by RF power sources or by the helium 
refrigerator. 

 

Table 1: Achieved parameters of the KEKB SC cavities 

Parameter design achieved unit 

Beam Current 1.1 1.4 A 

Bunch charge 2 10 nC 

RF voltage 1.5 1.2-2 MV/cav. 

Beam loading 250 350-400 kW/cav. 

HOM power 5 16 kW/cav. 

 

 
Figure 3: Statistics of RF trips caused by Crab, SC and 
ARES cavities.  

RF Conditionings 
For stable operations of the SC cavities, conditioning of 

input couplers before cool-down and regular conditioning 
of the cavity during beam operation are necessary.  The 
input couplers are conditioned at room temperature up to 
300 kW under full reflection. DC bias voltages less than 

2± KV are applied between inner and outer conductors. 
Voltage biasing enhances the multipacting, and helps to 
release condensed gases on the coupler surface. RF 
conditionings for about 2 hours are given after cool-down 
every two or three weeks on the maintenance day. The 
pulse conditionings are frequently applied to some 
cavities to recover RF performances. This conditioning 
can relieve gas condensation on the cavity surface. 

R&D FOR SKEKB 
 R&D on the SC cavity for SKEKB is under way. We 

are developing a high power input coupler above 600 kW, 
a HOM damper for high power application more than 30 

kW, and a reversed phase mode operation of the SC 
cavities.  

Reversed Phase Mode 
Design parameters of the super-KEKB require high 

beam current, while the RF voltage is much lower than 
the present KEKB. The loaded Q factor of the SC cavities 
should be sufficiently reduced. Exchange of input 
couplers for low Q factor may cause two problems. One is 
a risk of particle contamination into the cavity, and the 
other is possible heating at the tip of the input coupler. A 
new operation scheme, reversed phase mode, was 
proposed. In this mode, the synchronous beam phase of 
some SC cavities is reversed so as to obtain lower total 
RF voltage. Figure 4 shows a phasor presentation of the 
RF voltage. Two cavities have reversed synchronous 
phase. Each cavity maintains high RF voltage, while the 
total RF voltage maintains as low as required voltage. The 
merit of this operation is equal beam loading for each EC 
cavity. A feasibility study was successfully conducted in 
KEKB, where one SC cavity phase was reversed with a 
low current beam. High current beam studies and 
application to the colliding beam operation is planned in 
the next machine time period in autumn 2009. 

 

 
Figure 4: Phasor representation of the reversed phase 
mode operation. The synchronous phases of two cavities 
are reversed. The total voltage is lowered to meet the 
design value, while the high voltage for each cavity is 
maintained. 

HOM Damper 
The design bunch length of the super-KEKB is 5 mm 

with a designed beam current of 2.2A. The HOM power 
generated in one SC cavity is estimated to be more than 
30 kW. The SC cavity has two ferrite dampers on the 
beam pipe. The most serious issue is temperature rise of 
the ferrite surface and consequent outgas from the ferrite 
material. In order to suppress surface temperature rise we 
have been developing new dampers. The thickness of the 
ferrite material is reduced from 4 to 3 mm. In addition, a 
doubled cooling channel structure for efficient cooling is 
adopted. A prototype of the 3 mm thickness new dampers 
was fabricated and tested. Figure 5 shows a high power 
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test stand for the prototype damper. Figure 6 shows 
surface temperatures of the ferrite material as a function 
of absorbed RF power. Surface temperature was 1100C at 
an absorbed power of 18 kW. 

Dampers with a double cooling channel structure are 
expected to reduce surface temperature. This type of 
damper is being fabricated and will be tested soon. 

 

 
Figure 5: High power test stand for a large beam pipe 
(LBP) ferrite damper. A cylindrical ferrite of a thickness 
of 3 mm is sintered on the inside surface of a copper pipe 
by the hot isostatic press (HIP) method. A cooling water 
channel is wound on the outer surface of the copper pipe. 

 

 
Figure 6: Temperatures at the surface of the 3 mm 
thickness ferrite damper as a function of the absorbed RF 
power. The cooling flow rate is 8.5 l/min. 

Input oupler 
To increase cooling capacity and reduce construction 

costs, a new input coupler was designed to have a single 
water cooling path and was recently fabricated [5]. This 
coupler was high power tested up to 750 kW with the 
travelling wave. The power limit was not due to the 
coupler performance but due to the power limit of the test 
klystron. A vacuum pressure gauge, an arc sensor and an 
electron collector sensor were set near a ceramic RF 
window and provided interlock signals and RF trips. 
Figure 7 shows an RF processing history. After about 50 
RF trips coupler was processed up to 120 kW. Above 150 
kW, hard multipacting levels disappear. RF powers were 

gradually increased without RF trips. Above 500 kW, the 
coupler frequently trips and finally reached to 750 kW. 

 
 

 
Figure 7: KEKB coupler RF processing history. Tested 
coupler was processed up to 750 kW. 

 

SUMMARY 
Eight superconducting accelerating cavities in KEKB 

have been operated stably. The cavities provides a total 
RF power of 10MV and deliver 2.8 MW to the electron 
beams up to 1.4 A. Recently KEKB achieved the world 
luminosity records with crab cavities. Stable SC operation 
contributes to increase luminosity with crab crossing. 

R&D for SKEKB is under way. A feasibility study for a 
new SC operation mode, a reversed phase mode, was 
successfully conducted with low beam current, and 
showed strong potentiality applicable for SKEKB. 
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HIGH POWER TEST RESULTS OF LL CAVITY PACKAGE IN STF0.5
PROGRAM AT KEK

K. Saito, F. Furuta, Y. Higashi, T. Saeki, KEK, Ibaraki

Abstract

We have successfully made high power test with a LL
cavity package in the STF0.5 program at KEK in January
to March 2008. One LL cavity package was installed in a
cryomodule which could include four packages maximum.
This module has been successfully operated at 15-18MV/m.
In this paper, we will report the results on the cavity perfor-
mance, high power capacitive coupled input coupler perfor-
mance and Lorenz detuning compensated piezo tuner and
ball screw mechanical tuner.

CONTRIBUTION NOT
RECEIVED
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 COLD LEAK PROBLEMS RELATED TO HELICOFLEX GASKETS AND 
RECENT RESULTS FORM THE S-DALINAC* 

R. Eichhorn#, A. Araz, J. Conrad, F. Hug, A. Kuhl, C. Liebig, M. Konrad, T. Kuerzeder,  
F. Schlander and S. Sievers  

S-DALINAC, Institut fuer Kernphysik, TU-Darmstadt, D-64293 Darmstadt, Germany 

Abstract 
During the last two years, the S-DALINAC operation 

suffered severely from cold leaks: They were hard to 
locate, sometimes vanished without any obvious reason or 
showed up again depending on the thermo-cycle. Finally, 
the gaskets sealing the cavity against the helium reservoir 
were found to be the reason for this behaviour. We will 
report on the findings itself, the systematic becoming 
obvious and the solution chosen to ensure tightness in the 
future.   

Moreover, we will give a status report on two ongoing 
projects in Darmstadt: the injector upgrade where a new 
cryo-module is built, housing two cavities and improved 
power couplers and the cavity performance improvement 
by heat treatment at 850 C in an UHV oven. 

INTRODUCTION 
The superconducting Darmstadt electron linear 

accelerator S–DALINAC was put into operation in 1987. 
It consists of ten superconducting 20 cell niobium 
cavities, operated at 2 K at a frequency of 2.9975 GHz. 
With a design accelerating gradient of 5 MV/m and a 
design quality factor of 3·109 in cw operation, the final 
energy of the machine is 130 MeV which is reached when 
the beam is recirculated twice [1]. The layout of the  
S–DALINAC is shown in fig. 1. 

The first set of cavities was built in the 80’s at 
Interatom using low RRR material, so the observed  
performance regarding the gradient and the quality factor 
was rather poor [2]. Accordingly, a second set of cavities 
was ordered in the 90’s made from RRR 300 material. 
These cavities, welded at Dornier, are used since then. All 
of them reach the design gradient, some exceeding it by 
more than 50% [3]. In the original design, an antenna 
coupler was mounted to the cavity sealing the beam 
vacuum against the helium with an Indium wire. 

 

 
Figure 1: Floor plan of the S-DALINAC. 

Later on, new power couplers were designed reducing 
the transversal kick to the beam dramatically and 
providing variable coupling [4]. In this design process, 
the Indium joint was replaced by a HELICOFELX® 
gasket which now, after 10 years of operation with many 
thermo-cycles and mounting/ dismounting procedures 
developed hard to locate cold leaks. 

COLD LEAK PROBLEMS 
Over the past two years, several cold leaks developed, 

degrading the cavity performance and disrupting the 
accelerator operation. After several time consuming 
investigations the reason for these cold leaks could be 
determined: The HELICOFLEX® gasket used to seal the 
cavity flange against the coupler (see fig. 2) became 
untight. This was first observed after an insitu-baking 
procedure (heating the cavity to 150 C) followed by an 
immediate cool-down to 2 K. Later on, cold leaks also 
developed without prior baking.   

 
Figure 2: Cross section of the coupler to cavity transition. 
The HELICOFLEX® gasket used is marked red. 

After checking all parameters to lie within 
specifications the reason for this was localized: the 
HELICOFLEX® gasket made out of aluminium was hard 
enough to cave the flat cavity flange (made out of RRR30 
Niobium) after many years of operation, some 50 thermal 
cycles and approximately 10 replacements of the gaskets. 
As the tightness of this gasket is ensured by pressing it to 
a nominal thickness which is ensured by a nose-piece in 
the coupler flange, the score mark in the cavity flange 
reduces the compression of the gasket and thus explains 
the failure in tight sealing. Some of the flanges had rather 
deep imprints of the gaskets. Some of them could be seen 
directly, for example as show in fig. 3. 

Other cavity flanges had now visible traces. Finally, the 
surface profiles of all cavity flanges were measured with a 
flush pin gauge. 12 radial positions were measured, 
starting form the outer rim of the cavity flange in steps of 
500 μm. The data were taken for 8 azimuthal positions 
(nominated N for the up-position, S for down position etc. 
  

___________________________________________  
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Figure 3: Picture of the cavity flange (DO2 in) displaying 
an obvious imprint of the gasket. The measured profile is 
shown in fig.4.  

when looking onto the flange). The profile for the flange 
of cavity DO2 (pictured in fig. 3) is shown in fig. 4. In 
addition to the gasket imprint grooving aprox.  150 μm 
into the flange, a somehow linear radial change was 
measured, indicating a twist of the whole flange, 
eventually caused by an improper mounting procedure. 
 

 
Figure 4: Measured profile of the input coupler flange of 
cavity DO2, displaying a strong imprint of the gasket 
(aprox. 150 μm) plus another 100 μm from a flange twist. 

 
Figure 5: Measured profile of cavity DO11 being still 
reasonable flat.  

In contrast to the findings on cavity DO2, the flange 
profile of cavity DO11, as shown in fig. 5, is rather 
undisturbed. By measuring all 16 flanges of the linac 
cavities, almost every profile between the two extremes in 
figures 4 and 5 was found: the depth of the imprint groove 
was in the range from 0 to less than 200 μm. This value 
seems to be  

• independent from the number of thermo-cycles the 
transition goes thru but 

• dependent on the number of mounting/ 
dismounting procedures (where the gasket is 
replaced by a new one). 

Even so quantitative figures could not be traced back, it 
seams to be plausible that every mounting/ dismounting 
procedure engraves or deepens the groove by about 10-
15 μm, as the newly inserted gasket is compressed for the 
first time. 

As a consequence from the cold leakage, all 
HELICOFLEX® gaskets had to be replaced by gaskets 
with overmeasure (by adding the depths of the score to 
the gasket thickness- 200 μm), not solving the principle 
problem but ensuring tightness without machining the 
ultraclean surface of the cavity or the coupler. 

 
Figure 6: Histogram of the final thickness of the replaced 
gaskets. The nominal value in the mounted position is 
3.5 mm but no figures for the decompression during 
dismounting are given by the supplier. 
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Finally, the thickness of all gaskets being replaces was 
measured, leading to the results show in fig. 6. The 
variation found on the flanges becomes obvious again: the 
groove of the input coupler of cavity DO2 was 150-
200 μm deep and the gasket was less compressed (by 
approx. 200 μm compared to the gaskets of cavity DO11, 
having no imprint on the flange). 

Meanwhile, the gaskets where replaced as described 
above. So far, no cold leakage has been observed.   

NEW INJECTOR MODULE 
The S-DALINAC uses cryostat-modules with two 

cavities per module. Each cavity has an RF input coupler, 
which is capable of a maximum power of 500 W. 
Assuming a 5 MV/m gradient the beam current is limited 
to 60 μA for the injector and 20 μA for the main linac, 
which might be higher for lower the beam energies. For 
future astrophysical experiments behind the injector, 
beam currents of 150 μA and above as well as energies up 
to 14 MeV are demanded.  

The first step was to build a new power coupler which 
is capable of providing the necessary rf power of up to 2 
kW to the cavity. The design feature of the old couplers, 
namely minimized transversal fields (less than -40 dB on 
the beam axis), was kept by the new couplers [5].  

The whole coupler was made out of bulk niobium. The 
fabrication of the couplers including the EB-welding was 
done by the FZ Juelich.  This new couplers has a WR-284 
waveguide transition (cross area 72×34 mm2), which has 
to pass through the cryo-module. Accordingly the existing 
cryostat-module has to be modified. 

 Figure 7 shows the 3-D view of the design. The 
cavities together with their tuners and the couplers are 
located inside the helium vessel. During 2 K operation the 
vacuum inside the beamline is about 10-8 mbar, while the 
pressure in the liquid helium is at 35 mbar. Between the 
helium vessel and the outer vessel a cylinder of 
aluminium is cooled by liquid nitrogen. The insulating 
vacuum of 10-5 mbar and some 20 layers of super-
insulation ensure a minimum heat transfer. 

 The design issue was to accommodate the increased 
size of the rf waveguide (compared to the small coaxial 
line used by the old couplers), while keeping all sections 
leak-tight and still mountable. Furthermore, the vacuum 
forces on the materials had to be compensated; especially 
the transition between the waveguide and the new coupler 
must be force-free. This was not critical in the old design, 
where the coax-to-coax coupler was supported by a shell 
out of stainless steel around it. The rectangular waveguide 
further one needs a bellow to compensate the 
uncertainties in position and angle in the transition line. 
This part is still vacant- so far no supplier could be 
contracted. More details on the new injector module can 
be found in [6]. 

ONGOING ACTIVITIES 

Cavity Firing 
As reported on the last workshop [7], all cavities, as 

soon as they are accessible, are undergoing a high 
temperature vacuum firing. This procedure is applied to 
stress anneal the niobium and to remove hydrogen from 
the material inoculating cavities against the “Q disease”  

 
Figure 7: 3-D Design of the new injector module. Inside the helium vessel RF input and output couplers, together with 
the 20 cell cavities and their frequency tuners are shown. These inner parts are surrounded by a thermal shielding, 
cooled with liquid nitrogen, made out of aluminium. The outer pressure vessel will be stainless. In the center, the 
waveguides and their transitions through the different vacuum/ pressure stages in the so-called tower section are shown. 
For a better view the carriage which supports the tuners, the beam line, several lines for nitrogen and helium, the 
magnetic shielding and the MLI are not shown. 
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during their operation. So far, 8 out of the 14 cavities have 
been fired in the furnace. All of them showed a hydrogen 
contamination which could be reduced significantly. 
However, after these cavities were put back into operation 
inside the accelerator, the quality factor was found to be 
enhanced, but none-the-less below the envisaged 3*109.  
Therefore, other sources of Q-degradation are under 
investigation, for example the magnetic shielding. 
 

Improved Magnetic Shielding 
Due to the complex geometry of the frequency tuner 

and the necessary penetrations for the beam pipe and the 
rf power lines, an optimal magnetic shielding is hard to 
design. By now, different design options are still under 
optimization. One idea is to add an additional layer of 
0.2 mm CRYOPERM®, another is to test piezoelectric 
actuators [8] and replace our actual magneto restrictive 
elements in the cavity tuner. Figure 8 shows those 
improvements in the actual shielding by adding more 
layers of CRYOPERM®. The up-to-date tests showed an 
average magnetic flux strength of 6.3 μT is possible. 
Although that means an improvement by a factor of 2, 
compared to the old setup, reaching the design quality 
factor of a cavity requires a field less than 3 μT. Currently, 
an active compensation scheme is tested which seems to 
meet this requirement. 

 

 
 
Figure 8: The absolute magnetic flux strength at the 
cavity location for the old magnetic shielding and the new 
one, compared to the average earth magnetic field of 
42 μT. The cavity is placed between 0 and 100 cm, thus 
the average magnetic field strength in that region is 
13.8 μT for the old setup and 6.3 μT for the new setup.  

 

SUMMARY AND OUTLOOK 

During the last two years, the operation of the S-
DALINAC suffered from leakage problems, which could 
be located finally to be the HELICOFLEX® gaskets that 
had engraved an imprint into the niobium flange of the 
cavity. By replacing the gaskets by similar ones with 
increased thickness, the tightness could be ensured again. 

The improvement of the cavity Qs is an ongoing 
activity as well as the upgrade of the injector linac, 
housing a waveguide power coupler. First results from 
this new module are expected in 2010.  
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Abstract 
The superconducting heavy ion LINAC at the Inter 

University Accelerator Centre (IUAC) is designed to have 
three accelerating modules, each housing eight Niobium 
Quarter Wave Resonators (QWR), a superbuncher 
housing a single QWR and a rebuncher housing two 
QWR’s. Presently one accelerating module, the 
superbuncher and the rebuncher are operational. The 
other two modules are in an advanced stage of 
fabrication. In a recent operation several ion beams (from 
12C to 107Ag) from the 15 UD Pelletron were further 
accelerated through the first LINAC module and 
delivered for scheduled experiments. The energy gain 
from the LINAC, which was primarily dictated by the 
requirements of the experiment, was in the range of 2.5–
3.5 MeV per charge state. The time widths achieved at the 
LINAC entrance and at the target locations were of the 
order of 200 and 350ps respectively. Details of the 
operational experience, results, problems encountered and 
the improvements that are being planned, have been 
presented in the paper. 

INTRODUCTION 
The Superconducting booster LINAC at IUAC [1] 

when fully operational, with all the three accelerating 
modules each having eight Quarter Wave Resonators 
(QWR), will accelerate heavy ion beams up to mass ~100 
above the coulomb barrier. This limit is presently 
exceeded only up to mass ~50 with the ion beams 
accelerated from the 15 UD Pelletron accelerator [2]. 
Figure 1 shows a schematic of the full Tandem-LINAC 
system at IUAC. 

 

 
 

Figure 1: The Tandem-LINAC system at IUAC. 

The first batch of twelve Stainless Steel (SS) jacketed 
Niobium QWR’s for the LINAC have been designed and 
fabricated in collaboration with the Argonne National 
Laboratory (ANL) [3,4]. A superconducting resonator 
fabrication facility has thereafter been setup for the in 
house Resonator fabrication [5]. Figure 2 shows an IUAC 
QWR along with its schematic. 

 
 

 

Figure 2: The Niobium QWR. 

 Mathuria, R.
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Operational tests of the first accelerating module 
together with the Superbuncher (SB) and the Rebuncher 
(RB) had started a few years ago. However a number of 
problems faced during the initial operation [1, 6], 
prevented the smooth running of the LINAC. These 
included low values of accelerating fields achieved in the 
LINAC cryostat, high power requirements for the phase 
control of the superconducting cavities in LINAC, helium 
leaks from the edge welded bellows of the coupling ports 
of the QWR etc. Continuous efforts have been made ever 
since to sort out the problems. These have led to several 
design modifications in the existing system as well as 
evolution of some novel techniques. Some of the major 
modifications [1] include changes in the design of the 
power coupler, improvement in the cooling mechanism of 
the cavities in the LINAC cryostat, modifications in the 
mechanical tuner assembly etc. In addition, an ingenious 
method for the reduction of the mechanical vibrations in 
the cavities has been developed and implemented [7]. 
This has led to a substantial reduction in the forward 
power required for the phase control of the cavities during 
operation. Regular tests, both with and without beam, 
have also been carried out to test   the validity of the 
changes made and for any further optimization if 
required. Consequently, the first LINAC module (Figure 
3), is now ready for beam acceleration.  Various beams 
have been delivered for scheduled experiments that 
extended for a month. 

 

Figure 3: The First LINAC module ready for operation. 

THE LINAC OPERATION 

During the past few years several cold tests of the first 
LINAC module were carried out. Beam acceleration was 
also demonstrated on few occasions and the accelerated 
beams were delivered for experiments. These were short 
runs aimed to test the system performance rather than to 
conduct scheduled experiments. The last operation was 
however dedicated for this purpose only.  A variety of ion 
beams were accelerated and delivered for user 
experiments. It was for the first time that all the eight 
LINAC cavities were operational and took part in beam 
acceleration. Table 1 lists the different beams, the energy 

gains (both from the Tandem and the LINAC) and the 
time widths at the entrance of the superbuncher, the 
LINAC and at the target location. Rebunching with a time 
waist at the target was done in only few of the 
experiments. In the others the rebuncher cavity was not 
operated.  

Table 1: Ion Beams Accelerated Through LINAC  

Beam 

Energy 
from 

Tandem 
(MeV) 

ΔT 

MHB 
(ns) 

ΔT 

SB 
(ps) 

Energy 
gain 

LINAC 
(MeV) 

ΔT 
(RB) 

Target 

(ps) 
 

12C+6 87 0.95 250 19.2 OFF 
16O+8 100 0.95 163 18 342 
18O+8 100 0.96 182 20 378 
19F+9 115 1.08 190 25.8 354 

28Si+11 130 1.2 182 37.5 OFF 
48Ti+14 162 1.68 176 51.2 OFF 
107Ag+

21 
225 1.7 232 74.6 OFF 

 
Tuning of the LINAC was done in three steps. DC ion 

beam from the source was first chopped (to ~ 40ns width) 
and then bunched by the pre-tandem Multi Harmonic 
Buncher (MHB) [8] to time widths of ~ 1.0-1.7ns. The 
ion bunches were further compressed by the 
superconducting buncher to ~ 160-250ps at the entrance 
of the first accelerating module (the time widths quoted 
are inclusive of the intrinsic detector resolution ~100ps). 
The LINAC cavities were then powered one at a time and 
phase locked with the master clock (operating at 97MHz). 
Phase locking of the IUAC cavities is done using the 
dynamic phase control technique [9] which is 
implemented by means of a resonator control module 
[10]. Beam acceleration was done with a phase offset of  
-20° for phase focussing. For some beams, where the 
timing requirements at the target were not stringent and 
the primary concern was the beam energy, acceleration 
was done with a phase offset of -10° to achieve a higher 
energy gain.  Finally the rebuncher cavity was tuned by 
monitoring the beam energy and time width at the 
experimental chamber. Timing and energy measurements 
in the pre and post LINAC sections were done by 
scattering the ion beams with a gold foil and then 
detecting them with Silicon Surface Barrier Detectors 
mounted in these areas.  

Problems Encountered During Operation 
The major problems faced during the operation have 

been described below: 
Q drop of the Superbuncher cavity: Prior to the beam 

acceleration through LINAC, the single resonator of the 
superbuncher was conditioned through the multipacting 
barrier and phase locked at an accelerating  field of  1.46 
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MV/m with a forward power of 15 W from the amplifier. 
The lock was stable for a period of ~ 8-9 hours after 
which it was observed that the field in the cavity had 
collapsed and the lock was broken. This was clearly not 
the case of re-appearance of multipacting, as initially 
thought, since the pickup signal from the cavity was 
constantly increasing on increasing the input power. 
There was a significant drop in the Q of the cavity (from 
an initial value of ~3×108 to ~5×106) because the level of 
the pickup signal was much lower than before for the 
same input power into the cavity. The reason for the Q 
drop was not fully understood.  There were doubts that 
some portions of the superconducting surface got heated 
up due to trapping of the boiled off helium gas and that 
this has led to the deterioration in the cavity performance. 
The liquid helium flow to the cryostat was therefore 
stopped and the cavity was warmed up to 24K. This was 
done to remove any trapped gas. When the cavity became 
superconducting again its performance was regained and 
thereafter it operated smoothly throughout the entire 
experimental cycle. 

Failure of one of the two Rebuncher cavities: The 
rebuncher cryostat, shown in Figure 4, of the IUAC 
LINAC houses two QWR’s. 
 

 

Figure 4: The Rebuncher Cryostat. 

During the offline test of the system, prior to beam 
acceleration, both these cavities could be conditioned 
through the multipacting barrier. Thereafter high power 
pulsed RF conditioning was done for both of them and 
they were phase locked at moderate field levels. The 
phase locks for both the cavities were switched off after a 
period of ~ 6 hours, when it was noticed that the average 
forward power for locking had increased to ~150W. This 
was just a precautionary measure to avoid any damage to 

the power cables of the cavities. However, all subsequent 
attempts to phase lock the second rebuncher cavity (RB2) 
were unsuccessful though the first cavity (RB1) could be 
locked again at the same field level with the same forward 
power. In fact RB2 could not be phase locked even at 
very low accelerating field levels and even with the 
maximum value of the coupling coefficient that could be 
achieved with the variable power coupler. Measurements 
done with the reflected power from the cavity indicated 
that the fault was with the power line, as it was no longer 
possible to achieve an impedance matching between the 
amplifier output and the cavity input as seen through the 
variable transformer. This problem however, did not 
affect the LINAC operation as the rebunching could be 
successfully done with the single operational cavity in the 
rebuncher.  

In addition, there were some minor problems like 
instabilities in the phase lock of some of the LINAC 
cavities, shifts in the time spectrum of the bunched beam 
from the Multi Harmonic Buncher (this was particularly 
true with the 107Ag beam) etc. These could however be 
sorted out easily by taking proper corrective measures. 
This included optimization of the coupling coefficients 
and reduction in the field levels of the unstable cavities 
and minor modifications in the phase locking electronics 
of the Multi Harmonic Buncher. 

Planned Improvements 
  Based on the experiences of the last few tests, several 

improvements have been planned in the system. The aim 
is not only to improve the overall system performance but 
to also make the operation easier and more streamlined. A 
few of these have been described in the following 
subsections: 

System automation and remote operation: This 
includes automation of the power coupler movement with 
provisions of position read back and development of the 
necessary infrastructure for the remote phase locking of 
the cavities. An automated coupler movement will enable 
the operator sitting in the control room to precisely set the 
coupling coefficients for the different cavities prior to 
locking. This setting is being presently done manually 
from the cryostat top.  

The phase locking of the cavities is presently done 
through CAMAC except for the initial adjustments of the 
mechanical tuner in order to bring the resonance 
frequency of the cavity close to the operational frequency 
of 97 MHz. The mechanical tuner for the IUAC QWR, 
Figure 5, consists of a Niobium bellows which provides a 
capacitive loading to the cavity. The bellows is deflected 
by pressurizing it with helium gas causing a change in the 
resonance frequency of the cavity. The helium pressure 
inside the bellow is controlled by a set of valves one of 
which is an open/close type while the other is a 
proportional flow control type [11]. The control voltage to 
these valves is provided by an electronic module, which is 
a proportional integral (PI) controller. This is interfaced 
with the resonator control module. While phase locking 
the cavities the resonant frequency is brought close to 97 
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MHz (within ~10-15 Hz) by manually adjusting the valve 
voltages from the front panel of the tuner control module. 
Thereafter the lock is switched ON and the deflection of 
the tuner bellow is controlled in accordance with the 
instantaneous phase and frequency error signals generated 
from the resonator controller. A new circuit has been 
designed to bypass the front panel controls of the tuner 
controller and have a remote control of the valve voltages. 
After successful Initial tests, incorporation of the circuit 
into the existing system is now being done. The phase 
locking operation would then be fully remote controlled. 
 

 

Figure 5: The mechanical tuner bellows. 

Use of Piezo tuner for phase locking: The phase 
control of the IUAC QWR is currently done by a 
combination of an electronic tuner based on the dynamic 
phase control scheme and a mechanical tuner operated by 
gas pressure. The electronic tuner works in the time scale 
ranging from ~100 μs to ~ 10ms and controls the phase 
jitter due to fast mechanical vibrations picked up from the 
ambience. It has a control window that is approximately 
equal to the loaded bandwidth of the cavity. The 
mechanical tuner on the other hand operates in the time 
scale of several seconds and controls the slow drifts in the 
resonance frequency, which are primarily due to helium 
pressure fluctuations. This scheme has worked 
successfully with the cavities in the first module. 
However, the average power requirements for stable 
operation have been high and in the range of ~150 W at 
6W of input power into helium. Another drawback of the 
present control scheme is the requirement of pure helium 
gas which proves to be expensive in long operations. An 
alternate scheme for phase control is therefore being 
developed, where in the mechanical tuner movement 
would be done using a combination a stepper motor for 
coarse frequency adjustments and a piezo for fine tuning. 
The piezo tuner which has a response time of ~100ms will 
act as a bridge between the fast electronic tuning and the 
slow mechanical tuning. It is therefore expected to reduce 
the average power required for stable operation. Use of 
stepper motor would avoid the requirement of helium gas. 
Initial tests with the piezo based tuning mechanism were 
done in the test cryostat [12]. The piezo tuner was 

interfaced with the fast tuner using a PI controller. The 
results were encouraging and a cavity could be 
successfully phase locked at a moderate field level ~3.0 
MV/m. In a parallel development a fixture has been 
designed for the coarse tuning with a stepper motor. This 
has to be now interfaced with the fast tuner after which 
the whole phase control system comprising of the fast 
tuner, the piezo tuner and the coarse mechanical tuner can 
be incorporated in the LINAC modules 2 and 3.  

Besides these, several other modifications have been 
planned and some of them have already been 
incorporated. These include design changes in the outer 
SS jacket of the cavities, that have been fabricated in 
house. In these a dome shaped structure is now an integral 
part of the jacket (Figure 6a).  

 

Figure 6a: Design change in the cavities. 

 

Figure 6b: The Present Configuration of QWR’s in a 
module. 

Earlier this dome was a separate entity attached to the 
cavity as well as to helium vessel of the cryostat with an 
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Indium seal (Figure 6b). This prevented the baking of the 
cavities to a temperature beyond 90° C for the fear of 
melting the Indium. In the present design the use of 
Indium has been completely avoided by welding the 
dome to the SS jacket of the cavity and providing a 
ConFlat sealing with the helium vessel. This will allow 
the cavities to be baked at a higher temperature of 
~120°C, that is reported to improve the Q slope [13]. 
Another major design change has been done in the second 
and the third cryostats themselves, where arrangements 
have been made for forced cooling of the cavities with 
liquid helium. This is different from the first LINAC 
cryostat where the cooling was done through gravity feed. 
This improvement is expected to allow a much faster cool 
down of the cavities, thereby reducing the risk of 
occurrence of Q disease.  

For the ease of operation, it has been planned to use a 
time of flight setup in the post LINAC section for energy 
measurements. This will be a non interruptive method of 
energy measurement that will use the beam pickup of two 
spiral resonant cavities already installed in this area. It 
will allow an online monitoring of the beam energy, 
without the need to put a scattering foil and use a surface 
barrier detector, as is being done presently.  

CONCLUSIONS 
A considerable time and effort have been spent in 

understanding the various problems that arose at different 
points of time and then solving them. This has led to a 
delay in the completion of the whole project. However, in 
retrospect the entire troubleshooting exercise has been a 
quite useful one in the sense that not only it has provided 
a valuable insight into the system behaviour, but also has 
given the confidence to proceed with the installation and 
commissioning remaining two modules. The second and 
the third LINAC cryostats are currently in the final stages 
of fabrication. The cavities and the associated accessories 
for the two cryostats are ready and their installation will 
be started shortly. Cold tests of the two modules are 
planned towards the end of this year and it is expected 
that beam acceleration from the full LINAC will begin by 
the spring of the next year.   
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Abstract 

The RF-system of the superconducting electron linac 
ELBE (40 MeV, 1 mA CW) is in permanent operation 
since 2001, but it is not completely free of RF-trips. 
Experience gained within eight years of operation 
shows that the better the RF-components were 
conditioned the better is their electrical stability during 
long time operation. To be prepared for the planned 
ELBE upgrade with 16 kW of RF-power per cavity 
several test benches have been built to study the 
performance of RF-couplers and waveguide windows. 
In cooperation with Bruker BioSpin / France and CPI / 
USA the prototype of a 30 kW RF-amplifier based on 
an IOT had been tested with beam at ELBE. This paper 
gives an overview about tests of RF-components with 
increased RF-power at ELBE. 

THE ELBE RF COUPLER 
The LINAC is designed for CW-operation at a  

maximum beam energy of 40 MeV and a maximum 
beam current of 1mA [1]. The LINAC has two 
cryomodules. Each module (Figure 1) contains two 9-
cell TESLA cavities modified for CW operation.   

 

           
Figure 1: ELBE cryomodule equipped with two 
individually driven TESLA 9-cell cavities. 

All cavities have identical couplers with a fixed 
antenna tip length. The loaded quality factor QL of 1.2 
107 cavity bandwidth of 110 Hz. The cavity bandwidth 
can be tuned between 50 and 250 Hz with 3-stub 
waveguide tuners. Vacuum, temperature and light are 
monitored at all windows. Approved interlock set 
points at the ELBE waveguide windows are: 
-vacuum: 1x10-6 mbar, -light: 0.5 lx, -temperature: 70C 
Figures 2, 3 and 4 illustrate the RF-coupler with both 
windows and diagnosis [2]. 
 
 

 

 

 
Figures 2, 3, 4: The ELBE RF-coupler with cold (LN2-
cooled) ceramic window and warm waveguide 
window.  

EXPERIENCE 
The radiation source ELBE is operated as user 

facility in 3-shifts with interruptions only during 
planned shutdown periods. ELBE operation is 
characterized by many users running different 
experiments in separate caves with different setups. 
There is a need for high reliability, stable operation and 
fast beam changeover. The actual beam parameters are 
shown in table 1: 
 

Table 1: ELBE beam parameters 
 Thermionic Gun SRF - Gun 
Maximum Energy 40 MeV (CW) >40 MeV (CW) 

Bunch Charge 77 pC 77 pc / 2.5 nC 
Beam Current 1 mA 1 mA 

Bunch length (rms) 1 – 10 ps 4 / 20 ps 
Transv.Emittance 2 mm mrad 1.5 / 3 mm mrad 

Max. Rep.Rate 260 
MHz@0.77pC 

13 MHz@ 77pC 

1 - 13 MHz 

Energy Spread 35 keV /55 keV 40 keV 
 
A thermionic gun is in permanent use since 2001, the 
new developed SRF gun has been commissioned. 
Activities to connect the SHF gun with the ELBE beam 
line are under way [4]. 
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Because the maximum available RF-power per cavity 
by the klystron power (klystron VKL7811St, CPI) is 
limited at 8.5 kW at 1dB compression the LINAC 
could never be tested up to its limit. Full CW operation 
with a beam current up to 1 mA at lower gradients is 
used sometimes for high average power FEL operation.  

As far as the achievable gradient is concerned, the 
main restriction is field emission causing Q-drop at 
gradients above 10 MV /m. Field emission at the first 
cavity downstream the thermionic injector triggers arcs 
in the thermionic gun. Comparable higher gradients at 
reduced field emission were obtained using high power 
processing with pulsed RF /5,6/. 
 
RF-related problems during commissioning and eight 
years of continuously operation were: 
 

- Damage of two “Rexolite” waveguide windows 
during commissioning, (one at first RF-ON with 
no sensors equipped, one during a self excitation 
of a klystron due to a defective coax cable). 

- One waveguide window was exchanged just 
before it was damaged. The ELBE waveguide 
window is made from polystyrene (REXOLITE, 
part: OG9Y7-10073-702, WR650 Mega 
Industries). The “viton” (rubber) gaskets limit the 
achievable vacuum at the waveguide window. 

- major repair of 3 klystrons (VKL7811St,CPI) 
due to leaky metal-ceramic welds, 

- substitution of the 1 kW solid state driver PA 
because of  a leaky alumina cooling block. 

  
Activities to improve the RF-system for 16 kW RF 
operation focus on: 
 

- Test of the RF-coupler components up to their 
limits, 

- Test and improvement of different 16kW RF-
power sources. 

PREDICTIONS TO OPERATE ELBE AT 
16 KW RF POWER 

Fixed cavity bandwidth of 110 Hz: 
At 110 Hz cavity bandwidth a beam current of 820 µA 
CW and 10 MV/m gradient is proper matched to the 
klystron with 8.5 kW RF forward power. Because of 
the good   He-pressure stability (31mbar +/- 0.05 mbar) 
and low microphonics the RF-power reserve to 
compensate for microphonics is less than 1 dB [8]. 
Experience gained during FEL-operation has shown 
that stable operation at reduced accelerating gradients 
up to 7 MV / m at beam currents up to  1mA is possible 
without changing the cavity bandwidth. The following 
graphs are derived from “MathCad” using the 
following well known formulas: 
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Figure 5: Acceleration voltage as a function of beam 
current at a cavity bandwidth of 110 Hz (ELBE 
setting). 
 
Figure 5 shows a prediction for an 8.5 kW and a 16 kW 
RF power source at 110 Hz bandwidth. 
 

Theoretically one can accelerate a 1.2 mA beam at 
5 MV/m without changing the cavity bandwidth. Using 
a 16 kW power system a gradient of 12 MV/m is 
possible at 1.2 mA. One can also assume, that a 16 kW 
RF - amplifier offers the possibility to accelerate 
1.5 mA at 10 MV/m at 110 Hz  bandwidth. 
 

Changing the bandwidth: 
To adjust the coupling between klystron and cavity 
each  RF system is equipped with a remote controlled 
3-stub waveguide tuner to vary the bandwidth (loaded 
quality factor QL) between 50 Hz @ 2.6 107 and 250 
Hz @ 5.2 106. Figure 6 shows the beam current as a 
function of the cavity bandwidth at different gradients 
and for 8.5 kW of RF- power. At 10 MV/m an ELBE 
cavity is best matched at 850 µA and 114.5 Hz 
bandwidth. 
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Figure 6: Beam current as a function of cavity 
bandwidth at different gradients at 8.5 kW RF power. 
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Figure 7: Beam current as a function of cavity 
bandwidth at different gradients at 16 kW RF power. 
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1.5 mA beam current and 8.5 kW as well as 16 kW RF-
forward power. X-axis: Cavity Bandwidth in Hz, Y-
axis: Gradient in V/m. 
 

Figure 7 shows comparable curves for 16 kW. At 10 
MV/m it seems to be possible to accelerate a beam 
current of 1.6 mA at a cavity bandwidth of 216 Hz or 
2.7mA at 6 MV/m and 250 Hz. At a beam current of 
1.5mA and the given limit of the cavity bandwidth of 
250 Hz due to the tuning range of the 3-stub tuner a 

gradient of 5.5 MV at 8.5 kW of RF-power and 10 MV 
at 16 kW are possible (Figure 8). 

TEST OF A 30 KW IOT-AMPLIFIER AT 
ELBE 

In a close cooperation with Bruker BioSpin 
Wissembourg / France and CPI Palo-Alto / USA a 
prototype of an IOT-based 30 kW RF amplifier is 
installed in the ELBE RF-lab. A standard klystron 
amplifier was replaced by the IOT CHK5-1320W 
(CPI). The interlock requirements, the controls as well 
as the RF-levels of the IOT based transmitter were 
compatible to the klystron rack used normally, so that 
the operator could operate the system as a full 
substitute. Figure  9 shows the installation and Figure  
10 the block diagram of the temporary replacement. 
 

 
 

Figure 9: Test setup of the 30 kW IOT amplifier at 
ELBE. 
 

 
 

Figure 10: Replacement of a klystron by the IOT 
amplifier. 
 

Using the setup of Figure 10 stable FEL operation 
was observed. Because the FEL is the most sensitive 
device on ELBE detuning curves of the FEL (undulator 
U27) had been measured for comparison using 
identical machine settings (Figure 11 and Figure 12). 
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Figure 11: Detuning curve of the FEL (U27) with 
klystron operation. 

 
 
 
 
 
 
 
 
 
 
 

Figure 12: Detuning curve of the FEL (U27) with IOT. 
 
Further tests of the prototype of a future “turn-key” 

16 kW IOT amplifier are under way. A difficulty was 
the proper design of the switched mode IOT-power 
supply to react on fast changing loads. A klystron 
based power amplifier performs a stable load for a 
power supply independently of the cavity load or the 
beam load when operated in CW. ELBE uses the so-
called “diagnostic mode”. A macropulser as part of the 
injector is keying the time structure of the beam. This 
enables beam matching at full bunch charge but low 
average power to avoid damage of components. In  
“diagnostic mode” one can choose the “beam-on” time 
between 0.1 ms and 36 ms and the repetition rate 
between 40 ms and 1 s. In worst case the load of the 
klystron changes within the 0.1 ms from 10 % to 90 %. 
A critical point is the voltage stability during the 0.1 
ms long pulses. 

A NEW COUPLER TESTBENCH AT 
ELBE 

 
The disadvantages of the first coupler test bench 

based on a waveguide sliding short to generate 
standing waves at all phases  was, that the coupler 
environment was air, and the power was limited by the 
8 kW klystron. This setup was successfully used to 
train several couplers /2, 9/. Within the EUROFEL 
framework a resonant ring has been built to study the 
behaviour of coupler as well as waveguide windows 
with RF power above 10 kW in CW operation 
Figure 13 shows the block diagram, Figure 14 the 

photograph of the ring with the connected coupler test 
box [10,11]. 

 

 
Figure 13: Block diagram of the Resonant Ring. 

 
Figure 14: Resonant Ring at ELBE 

The resonant ring is driven by a 10 kW klystron 
VKL7811St (CPI). The gain of the ring without 
insertions is 25. A waveguide phase shifter enables 
flexibility to bring the ring into resonance. 

TEST PROCEDURES 
A LabWindows based control and data acquisition 

software was written. The following 3 processing 
modes are foreseen:  
Field processing implies low thermal load at the 
device under test and is done with pulses of 10ms pulse 
/ 300ms repetition rate.  
Thermal tests are done with constant CW-power. Any 
Interlock (light, vacuum or temperature) stops 
processing. 
Mixed Mode with pulse trains from 1ms (10 times) to 
1s (10times) is a combined test procedure to apply high 
gradients as well as significant thermal load. Interlocks 
reduce repetition rate as well as power. 
Generally the output power of the klystron is stabilized 
with its own control loop. The gain was chosen that a 
power step of +50 W at the klystron is about +1 kW in 
the ring. 

WAVEGUIDE WINDOW TESTS  
The setup of two air-cooled waveguide windows 

before assembling (middle part: vacuum-waveguide, 
left and right: sensor boxes) is shown in Figure  12. 
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Figure 15: Waveguide window arrangement. 

A cutoff tube (see Figure 14, left side),welded into a 
H-bend was used to enable infrared measurements at 
the windows during operation. The effect of air-cooling 
during operation (steady state after 20 min.) with 50 
kW RF power in the ring was measured to be 15…20 
deg. 
 

  
Figure 16 and 17: Thermograms of the waveguide 
window at 50 kW (CW) without (left), and with (right) 
air-cooling. 

 

 
 
Figure 18: Vacuum box with ELBE RF-coupler and 
diagnostics used in the resonant ring. 
 

An example of a typical training curve of a RF 
coupler is shown in Figure  19. The upper curve shows 
the power ramp versus time and the two lower curves 
show the detected light events on the ceramic window 
of the coupler (red) and the waveguide window at the 
lower coupler box. 
 

 
Figure 19: Typical  RF-coupler training curve (80000 
time steps are 1hour ). 
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Abstract 
The superconducting radio frequency photoinjector 

(SRF photoinjector) is one of the latest applications of SC 
technology in the accelerator field. Since superconducting 
cathodes with high QE are not available up to now, 
normal conducting cathode material is the main choice for 
the SRF photoinjectors. However, the compatibility 
between the cathode and the cavity is one of the 
challenges for this concept. The SRF gun with Cs2Te 
cathode has been successfully operated under the 
collaboration of BESSY, DESY, FZD, and MBI. In this 
paper, some experience gained in the gun commissioning 
will be concluded. The results of the properties of Cs2Te 
photocathode in the cavity will be presented, such as the 
Q.E., the life time, the dark current and the thermal 
emittance. 

INTRODUCTION 
The SRF gun developed within the collaboration of 

HZB, DESY, MBI and FZD has been put into operation in 
FZD since 2007 [1]. During the gun operation, one of the 
main purposes is to gain more experience about this new 
type electron source, and to prepare the service in ELBE 
linac from the end of 2009. 

This new type of injector is a promising candidate of 
high current and high brightness electron source for the 
new light sources and big accelerator facility, such as 
FEL, ERL and so on. At first it is based on SRF cavity 
technology which allows continued wave mode operation, 
so the repetition rate can be much higher than the normal 
conducting RF gun; secondly, good niobium cavity 
treatment makes it possible to operate the cavity at very 
high acceleration field in the cavity and on the cathode 
surface to reduce the space charge effect to the low energy 
electron bunch; thirdly, the electron bunches are produced 
from the photocathode with the fast response time driven 
by the laser, so the bunch length can be as short as pico-
second, and the structure of the bunches could be 
controlled by shaping the laser pulses.   

Figure 1 shows the SRF gun cryomodule, which 
comprises the 1.3 GHz niobium cavity, tuners, Helium 
tank, LN2 vessel, magnet shield, photocathode, HOM 
couplers, main power coupler, and so on. Details of the 

SRF gun design have been published elsewhere [2]. The 
263nm drive laser illuminates the photocathode and the 
electrons are excited and escape from the cathode surface 
to the acceleration electric field.  

 

Figure 1: Design of the SRF gun cryomodule. 

 The same as all of the other RF guns, the photocathode 
plays an important role in the design and the operation of 
SRF gun. Since superconducting cathodes with high 
quantum efficiency (QE) are not available up to now, 
normal conducting (NC) cathode material is the main 
choice for the SRF photoinjectors, such as copper, 
magnesium, Cs2Te, Cs2KSb and so on. However, the 
compatibility between the cathode and the cavity is one of 
the big challenges for this concept. 

In the FZD SRF gun, Cs2Te is chosen as the standard 
photocathode. This is the p-type semiconductor. Although 
it needs UV drive laser, and its preparation requires ultra 
high vacuum (UHV) and is very sensitive to 
contaminations, it has been chosen as the best candidate 
in several FEL laboratories [3], because it has good QE in 
hundred of hours, and can stand an electric field as high 
as 100MV/m. However, its physics performance in the 
cryogenic temperature was still unknown. We will present 
our experience on the Cs2Te properties in the temperature 
of ~ 77K.  

In order to combine the NC Cs2Te semiconductor and 
the SC niobium cavity, and at the same time to get the 
highest electric field on the cathode surface, a special 
supporter located in the centre of the half cell cavity is 
installed [4]. This makes the cathode isolated from the SC 
cavity by a vacuum gap and cooled extra with liquid 
nitrogen. In our experiments the photocathode has long 
lifetime and relatively stable QE, at least in the case of 
illuminated by the laser with low and medium energy 
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intensity. On the other hand, there is no obvious 
degradation found in the cavity quality, since the RF 
measurement result shows that the cavity with cathode 
inside has the quality factor Q0 as same as the virgin 
cavity [5]. 

CATHODE PREPARATION 
The Cs2Te photocathodes are prepared separately in the 

cathode lab and then transported to the SRF gun. It takes 
only half an hour to exchange photocathodes in the 
accelerator hall. In this way the cathode preparation 
process doesn’t disturb the gun running.  

Figure 2 shows the inner view of the preparation 
chamber. The cathode plug is made of copper to get high 
thermal conductivity to the LN2 cooling, and the cathode 
substratum is made of copper or molybdenum. In fact, our 
experience shows that Mo is a better materiel than Cu for 
the substrata. Because the substratum research with 
Rutherford Backbombardment Spectrum (RBS) showed 
that the interface of the Cs-Te film and copper is blurry. 
Cesium reacts with copper surface. But Mo is more 
chemically stable. So all of the photocathodes used in the 
gun are deposited on the Mo tip. On both sides of the 
cathode plug, there are two thickness monitors to detect 
the deposition rate of tellurium and cesium respectively. 
In front of the cathode there is a mask to limit the 
deposition area to ф8mm and to be used as anode. Cesium 
source and tellurium source are located in equal distance 
and angle to the cathode centre. The arrangement of the 
thickness monitors and the sources makes the co-
evaporation possible in this facility.  
The Mo cathode plug is ф 10.0mm, 99.9% in purity. After 
mechanical polishing, it is cleaned with Isopropanol in 
ultrasonic bath for 20 minutes. In preparation chamber, 
the plug is degassed at 200 oC for 3 hours in the vacuum 
of 1*10-8mbar. The deposition is done with the standard 
process or co-evaporation developed by CERN [6]. The 
standard method means that 10nm Te film was deposited 
at first and then activated with Cesium; Co-evaporation 
means that Te film is deposited and activated with Cs at 
the same time. The co-evaporation preparation process 
takes only half an hour while the standard one needs more 
than one hour. The photocurrent was used to diagnostic 
the preparation process. The Q.E. drops very fast in the 
first week and then keeps relatively stable in the next 
months. The Q.E. decrease is attributed to the pollution by 
the rest gas, because except the ignorable laser as weak as 
0.6mW for the diagnostics there is no other action on the 
cathode. In order to reduce the decease rate the vacuum in 
the storage chamber must be improved up to 10-10mbar 
range.   

The cathode is stored in the transport chamber, where 
the vacuum is in the order of 1*10-9mbar. The process of 
cathode transfer leads vacuum to drop down for a short 
period. The reason is that the sliding friction between the 
surface of vacuum pipe and manipulator results in the 
gases absorbed on the surfaces released. But this vacuum 
drop is found harmless for the cathode QE in our 
experiments.  

After the preparation, up to 6 photocathodes can be 
transported in the UHV from the photocathode lab to the 
accelerator hall, where stands a same load-lock system to 
connect the transport chamber. After the vacuum in the 
load-lock chamber reaches good 10-9 mbar, the cathodes 
can be carefully exchanged.   

 
Figure 2: The inside view of the preparation chamber. 
 

QE AND LIFETIME 
The design of SRF gun requires a photocathode with 

QE higher than 1%. Up to now four Cs2Te photocathodes 
have been employed in the SRF gun (see table 1). 
Cathode #090508Mo finished its short service because of 
the vacuum crash during the cavity warming up.  The 
second cathode, #070708Mo, was drawn out from the gun 
before the cavity was taken out for frequency adjustment. 
The third cathode, #310309Mo worked for three months 
in the gun, which provided stable electron beam totally 
for more than 100 hours with the integrated charge of 0.8 
C. During the beam time the acceleration gradient was set 
as 5.5 MV/m which belongs to 15 MV/m peak field in the 
cavity and about 7 MV/m at the cathode. The average 
current was mostly 1 μA ~16 μA. The fourth cathode is 
working in the gun till now. 

 
Table 1: Cathodes Serving in SRF Gun 

Cathode NO. Serving time Q.E. in gun 

#090508Mo 2008-5-23 to 2008-6-23  0.05% 

#070708Mo 2008-7-21 to 2008-9-19 0.1% 

#310309Mo 2009-5-8 to 2009-8-24 1.1% 

#040809Mo 2009-8-24 till now 0.6% 

 
Because of the long time storage in the transport 

chamber the QE measured in gun is already lower than 
that of the fresh cathode. The life time of the 
photocathode working in the gun is found comparable 
with the ones stored in the preparation chamber. To be a 
reference, the long term behaviour of the same group 
Cs2Te photocathodes produced in 2009 are presented in 
Figure 3. The blue curve is the QE of cathode #310309Mo, 
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which has been in operation in the gun for more than 3 
months. The preparation environment was the same for all 
of the three cathodes, and the substrata were the same 
material and treated in the same way. #200309Mo 
(orange) was co-evaporated and the other two were 
standard prepared. The slower decrease of #200309Mo 
(orange) may be attributed to the co-evaporation, which 
was found to be a good way to produce Cs2Te 
photocathodes with good QE and good life in short 
preparation duration. According to the gun specification, 
1% QE is sufficient for operation and the life time could 
be longer than 60 days. The power of the drive laser was 
≤ 300mW, and the pulse energy is ~2.4 μJ. The pulse 
length of the drive laser was 15ps, so the peak power 
intensity on the cathode surface could reach 
5.66kW/mm2. The blue curve #310309Mo has the same 
trend as the others though it has been hit by the laser and 
operated in the rf field and the others are stored in UHV 
without any other action on it. So, we can say, the 
operation in the SRF gun does not introduce additional 
pollute onto the cathode surface.  

 
Figure 3: Long-term behavior of Cs2Te photocathodes. 

THERMAL EMITTANCE 
The thermal emittance of Cs2Te is an interesting 

physical property, because it decides the minimum 
emittance that a photoinjector can reach. This is the first 
time to measure the thermal emittance in the cryogenic 
temperature and with high rf field on it. The measurement 
is done by using the beam with very low bunch charge 
and relative large laser spot on cathode, in order to reduce 
the space charge effect as much as possible, and 
meanwhile to eliminate the wake fields and the effect 
from beam halos. 

The transverse emittance is measured with solenoid 
scan method, which is suitable for the low bunch charge 
measurement. The laser is cut by an aperture to get a 
hard-edge spot on the cathode with diameter 2.8mm, and 
only the laser power is changed. The dependence of the 
transverse emittance on the bunch charge has been 
measured as figure 4. The black squares are the 
experimental data of horizontal transverse emittance, and 

the red dots are vertical transverse emittance. The blue 
triangles are the average of the two series data. The linear 
fit of the average data is made to get a correlation 
between the transverse emittance and the bunch charge. It 
can be noted that at Q=0 pC for the linear fit there is a 
residual emittance term of 0.94 πmm·mrad. It is believed 
that in this term, the initial thermal emittance is the main 
part because the space charge in the bunch is so low that 
the beam size expansions in the rf field is very little and 
the rf contribution to the emittance is also small [7]. The 
intrinsic thermal emittance of the beam is 

mradmm ⋅±≤ πε 13.094.00 , which means 0.67±0.1 
πmm·mrad / r(mm).  

This value is some higher than the theoretical analysis 
0.43 πmm·mrad / r(mm) from Klaus Floettmann [8] and 
the data from Powell [9]. This difference can be explained 
that, the initial emittance is influenced by the cathode 
surface irregularities, contamination, cathode temperature, 
electric field on surface, etc. Because the specimens in 
Powell’s experiment were fresh film prepared in a 
vacuum better than 10-10mbar. But the vacuum in our 
preparation chamber and transfer system is only 10-9mbar, 
and the measurement was done with a two-month-old 
cathode. So the main reason for the difference is of the 
cathode surface pollution.  

According to Floettmann’s analysis, the cathode 
temperature has no obvious effect on the cathode thermal 
emittance. However, Clendenin in reference [10] 
mentioned that the thermal emittance could be reduced by 

a factor of 3  if the cathode is cooled down to ~100K. A 
better vacuum is required to reduce the effect of pollution 
on the surface barrier, and then more information about 
the relationship between the cathode temperature and the 
thermal emittance can be achieved.  

 

 
Figure 4: The normalized transverse emittance of the 
electron beam with laser spot r=1.4mm. The black squares 
are the experimental data of horizontal transverse 
emittance and the red dots are vertical transverse 
emittance, and the blue triangles are the average 
emittance. The intercept of the fit gives out the original 
thermal emittance from the cathode.   
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DARK CURRENT 
Another important parameter for the photocathode in 

the injector is the dark current. Figure 5 shows the dark 
current measured in the SRF gun with cathode 
#310309Mo and the imagines of the cathode at different 
RF gradient. This dark current is considered due to field 
emission and comes from two sources: the gap between 
the cathode and cavity and the cathode itself. The 
detectable dark current starts from 6 MV/m independent 
of the DC bias on the cathode. This threshold is higher 
than the one measured in 2008 with cathode #070708Mo, 
which was 5 MV/m, so the dark current threshold could 
be modified by improving the cathode surface condition 
and changing the shape of cathode tip, for example, 
applying a round edge with small radius for cathode tip.  

 

Figure 5: Dark current measured in the SRF gun with 
cathode #310309Mo. 

 
Figure 6: photocurrent scanning vs. cavity gradient and 
the laser power. The current was measured from different 
positions: Faraday cup (black curve) and the cathode (red 
one). The inset window shows the cathode current scan 
vs. laser power at the gradient of 1.78MV/m, where the 
high current appeared.  

 
Figure 6 is a photocurrent scanning vs. cavity gradient, 

in which an unusual current peak emitting from the 
cathode (red) appears in the low gradient zone. But it is 
not accelerated through the gun because the signal of 
Faraday cup is clearly normal. In fact the multipacting 
happened in the same gradient. In the inset window the 
current intensity of this peak increases with the laser 
power illuminating the cathode, i.e. the number of the 

primary photo-electrons. So we assume that this peak 
comes from the second electron emission /multipacting 
and probably also the ion back bombardment on the 
cathode area. The good news is that this phenomenon 
didn’t appear in the normal running of SRF gun which 
was set at higher gradient, thus it is less harmful for the 
photocathode emitter film. Another reason to ignore this 
emission is that when the DC bias increases to -7KV, the 
phenomenon is eliminated.  

OUTLOOK 
In order to increase the cathode fresh QE and to reduce 

the degradation during the storage and the transportation, 
plenty effort will be made to improve the vacuum in the 
preparation chamber and the transfer system in the near 
future. NEG pumps are used in our vacuum system and 
the next group of photocathodes is expected to have much 
better QE and longer life time. 

Negative Electron Affinity (NEA) GaAs-type is 
considered as the alternative photocathode for the SRF 
gun. The first reason is that GaAs-type cathode needs 
green drive laser, which will save the work on laser 
building if higher bunch charge is needed in the future. 
The second reason is that the GaAs-type cathode has 
much lower thermal emittance than Cs2Te photocathode. 
The third one is that polarized electrons from GaAs-type 
cathode (driven by polarized photons) may provide new 
application for ELBE user facility. But there are still a lot 
of open questions in the preparation and the operation in 
the SRF gun, such as ion bombardment, electron 
bombardment, dielectric rf power loss and slow response 
time. Some theoretical work has been done to research the 
possibility to apply this promising cathode in the SRF gun 
[11]. 

SUMMARY  
A Superconducting RF photoinjector has been 

successfully installed and tested in FZD ELBE hall. With 
this facility, plentiful experiments have been performed to 
measure the photocathode properties in the low 
temperature. The contamination between the cavity and 
the cathode is up to now not found in the careful 
operation. Stable Cs2Te photocathode with QE 1% has 
been achieved, and the lifetime is measured as long as 
two months. Dark current and the thermal emittance of 
Cs2Te have been measured in the SRF gun.  
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Abstract 
The superconducting RF system has been operated 

successfully in the storage ring of SSRF since July, 2008. 
The superconducting RF modules integrated with 310 kW 
transmitters and digital low level radio frequency (LLRF) 
control are adopted to provide about 4.5 MV cavity 
voltages for 3.5GeV electron beam. The operation status 
of SRF system is mainly reported here, the problems we 
met are analyzed, and also the operation with normal 
conducting cavity systems is introduced briefly. The 
challenge for us is to improve the system reliability and 
machine performance. 

INTRODUCTION 
SSRF, a 3rd generation synchrotron light source, has 

commenced operation to users since May 6, 2009. Since 
the commissioning of storage ring in Dec. 2007[1-3], the 
RF system has been operated successfully with both 
normal conducting cavities and superconducting cavities. 
Due to the delay of cryogenic plant, the RF system was 
operated firstly with three normal conducting cavities 
which helped to commission of the storage ring and 
obtain beam current 100mA at 3GeV, 200mA at 2GeV 
and 300mA at 1.5GeV[4]. After the cryogenic plant was 
ready, three SRF modules were tested successfully and 
installed into the tunnel instead of the normal conducting 
cavities from May 2008 to Sep. 2008. Then three SRF 
modules, integrated with 310kW transmitters and digital 
LLRF control etc, have been operated for one year. The 
beam reached 200mA at 3.5GeV on Sep.30, 2008 and 
300mA at 3.5GeV on July 18, 2009. The operation status 
of SRF system will be reported here. 

OPERATION STATUS 
The SRF system includes three RF stations, each is 

composed of SRF module, 310 kW transmitter [5], digital 
LLRF control[6] and its RF PLC interlock. The main 
operation RF parameters are shown in table 1. The SRF 
modules with gap voltage 1.5 MV per cavity are operated 
with 5 fast signals of the SRF module taken into the 
interlock chain to shut off the RF power source. The 
helium level is controlled around 67% by PID loop, and 
the helium vessel pressure is controlled at 1200mbar by 
PID loop with fluctuation less than ±0.5mbar. The HEX 
flow for cooling the waveguide section inside the SRF 
module is well in operation, and the liquid nitrogen 

insulation is also working well. The heater inside the 
helium vessel is set to 70W to achieve a constant of the 
cryogenic heat load. The transmitter was optimized at 
several modes in its output RF power, and is operated 
with the mode of 220 kW output power now. The digital 
LLRF control, developed by SSRF[5], has been taken into 
operation to control the cavity voltage and the RF phase 
in the precision of better than ±1% and ±1°, respectively. 
The complete PLC interlock in RF local station has been 
implemented to secure the RF system.  

Three SRF modules were warmed up to room 
temperature when the SSRF machine this summer was 
shut down one and a half months for maintenance. And 
now the SRF modules have been cooled down to 4.5 K 
again and operated with beam up to 300mA. 

Table 1: Operation Parameters of SRF System 

Parameter Value 

RF frequency 499.654 MHz 

RF harmonic number 720 

Synchrotron radiation loss 1.44 MeV 

RF voltage ≥4.5 MV 

RF phase stability ≤ ± 1° 

RF amplitude stability ≤ ± 1% 

Number of SRF cavities 3 

External Q  (1.7+/-0.3) E5 

 
Since SSRF was open to users, the number of beam trip 

events with various trip sources was counted. Figure 1 
shows the statistics of the ratio of break-down time 
caused by the different hardware systems during the users 
time from May 2009 to July 2009. The SRF system is 
responsible for about 24%. Among the RF trips, the faults 
from hardware of the digital LLRF control and the utility 
for RF were solved smoothly. However, the beam trip 
still came from the vacuum burst near the RF window of 
cavity at position #1. The other trip source is the 
fluctuation of cavity voltage when digital LLRF control 
operated with beam loading heavily. This fluctuation of 
cavity voltage resulted in the beam trip by the cavity 
quench when the voltage change was detected over the 
condition set in the quench detector. Beam trip was also 
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caused by the insulation vacuum which was a jump to 
break the ready chain of SRF module. However, this kind 
of jump was sometime unreliable from the vacuum cold 
cathode controller. The insulation vacuum was restore 
after the CC gauge controller was reset. Thus it was 
malfunction of the CC gauge controller rather than a real 
increase of insulation vacuum. 

Others
12.8%

PowerSource
15.3%

SRF
23.5%

Radiation
7.4%

Injector
35.8%

Linac
5.2%

 

Figure 1: Ratio of break-down time of various systems. 

CAVITY PERFORMANCE 
After the SRF modules were installed into the tunnel 

and connected with valve boxes and transmitters, the 
operation of the modules became a challenge for RF 
group. Figure 2 shows the SRF modules installed in the 
tunnel of storage ring. Up to now, all three SRF modules 
with the digital LLRF control,  RF transmitter and PLC 
interlock are well in operation smoothly 

 

Figure 2: SRF modules in the tunnel of storage ring. 

Cavity Conditioning 
The SRF cavities were conditioned with cavity voltage 

higher than 2.0MV and the RF windows were conditioned 
with RF power up to 120kW when cavities were off 
resonance during the site acceptance tests. The vacuum 
burst near the RF window still happened causing a beam 
trip on vacuum interlocks when forward power was up to 
a certain range. In order to ensure the cavities were able 

to deliver power enough to beam, the RF windows were 
conditioned without beam first and with beam. The 
forward power of cavities at position #2 and #3 can rise 
higher than 160kW without vacuum trips. For cavity at 
position #1, the conditioning was not easy to increase the 
forward power due to the vacuum trip frequently.  Several 
methods similar to Diamond light source used [7] have 
been tried to condition the window: 

• Condition the RF window with up to 100kW RF 
power at about 100 kHz off resonance again under 
the LLRF control. 

• Change the phase of standing wave to increase the 
forward power while keeping the cavity voltage at 
1.5MV with frequency loop and IQ loop of LLRF 
are closed. 

• Condition the RF window with beam current. One 
method is to increase the beam current by a slow 
increment, the other is to adjust the accelerating 
phase of the cavities slowly while keeping the same 
beam current. 

The cavity at position #1 was conditioned to handle 
about 130kW forward power without vacuum trip before 
the machine shut down this summer. The same 
phenomenon happened again after a complete warm-up 
and cool-down operation which was different from the 
diamond light source experience [7], but it took a shorter 
time to condition to reach above 150 kW. It seems the 
window needs more time to condition thoroughly. 

Tuner 
The tuner of module at position #1 and #3 was found to 

move in a sudden phase jumps about several tens degrees 
which was a problem with strong beam loading. The 
sudden phase jump made the cavity off resonance to trip 
the beam if the frequency loop was hard to react and to 
flow this jump quickly enough, and the reflected power 
was increased. It is solved by replacing the die spring and 
connector between gear and bush by a new special pipe 
component.  

Frequency luctuation 
The helium vessel pressure of SRF modules now can be 

controlled within ± 0.5mbar by its PID loop. However, 
the cavities are found to be detuned by +/- 3 degree of the 
cavity phase angle during the operation. Analysis of lots 
of signals has been done to figure out that the variation of 
the cavity phase angle in a time interval of several 
seconds and has correlation with the venturi differential 
pressure or the helium vessel pressure. No correlation 
between the cavity phase angle and LN2 supply pressure 
is observed [7-8]. We will try to optimize the PID 
parameters of pressure loop and try to install a piezo into 
the tuner to expect to reduce the frequency fluctuation. 

F
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Warm Up 
The SRF modules were warmed-up to room 

temperature during the machine shut down. The cavity 
vacuum variation was observed. The hydrogen gas 
resulted in the vacuum worst in a short time interval 
during warm-up. In order to ensure the ion pumps work 
properly, the gate valves were open again to let the NEG 
pumps installed on the conjunction between modules to 
handle the out-gassing. Figure 3 shows the vacuum 
variation of module at position #1 during the warm-up. 
The worst vacuum was up to about 1E-6 Torr. After this 
summer cool-down again, the vacuum was better than 2E-
10 torr, and became to about 4.0E-10 Torr with cavity 
voltage 1.5MV. 

 

Figure 3: Vacuum variation of SRF module during warm-
up. Ppob, Pfbt and Prbt are the vacuum pressure measured 
at cavity pump-out-box, fluted beam tube and round beam 
tube, respectively. 

Heavy eam oading 
When the SRF modules operated with heavy beam 

higher than 250mA, an instability of LLRF amplitude 
control was observed resulted in an activation of the 
quench protection to shut down the RF power. The other 
faults observed includes that the vacuum measured at the 
round beam tube became worse and the reflected power 
reached its limit. The fluctuation of cavity voltage was 
solved by tuning the parameters of IQ control loop and 
adjust the pre-detune angle of the cavity carefully.  Kinds 
of quench-like above were captured as shown in Figure 4 
by a fast recorder. 

 

Figure 4: Quench recorded by beam trip diagnostic 
system. Beam current is the detected voltage from a BPM, 
the Pt of cavities is a detected voltage from pick-up power 
of cavity standing for cavity voltage amplitude. Cav-
Quench is the quench interlock signal. Left vertical axis 
and bottom horizontal axis are for detected voltages of 
pick-up power, the right vertical and top horizontal axis 
are for quench interlock signals.  

The vacuum burst at the beam exit port of cavity   
implied the beam hit the beam tube and then beam loss 
made the cavity mismatch to increase the reflected power. 
We speculated that the cavity reached its critical coupling 
and we observed the reflected power of the module had a 
minimum value indeed before beam trip happened. The 
pre-detune angle was adjusted with little help for this kind 
of instability. Thus the total cavity voltage was enhanced 
from 4.5MV to 5.1MV to suppress the instability and 
300mA beam current was reached. The investigation on 
the instability under heavy beam current is still needed to 
carry out.  

CONCLUSION 
The 300mA beam at 3.5GeV has been reached in a 

decay mode at SSRF. The SRF modules integrated with 
transmitters, digital LLRF controls and PLC interlock are 
operated well. Some problems during the cavity 
conditioning were found and have been solved. Further 
study will be carried out on to minimize the fluctuation of 
resonance frequency, to figure out the mechanism and to 
reach the stability of LLRF in heavy beam loading. The 
most challenging thing for us is to run a heavy beam 
stably with the improvement of the reliability of SRF 
system. 

B L

Proceedings of SRF2009, Berlin, Germany TUPPO028

03 Operating experience with SRF accelerators

261



REFERENCES 
[1] Z. T. Zhao, H. J. Xu, H. Ding, proceedings of 

EPAC08, Genoa, Italy, pp.998-1000 
[2] Z. M. Dai, G. M. Liu, L. X. Yin, et al., proceedings 

of EPAC08,Genoa,Italy, pp.1998-2000. 
[3] G. M. Liu, H. H. Li, W. Z. Zhang, et al., proceedings 

of EPAC08,Genoa,Italy,pp.2079-2081. 
[4] J. Liu, Y. Zhao, H. Hou, et al., proceedings of 

PAC09, to be published. 
[5] M. Chen, Z. Feng, S. Zhao, et. al., Chinese Physics 

C, 2008, 32 (S1), 197-199. 
[6] Y. Zhao, C. Yin, T. Zhang, et.al., Chinese Physics C, 

2008, 32 (9), 758-760. 
[7] M. R. F Jensen, M. J. Maddock, P. J. Marten, et. al., 

proceedings of EPAC08, Genoa, Italy, pp.2037-2039. 
[8] C. Wang, L. H. Chang, M. S. Yeh, et.al., physica C 

441 (2006), pp.277-281. 

TUPPO028 Proceedings of SRF2009, Berlin, Germany

03 Operating experience with SRF accelerators

262



SARAF SUPERCONDUCTING MODULE COMMISSIONING STATUS

A. Perry, D. Berkovits, I. Gertz, I. Mardor, J. Rodnizki, L. Weissman  Soreq NRC, Yavne, Israel
K. Dunkel, M. Pekeler, C. Piel, P. vom Stein, D. Trompetter Research Instruments GmbH, Bergisch

Gladbach, Germany
B. Aminov, Cryoelectra GmbH, Wuppertal, Germany

Abstract
The accelerator at Soreq Applied Research Accelerator

Facility (SARAF) is a 176 MHz linac, currently under
commissioning at Soreq NRC. Phase I of the accelerator 
includes a Prototype Superconducting Module (PSM)
containing 6 half wave resonators (HWR).
PSM commissioning over the last year included:

a. Pulsed RF and Helium processing, successfully
reducing field emission.

b. Extensive investigation of microphonics sources
in the PSM, including a study of the
piezoelectric and stepper motor tuning systems.

c. Beam operation. A 2 mA pulsed proton beam
has been accelerated by the resonators up to 3.7 
MeV. Several diagnostic instruments were used
to characterize the output beam.

INTRODUCTION
The SARAF accelerator is a linear, high current, 176

MHz RF accelerator designed for acceleration of 2mA
proton and deuteron beams up to 40 MeV [1]. Currently,
phase I of the accelerator is under commissioning at 
Soreq NRC [2] by RI Research Instruments GmbH [3]
and Soreq NRC [4].  Phase I facility is illustrated in
Figure 1.

ECR

LEBTRFQPSMD-plateBeam dumps

7 m

MEBT

Figure 1: Overview of Phase I of SARAF accelerator.

The PSM (designed and manufactured by ACCEL/RI, [5,
6]) is the first of 6 superconducting modules, containing a 
total of 44 half wave resonators. Inside the first cryostat
are 6 =0.09 cavities made of bulk Nb, designed to
provide acceleration of the particles from 1.5 MeV/u to
approximately 5 MeV. In addition, the PSM houses 3
superconducting solenoids for transversal focusing.

HE PROCESSING 
The total cryogenic loss at 4.5 K is expected to be

lower than 70 Watts at the cavities' design gradient,
equivalent to a peak electric field of 25 MV/m. The above
value is the sum of the static and dynamic losses in the

cryostat. The dynamic losses should not exceed 10 Watts
per cavity (Q0>4.7×108).
After fabrication, all cavities were tested individually in a 
cavity test stand where the unloaded Q values were 
extracted from RF measurements for different field values
[5]. As can be seen in Table 1, all cavities performed in
accordance with their design value in the cavity test. 

Before Processing 
[W]

After Processing 
[W]

Cavity# Cavity
Test
[W]

25
MV/m

20
MV/m

25
MV/m

20
MV/m

25
MV/

m
1 7.3 1.9 7 2.2 5.5
2 7.3 3.0 6.3 4.8 8.7
3 6.3 12.3 16.8 7.0 14.8
4 6.3 11.1 --- 3.9 10.6
5 5.5 5.4 15.1 3.3 8.8
6 7.3 9.6 --- 5.4 10.7

total 40 43.3 --- 26.6 59.1

Table 1: Cavity RF Losses at 4.5 K: at the cavity test, 
before and after pulsed RF and He processing (on site).
Before processing, high losses disabled measurements for
cavities 4 and 6 at 25MV/m.

On site measurements were done by estimation of the
cryogenic losses from the measurement of the He supply 
flow. These measurements showed higher losses than
previously measured for some of the cavities at the cavity
test. The increase in loss between 20 and 25 MV/m and
the high radiation levels detected (Fig. 2, bottom) both
gave clear indication for the onset of field emission. High
power pulsed RF processing up to a peak field of 43
MV/m, using a phase locked loop (PLL) setup did not
improve the performance.

At that point it was decided to try Helium processing for
cavities 3, 4 and 6. The cavities were filled with high
purity helium gas (99.9999%), to a pressure of 4×10-5

mBar. The PLL was used to apply high power pulses (43
MV/m in peak field) with 5 Hz repetition and about 20
msec length. Each cavity was processed for several hours,
until no more processing events were observed and the
radiation level was stable.
After He processing the losses were measured again.

Significantly reduced levels of radiation were measured
for the processed cavities (Fig. 2, top). Further decrease in 
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radiation was observed after the Helium was completely
evacuated. Slight differences in loss values may be
attributed to measurement uncertainty including
cryogenic loss estimation and field calibration error,
totaling in a few watts. A possible explanation for the
increase in loss for cavity 2 may be some remnant surface
contamination from the He processing. While only three
cavities were He processed, all six were filled with gas.
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Figure 2: Radiation levels before (Bottom) and after (Top)
Helium processing of cavities 3, 4 and 6. Radiation was
measured by a  detector ~ 3 m perpendicular to the PSM.

MICROPHONICS AND TUNER ANALYSIS
The half wave resonators are fairly sensitive to

fluctuations in the He pressure. The  mBar stability
of the cryogenic system is reflected by frequency
detuning exceeding the cavities loaded bandwidth of 130 
Hz, since their sensitivity is approximately 60 Hz/mbar.
This places some stringent demands on the cavities 
tuners.

5.1

The tuner used at SARAF phase I is illustrated in Figure
3. It is composed of a stepper motor (SM) used for coarse
tuning and a piezoelectric element for fine tuning.

Figure 3:  Drawing of the tuner.

From tests of the piezo reaction it became apparent that
some of the piezoelectric elements suffer from a reduced
tuning range and electrical capacitance (Table 2). At first 
it was suggested that a depolarization of the elements had
happened due to accidental application of reverse voltage
at room temperature. A procedure for re-polarization of
the crystals was attempted, without success.
It was then speculated that the piezos may have suffered
from a mechanical malfunction. This could have an effect
over the mechanical boundary conditions of the cavities,
thus also accounting for an observed difference in
stability between cavities.  In an effort to understand the
problem a few tests were conducted, described hereafter.

The cavity-tuner system is designed to operate under
expansion over its whole tuning range. If this is not the
case, backlash phenomena may occur. Therefore, the 
stepper motor  was moved from its zero point to the limit
of its travel range (Fig. 4). The piezo tuning range was
then measured at different stepper positions, as well as the
cavity's resonance frequency. If indeed at some point the
tuner will no longer operate against the cavity's
expansion, a deviation from linearity is expected. In
addition, the piezo tuning range should noticeably change 
in this case.
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Figure 4: Cavity 5 resonance as a function of SM
position.

It can be seen that the cavity resonance frequency
changes linearly with the change of SM position over half
of its stroke, equal to ~0.3 mm. In addition, no distinct
change in the piezo tuning range was observed.

TUPPO029 Proceedings of SRF2009, Berlin, Germany

03 Operating experience with SRF accelerators

264



After the above measurements the cryostat was warmed
up and opened, and the piezo elements were exchanged.
An analysis performed by the manufacturer
(Piezomechanik GmbH) revealed that four of the six 
piezoelements suffered from loose electrical contacts. The
lost contact was probably due to differential thermal
expansion. The design was modified by piezomechanik to
prevent recurrence of the problem.

Cavity# July 09 
[Hz]

August 09
[Hz]

1 536 900
2 866 780
3 806 1013
4 794 978
5 448 874
6 919 1384

Table 2: Piezo tuning ranges for the six cavities, before
and after the exchange of the piezoelements.

The PLL control system was applied to measure the 
microphonics spectrum of all six resonators. This was
done by measuring the control voltage of the Voltage
Controlled Oscillator, which follows the resonance
frequency of the cavity. Figure 5 demonstrates a measured
microphonics spectrum for one of the half-wave
resonators. Mechanical modes around 50Hz and at 150
Hz were common to all cavities, in addition to the sub Hz 
component originating from He fluctuations (Fig. 5).
Analysis of the histogram and autocorrelation functions
indicated that these modes were probably excited by
broadband noise [7,8].
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Figure 5: Resonator 1 microphonics spectrum. Only
modes above 5Hz are shown.

In order to identify sources of microphonics,
piezoelectric sensors have been placed at different
locations outside the cryostat. Figure 6 presents two
microphonics spectra measured on the He supply line
(green) and cryostat bottom (blue). Unfortunately, the
equipment was sensitive to electrical noise coming from
the 50 Hz mains. Therefore, the 50, 100 and 150 Hz peaks
(seen on both curves) can not be directly identified as 
microphonics resonances. However, the peaks were still
present, to a less extent, when the same spectrum was
taken during a power break.

Figure 6: Measurement of mechanical vibrations on the
He supply line (green) and cryostat bottom (blue). 

BEAM OPERATION
A 2 mA pulsed proton beam was accelerated through 

the RFQ and PSM. The pulse repetition rate was set to a 
few Hz and the pulse length was typically 100 sec.
The pulsed beam operation had several goals:
optimization of RFQ voltage, calibration and phase
synchronization of the HWRs, characterization of the
beam and comparison with beam dynamics simulations.
To complete these tasks several diagnostic instruments
were used:

a. Standard slit wire systems for profile and
emittence measurements.

b. Phase probes to allow for beam energy 
measurement by time of flight (TOF).

c. Rutherford Scattering [RS] off a gold foil
inserted into the beam halo. Silicon detectors at
45 and 100 degrees record the spectrum of the
scattered particles to determine the beam energy
[9].

RF-phase synchronisation with the beam for all HWRs
was performed by rotating the RF phase and measuring
the output energy using TOF or RS [Fig. 7]. The optimal
RF phase corresponding to beam dynamics simulations
was found and set for each cavity. After the cavity field 
adjustment, the procedure was repeated for the next
cavity.
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Figure 7:  Proton energy as function of HWR6 phase
(energy calculated from TOF measurements).

The first two resonators were used for beam bunching,
while the last four provided acceleration. The accelerating 
cavities were operated at voltages between 550kV and
900 kV, in accordance to beam simulations and field 
stability limits. These voltages are equivalent to peak
electric fields of 16 to 27 MV/m. The maximal beam
energy obtained by this setup was 3.7 MeV (Fig. 8). The
source of the systematic difference between TOF and RS 
results is still under investigation. RS measurements were 
calibrated by the RFQ output energy (1.5 MeV). The
estimated error of the TOF measurement is in the range of 
10 – 40 keV.
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Figure 8: Proton energy versus HWR6 voltage, from TOF
[blue] and Rutherford scattering [pink] measurements.

The phase probes and Rutherford scattering
measurements provide additional information about beam
bunching. The phase probe signal amplitude is dependent
on the longitudinal bunch length, while the Rutherford
scattering spectrum is a straightforward measurement of 

the beam energy spread. Thus, it was possible to 
determine the effectiveness of cavity 6 when used as a
buncher by looking at the Rutherford spectra [Fig. 9]. At
that point cavities 4 and 5 were not operating.
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Figure 9: Width of the RS spectrum for different phases of
cavity 6. Also displayed are two RS energy spectra: for 30
and -60 degrees.

SUMMARY AND OUTLOOK

Several steps had been taken towards the
commissioning of SARAF PSM over the last year. Beam
operation with the superconducting cavities had
demonstrated some progress as well as good agreement
with beam dynamics simulations. However, control and
stability of the RF fields in the resonators should be
improved. Some problems in the electronics were already 
identified, and the endeavour will resume in the coming
months.

We wish to express our acknowledgment to Asher Grin 
for the operation of the cryogenic system and to Yossi
Eisen for the development of the RS monitor.
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OPERATION OF SOLEIL WITH THE TWO 352 MHZ CRYOMODULES
IN THE STORAGE RING

N. Guillotin, H.D. Dias, M.D. Diop, M.E. El Ajjouri, J.L. Labelle, R.L. Lopes, M.L.M. Louvet-Monsanglant, P. M

Abstract

In the SOLEIL storage ring, two cryomodules provide
to the electron beam an accelerating voltage of 4 MV and a
power of 575 kW at 352 MHz. Each cryomodule contains
a pair of superconducting cavities, cooled with liquid He-
lium at 4K, supplied by a single 350 W liquefier. The RF
power is provided by 4 solid state amplifiers, each deliver-
ing a maximum of 180 kW. The parasitic impedances of the
high order modes are strongly attenuated by means of four
coaxial couplers, located on the tube connecting the two
cavities. The first cryomodule, operational since September
2006, has allowed storing beam current up to 300 mA. The
second cryomodule, manufactured by ACCEL (Germany),
was implemented in May 2008. After more than one year
of running with the two cryomodules, the first operation re-
sults are reported.

CONTRIBUTION NOT
RECEIVED
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Figure 2:  Microphonics probability distribution with 
seven cavities at full gradient in the ATLAS tunnel. 

 
Figure 1:  Complete ATLAS upgrade 7-cavity string. 

MICROPHONICS IN THE ATLAS UPGRADE CRYOMODULE 

M.P. Kelly, P.N. Ostroumov, G. Zinkann, S. Sharamentov, J.D. Fuerst, M. Kedzie, S. M. Gerbick, 
Argonne National Laboratory, Argonne, IL, U.S.A

Abstract 
 Microphonics measurements have been performed on 

the recently commissioned ATLAS upgrade cryomodule 
which holds seven new β=0.145 quarter-wave cavities 
operating at 109 MHz. Tests have been performed at the 
full operational fields with an average gradient EACC=8.3 
MV/m and VACC=2.1 MV/cavity, a record for cavities in 
this range of beta. In the commissioning run of the 
cryomodule with cavities at full gradient, RMS frequency 
jitter ranged from 1-2 Hz RMS. With a VCX fast tuner on 
each cavity configured for a tuning window of 40 Hz there 
is no “out-of-lock” due to microphonics.  Measurements 
were performed with the cryostat attached to the ATLAS 
4.5 Kelvin liquid helium refrigeration system. The 
quarter-wave cavities themselves are equipped with a 
passive mechanical vibration damper so that low-lying 
intrinsic mechanical modes which couple to the cavity RF 
fields contribute little to the total microphonics. Rather, at 
useful accelerating fields most of the modest frequency 
jitter is due to relatively low frequency pressure 
oscillations in the helium bath due to pool boiling. Future 
plans for fast tuning on the next ATLAS upgrade 
cryomodule are discussed. 

INTRODUCTION 
     The narrow frequency bandwidth, ~1 Hz or less, of 
superconducting (SC) cavities is simultaneously a virtue 
and a challenge for the operation of a large phased array 
of superconducting cavities. The narrow bandwidth, a 
direct result of the very low rf losses achievable with SC 
technology, also typically implies a sophisticated tuning 
system in order to precisely control the resonator 
frequency and phase. For today’s SC cavities this tuning 

is carried out at several levels of increasing precision. 
Today the initial determination of the cavity frequency 
can be modeled using full 3-D electromagnetic 
simulations of the cavity rf volume with a relative 
accuracy that is approximately 1% [1]. The frequency 
stability of the cavity with respect to environmental 
perturbations is also considered during the design. Details 
are application dependent (e.g. cw vs. pulsed, high-current 
vs. low-current) Precise machining and ‘one-shot’ 
mechanical squeezing are then performed to bring the 
cavity within the range of the active tuning system [2]. 
Here, final one-shot tuning represents a tuning accuracy of 
one part in 104-105. Finally, a robust dynamic tuning 
system with conservatively chosen parameters is used to 
control the cavity frequency and phase during operations. 
We discuss a system for the ATLAS upgrade cryomodule 
and its operation in the ATLAS accelerator tunnel. 

CAVITY/MODULE DESIGN 
In order to ensure that the probability of out-of-lock is 

sufficiently small [3], (1) the cavities have been designed 
to reduce the frequency response to vibrations and/or 
helium pressure changes and (2) a tuning system that is 
both sensitive to small cavity eigenfrequency deviations 
and has sufficient range to accommodate the largest 
anticipated frequency excursions has been built. The result 
is good cavity frequency and phase stability, as shown for 
example in Figure 2. Essentially no out-of-lock due to 
microphonics has been observed during the first several 
weeks of operations in ATLAS. However, the cavities 
field performance, quench limited as high as EACC=15 
MV/m (3.75 MV/cavity) in the module, now exceeds the 
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Figure 3:  Quarter- wave cavities with coupler and tuner. 

                             

 
Figure 4:  Room temperature cavity vibration data in a 
‘hammer test’ with and without a passive mechanical 
damper. 

power handling capability of the VCX (voltage-
controlled-reactance) fast tuner and restricts operational 
field levels to an average of EACC=8.3 MV/m (2.1 
MV/cavity). 

Cavities 
The seven upgrade cavities (1 prototype + 6 production) 

were all fabricated from 3 mm RRR~250 niobium sheet 
die hydroformed by Advanced Energy Systems Inc. In 
order to perform the initial coarse tuning of the cavity 
frequency, the three subassemblies were clamped together 
and the frequency was measured. The cavity housing and 
center conductor were trimmed iteratively using an initial 
course and then a final fine wire EDM cut. See Ref. [2,4] 
for additional details on the fabrication and tuning 
techniques. The completed niobium sub-assemblies were 
electron beam welded at Sciaky Inc. and housed in an 
integral stainless steel helium vessel [5]. 

A passive mechanical vibration damper based on the 
design developed at Legnaro [6] is installed in each 
quarter-wave loading element as shown in Figure 3. A 
substantial reduction in vibrations was verified in room 
temperature measurements as shown in Figure 4. The 
decay time for mechanical vibrations including the 
‘pendulum mode’ at just over 50 Hz, is reduced by ~4X. 
Additional optimization could likely be achieved with 
more development. 

The mechanical design with mostly cylindrical cross 
sections along the length of the cavity is intrinsically 
stable with respect to pressure fluctuations. Additional 
mechanical ribs near the intersection of the center 
conductor and the cavity housing are bridged by a 
titanium plate and further reduce pressure sensitivity and 
increase stiffness. The four cavities for which Δf/Δp was 
measured have values in the range of -12 to +5 Hz/torr.  

Cryomodule 
The cavity string is supported on a pair of aluminum 

beams 4.5 meters long by 0.3 meters high by 0.05 meters 
thick. The beams are in turn suspending from the lid of the 
cryostat by four vertical invar beams and an additional 
two diagonal invar members to prevent swinging. Two of 
the vertical members and the two diagonal members are 
visible in Figure 1. The only rigid mechanical connection 
from the outside of the cryomodule directly to the cavities 
is through the power coupler. 

Couplers and Tuners 
    Three variations on the ANL rf power coupler are 
installed on the upgrade cryomodule cavities. Two use an 
inductive ‘magnetic loop’ probe and differ only in the 
loop area. The third is a capacitive probe adapted from the 
inductive design by removing both the loop and a section 
of the outer conductor and then welding a 1.3 cm copper 
sphere to the end of the center conductor. Each probe has 
a single warm vacuum window, is ~60 cm long and 
variable over 70 mm or about 50 dB in coupling strength. 
The coupler penetrates up through the bottom of the 
cryostat with a room temperature worm gear motor drive 
located just below the under side of the cryomodule. The 
coupler is the only rigid linkage going directly from the 
outside of the cryomodule to the cavities. In room 
temperature tests where the coupler was not necessarily 
rigidly fixed it was observed that coupler vibrations could 
couple to the cavity rf frequency. In operations, with the 
coupler well constrained at the bottom of the module, 
coupler vibrations do not seem to contribute measurably 
to cavity frequency shifts. 
   Compensation of slow time varying frequency shifts (~1 
Hz or slower) is done by deforming the cavities along the 
beam axis using a pneumatically operated stainless steel 
bellows (see Figure 3). The bellows are pressurized using 
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Figure 5:  Frequency jitter with cavity locked to a 
low noise generator (black) and when locked to the 
ATLAS master oscillator (MO) (red).  A low noise 
MO for ATLAS is planned. 

 
Figure 6:  Cavity frequency jitter measured 
simultaneously in two adjacent cavities. 

helium gas at 77 K and a maximum pressure of 0.6 bar. 
The 30 kHz tuning range corresponds to a 2.5 cm bellows 
stroke and a 4 mm cavity length change along the beam 
axis. 
   Fast tuning is performed using a voltage controlled 
reactance (VCX) fast tuner to rapidly modulate the cavity 
frequency between two different states such that the time 
average cavity frequency matches the master oscillator. 
The tuning window is set during assembly by choice of 
the length of the VCX inductive loop projecting into a 
port on top of the cavity. The 40 Hz window for the 
upgrade cryomodule cavities is more than sufficient to 
compensate for the 1-2 Hz RMS frequency jitter observed 
during operations.  
   Though the VCX tuner system is highly reliable, it does 
have a drawback when used with today’s high-gradient 
(high stored energy) cavities. Namely, the power handling 
is limited due to losses and heating in the PIN diodes as 
they are cycled on and off. Practically, this limits cavity 
operation to EACC=8-9 MV/m. Additional modest changes 
underway to the PIN diode driver circuit will extend this 
range somewhat, however, the next upgrade of ATLAS, 
including another cavity cryomodule, will replace the 
VCX with a fast mechanical tuner. 

ONLINE MEASUREMENTS 
Since the commissioning of the upgrade module online 

measurements of the tuning system and microphonics 
have been performed both to optimize current operations 
and as input for the next ATLAS upgrade cryomodule [7]. 

Master Oscillator 
In ATLAS each of the 68 SC cavities is phase locked to 

a harmonic of the 12 MHz master rf oscillator. Figure 5 
shows the error signal for one of the seven ATLAS 
upgrade quarter-wave cavities when locked to the ATLAS 
master rf oscillator (red) and when locked to a low noise 
external signal generator (black). In the former case more 
than half of the frequency jitter is due to 60 Hz frequency 
modulation (i.e. not real microphonics) superimposed on 
the 109 MHz master oscillator signal. This additional 
frequency jitter was unimportant for split-ring 
cryomodules where overall jitter and fast tuning windows 
(~150 Hz) are large, but it is substantial here. A low phase 
noise master oscillator upgrade is planned for ATLAS. 

Cavity-to-cavity Correlations 
It has been proposed that it may be possible to reduce 

overall cavity microphonics in some general way if cavity 
microphonics where strongly correlated. Figure 6 shows 
Fourier amplitudes and phases of the frequency error 
signal for two adjacent cavities in the ATLAS upgrade 
cryomodule. The peak near 30 Hz appears to be phase and 
amplitude correlated; however, the remainder of both 
spectra are mostly uncorrelated. This indicates that the 
microphonics here are not driven by ‘global’ pressure 
fluctuations in the ATLAS refrigeration system, but by 
local changes specific to the individual cavities. 

Pressure Sensitivity 
As discussed, the quarter-wave geometry is fairly rigid 

with respect to pressure changes (|Δf/Δp|<12 Hz/torr), 
however it is known that thermal acoustic oscillations or 
He refrigerator changes can drive pressure changes of 
many torr. Therefore, an attempt was made to correlate 
pressure fluctuations in the cryomodule liquid helium bath 
to eigenfrequency excursions of the cavities. Fourier 
amplitudes and phases for a cavity phase error signal are 
compared with data collected at the same time using a 
pressure transducer mounted on cryomodule helium 
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Figure 7:  Fourier amplitudes and phases for a cavity 
phase error signal (black) and a pressure transducer 
(black) on the cryomodule helium tank. 

system (see Fig. 2). Data are shown in Figure 7. Unlike 
earlier observations in the single cavity test cryostat, no 
clear correlations between cavity microphonics and the 
helium pressure in the cryomodule main storage manifold 
were observed. 

FUTURE PLANS 
A further upgrade of the ATLAS SC linac including 

another new cryomodule with cavities at β=0.075 is well 
underway. Additional improvements to the EM design 
such as an expanded volume in the high B-field region 
with lower surface fields and also final electropolishing on 
the finished niobium cavity (as for e-cell cavities) makes a 
goal of 3 MV/cavity plausible even at this low beta [7]. 
Stored energies in this case would be ~40 Joule or more 
requiring substantial extension of the VCX technology 
developed more than 30 years ago. Rather, we have 
decided that the next upgrade will include a combination 
of overcoupling using the rf power coupler and a fast 
mechanical tuner, likely based on a piezoelectric actuator. 
Development of these subsystems is also underway. 

CONCLUSION 
An ATLAS upgrade cryomodule housing seven 109 

MHz SC quarter-wave cavities has been commissioned. 
The tuning system, based on a pneumatically operated 
bellows and a VCX fast tuner is both sensitive to small 
cavity eigenfrequency deviations and has sufficient range 
to accommodate the largest observed frequency 
excursions. Microphonics levels with cavities running at 
the full operational fields (EACC=8.3 MV/m and VACC=2.1 
MV/cavity) are 1-2 Hz RMS and well within the VCX 
fast tuner window of 40 Hz.  During the first weeks of 
operations there has been no “out-of-lock” due to 
microphonics.   
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Figure 1:  Second sound quench detection at ANL in 1977  
measured separately for a pair of SC split-ring resonators. 

 
Figure 2:  Second sound quench detection with movable  
sensors. 

A SIMPLE SECOND SOUND DETECTION TECHNIQUE FOR SRF 
CAVITIES 

M.P. Kelly, M. Kedzie (ANL), Z. Liu (PKU/IHIP, Beijing) 
Argonne National Laboratory, Argonne, IL, USA 

Abstract 
 A simple technique based on an in-situ moveable 

germanium resistance thermometer is being built to 
measure the quench location in superconducting rf (SRF) 
cavities in superfluid liquid helium. SRF cavities are very 
often limited in operating field level by thermal instability 
manifesting as a transient "quench" of the electromagnetic 
field. The field energy is transferred into the superfluid 
helium bath as a heat pulse and may be detected as a wave 
of phonons at a thermometer. The germanium resistance 
thermometer technique was developed at Argonne three 
decades ago and used to measure time-of-flight of the 
second-sound to locate defects in split-ring resonators for 
the ATLAS SC linac at Argonne. The present goal is to 
extend and adapt the second-sound diagnostic technique 
in a simple, easy-to-use and cost effective way for use 
with cavities under development today. These include for 
example, single- and 9-cell 1.3 GHz SC cavities, as well 
as, reduced beta superconducting cavities such as half-
wave and quarter-wave structures. 

INTRODUCTION 
   A quench of the field in an SRF cavity results in a 

pulse of heat being introduced into the cooling helium 
bath.  If the helium is superfluid (colder than 2.17K), the 
heat pulse is propagated as a wave of phonons - a pulse of 
so-called second-sound. Single-crystal germanium 
resistance thermometers (RTD’s) have sufficient 
sensitivity and short enough response times to detect such 
waves.  The technique provides positional information on 
the location of the quench and is complementary to carbon 
resistor arrays, commonly used to determine the spatial 
distribution of heating on the cavity rf surface. 

BACKGROUND 
The ANL split-ring resonators originally designed more 

than 30 years ago are still among the most complicated 
superconducting accelerating structure ever built with 
more than two dozen separate niobium parts joined 
together by 32 separate electron beam welds. Then, as 
now, beam welds and a variety of other material defects 
generally limit the performance of SRF cavities and a 
quick and accurate means of locating these defects is 
required. 

Figure 1. shows second sound measurements performed 
in 1977 by Shepard et al.[1] for a pair of split-ring 
cavities. The upper traces are a measure of the cavity rf 
field showing the characteristic decay time of ~3 mS for a 
quench initiated by thermal-magnetic instability. The 
lower traces are the measured voltages across germanium 

RTD’s showing the second sound pulse arriving at the 
sensors, 19 mS (left) and 30 mS (right) respectively, after 
breakdown. This technique was used extensively to locate 
quenches to within 1-2 cm in order to perform a local 
repair on the rf surface. Also, second sound detection was 
relatively simple since the split-ring loading arms (where 
quench was likely) are a quasi- 1-dimensional system and 
permit a straightforward interpretation of the measured 
signal. 

The most practical experimental setup for quench 
detection is generally dependent on the 3-D 
cavity/cryostat geometry.  Some cavities, including the 1.3 
GHz single cell elliptical cavity, shown mounted on the 
lid on the new ANL 2 Kelvin test cryostat in Figure 2, 
lend themselves to detection with either a single or a small 
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Figure 3:  Commercial and ANL in-house germanium 
resistance thermometers (top) and 2nd sound testing in a 6” 
He dewar (bottom). 

 
Figure 4:  LabView data acquisition system for recording 
individual second sound pulses. 

number of moveable detectors permanently attached to the 
cryostat rather than on the cavity. We have built and 
tested a moveable 3 meter long by 2 cm OD insert 
fabricated from thin walled stainless steel tube and a short 
section of G-10 for mounting the RTD’s. The model in 
Figure 2 shows two of these moveable inserts to be used 
to locate quench in a singe-cell cavity. Figure 3. shows 
one of the inserts undergoing tests in a 6” helium dewar.  
Positional information, both along the vertical axis and 
azimuthally should be obtainable on elliptical-cell cavities 
with only 2-3 sensors.  A new 2 Kelvin test cryostat at 
ANL has many access ports at the top of the helium vessel 

suitable to accommodate the inserts. The same system 
should be equally suitable for quench detection in 9-cell 
cavities with the addition of a longer cavity helium vessel. 

THERMOMETER TESTING 
In order to test the operation of two types of germanium 

RTD’s available to us today, a series of measurements 
have been performed. Figure 3. shows a germanium RTD 
from LakeShore, model GR-200A-500, (left) and a 
thermometer fabricated in house at ANL from a bare 
single crystal of germanium (right). The crystal inside the 
commercial device has been exposed by carefully 
removing the manufacturer’s cylindrical copper enclosure 
with a jewelers file. The device on the right was fabricated 
at ANL starting with a bare germanium crystal. A thin 
gold film was evaporated onto the ends of the crystal and 
copper leads were attached to the gold film by indium 
soldering. 

Measurements were performed in a 6” helium dewar 
(Figure 3 – bottom) with germanium RTD’s mounted on 
the moveable insert. A pair of film resistors, at 1.5 cm and 
8 cm from the thermometer, was mounted to the insert and 
used to simulate cavity breakdown by generating a fast, 
~2 mS, heat pulse into 1.9 Kelvin liquid helium. An 
example of an individual heat pulse and second sound 
signal is shown in Figure 4. The measured response time 
of the RTD’s is better than 0.5 mS, corresponding spatial 
resolution is 1 cm or better. Previous tests with SRF 
cavities indicate a spatial resolution somewhat (2-3X) 
lower [1]. This is expected due to the finite size of the 
normal region (several cm) into which the cavity rf energy 
is dissipated. A detailed model analysis of this effect is in 
preparation [2]. 
 
Detector ensitivity 

Efforts have been made to optimize the sensitivity of 
the sensors in the test setup. Measurements were 
performed, using a standard 4-wire technique. A battery 
box and a variable potentiometer were used to set the 
RTD bias current. Generally, the RTD response to a 
second sound pulse increases as the bias current is raised 
from zero. At some value the self-heating (I2R) losses 
become substantial raising the temperature of the sensor 
and lowering sensitivity (1/R x dR/dT). Here, the 
resistance of the LakeShore RTD’s at T=1.9 K and with 
small bias currents of 20μA or less was measured to be 
4.8 kΩ, in fair agreement with LakeShore specifications. 
Measureable self heating was first observed with 
IBias~50μA, however, the best overall signal-to-noise ratio 
was found for relatively large bias currents in the range of 
500μA - 1mA as for the signal shown in Figure 4.  

FUTURE PLANS 
Second sound testing with the system described here is 

planned initially for an ANL coaxial half-wave SRF 
cavity. This geometry is highly favorable since it should 
permit the location of a quench using a single movable 

S
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germanium RTD inside the central conductor. The half-
wave test will be followed by testing with a single-cell 
elliptical cavity to be provided through the ANL/FNAL 
collaboration on SRF cavities. 

CONCLUSION 
A simple and convenient technique based on an in-situ 

moveable germanium resistance thermometer has been 
tested with fast heat pulses in superfluid liquid helium. 
The system may be used to detect quenches in a variety of 
cavity geometries with only a few sensors and does not 
require disassembly or reassembly for each cavity test. 
Upcoming tests using the moveable germanium 
thermometers are planned for both TEM and elliptical cell 
cavities using a new ANL 2 Kelvin test cryostat. 
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A MULTIPLEXED RTD TEMPERATURE MAP SYSTEM FOR 
MULTI-CELL SRF CAVITIES* 

E. Chojnacki#, CLASSE, Cornell University, Ithaca, NY, U.S.A.

Abstract 
A new multiplexing scheme is presented for scanning 

through thousands of RTD sensors to obtain fast 
temperature maps of the walls of operating SRF cavities 
without undue cabling out of the liquid helium dewar.  
None of switching elements are located inside of the 
dewar.  For n sensors placed on a cavity having m cells, 
the number of wires to be routed out of the dewar using 
this switching scheme would be approximately mn ⋅2 . 

INTRODUCTION 
Obtaining temperature maps of the exterior walls of 

SRF cavities during operation in vertical tests has been a 
useful research tool in diagnosing causes of cavity Q-
slope and quench [1-3].  The temperature maps are 
typically obtained by placing Resistance Temperature 
Detector (RTD) sensors against the exterior walls of the 
cavity immersed in the liquid helium bath.  An RTD 
sensor having the desirable large variation of resistivity 
with temperature in the 2K regime is the venerable 100 Ω, 
1/8 W Allen-Bradley carbon resistor, though no longer in 
production.  The resistivity increases from the 100 Ω 
room-temperature value to about 10 kΩ at 2K.  For this 
type of RTD, a 2-wire sensing scheme per RTD has been 
used with the sensing current in the range 1-100 μA.  For 
thorough mapping of a single-cell SRF cavity, this method 
requires about 750 sensors and 1500 wires routed out of 
the helium dewar.  To map a 9-cell SRF cavity in a similar 
manner, there would have to be 7000-10000 wires routed 
out of the helium dewar, which is not a practical solution.  
To reduce the number of wires to temperature map a 9-
cell cavity, systems using fewer thermometers that are 
rotatable around the cavity [4] and systems using 
multiplexing of sensors [5] have been developed.  It is 
still desirable to improve the temperature resolution and 
to further reduce the wire count of 9-cell temperature 
mapping systems.  Presented here is the design of a new 
type of RTD multiplexing scheme that will further reduce 
the wire count, reduce the time required to scan all of the 
RTDs, and could match the temperature resolution of 
single-cell mapping systems. 

MULTIPLEXING SYSTEM 
Sensor and Signal Processing Boards 

The RTD sensor pc boards are traditionally contoured 
to match the shape of an SRF cavity [1-5].  The RTDs can 
be mounted on pogo pins at the edge of the board and the 
two wires per RTD routed to a connector on the pc board, 
as shown in Fig. 1.  The sensor boards can be spaced 
azimuthally around the cavity, such as every 15°, to have 
24 boards around the azimuth.  A simplified schematic of 

the sensor and signal processing boards is shown in 
Fig. 2, representing:  24 sensor boards around a cavity 
with 25 RTDs wired to a connector per board, the ribbon 
cables, and the signal processing circuit external to the 
helium dewar.  There is red and blue highlighting of the 
wires in Fig. 2 to help guide the following circuit 
description. 

 
Figure 1:  An RTD sensor pc board contoured to match 
the shape of an SRF cavity. 

Switching Scheme 
In this multiplexing scheme, node #2 of all of the RTDs 

per sensor board are connected together and routed to one 
pin on the connector, with a different pin used for each 
board around the cavity azimuth, for example 
incrementing from pin 26 to pin 49.  Node #1 of each 
RTD per sensor board is routed to a unique pin per board, 
for example incrementing from pin 1 to pin 25.  This can 
be seen on the right side of Fig. 2 where the ribbon wire 
resistance of 0.4 Ω and the inter-wire capacitance of 
0.1 nF are also indicated.  A 50-conductor ribbon cable 
can be wrapped around the azimuth of the cavity with 24 
IDC connectors crimped onto the cable in parallel, and 
then the ribbon cable is routed out of the helium dewar.  
In this example, there are then 24×25=600 RTDs 
connected by a single 50-conductor ribbon cable.  (In the 
specific design for a 9-cell SRF cavity, the sensor boards 
would be stacked along the axis of the cavity and 6 such 
ribbon cables would be routed out of the helium dewar.). 

After the ribbon cable exits the dewar, it is routed to a 
signal processing board.  Each wire of the ribbon on the 
signal processing board connects to a solid state SPDT 
switch and a pin of a bilateral solid state SPST 
multiplexer.  The maximum ON resistance for the SPDT 
is about 20 Ω and for the multiplexer about 180 Ω, but for 
the present discussion assume zero ON resistance.  A 
specific RTD among the 600 connected to the ribbon 
cable, such as R2 on board 24 in Fig. 2, is sensed by 
switching the SPDT connected to node #1 of this 
addressed RTD to a current source (or a voltage source 
through a large resistor, red highlighting in Fig. 2), and 
switching the SPDT connected to node #2 of the 
addressed RTD to ground (blue highlighting in Fig. 2).  
Current from the main source is prevented from flowing 
into other RTDs by switching all of the node #1’s of the 
 

___________________________________________  
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Figure 2:  A simplified schematic representing the RTD sensor boards, the ribbon cables, and the signal processing 
circuit external to the helium dewar. 

 
other RTDs to the buffered node #2 voltage of the 
addressed RTD, and all of the node #2’s of the other 
RTDs to the buffered node #1 voltage of the addressed 
RTD.  In this way, no current flows through any RTD 
R2 on the other boards, nor through any of the other 
RTDs on board 24.  A reverse current flows through the 
remaining RTDs, but it is supplied by the buffer 
amplifiers and serves as pre-self-heating of those 
RTDs.  The red and blue highlighting in Fig. 2 is 
representative of the node #1 and node #2 voltages and 
should help indicate the current flows just described. 

The SPST multiplexers in Fig. 2 are switched in 
synchronism with the SPDT’s and they are integral to 
the high impedance sensing of voltages by a data 

acquisition (DAQ) card and the buffer amplifiers 
driving the unaddressed RTDs.  This portion of the 
circuit draws negligible current from the addressed 
RTD and allows measurement of its voltage drop, and 
then the RTD temperature from a calibration table. 

Also shown in Fig. 2 is a clamping circuit for the  
signal to the +Sense buffer.  This is in place in the 
event that there is an open circuit due a broken wire, 
and the buffered voltage will then be prevented from 
over-driving the other RTDs.  A similar clamping 
circuit also precedes the -Sense buffer, though it is not 
shown in Fig. 2. 

If the sensing current to the RTDs is selected to be 
high for better signal-to-noise, the ON resistance of the 
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solid state switches may introduce a large enough 
voltage drop such that the nodes of the unaddressed 
RTDs do not sufficiently match the nodes of the 
addressed RTD.  This would cause parasitic currents to 
contribute to the addressed RTD measurement.  To 
eliminate such error, though not shown in Fig. 2, 
another set of SPST multiplexers are used to connect 
the node voltages of an unaddressed RTD to high 
impedance buffers.  These unaddressed node voltages 
are used in servo loops to drive the unaddressed RTD 
nodes to equal the addressed RTD node voltages, and 
result in negligible parasitic currents.  (For simplicity 
in Fig. 2, the unaddressed RTD buffers are driven 
directly by a shared signal from the DAQ 
multiplexers.) 

Self Heating 
Since no current flows through some of the 

unaddressed RTDs, they would have less pre-self-
heating than other RTDs if they were the next RTD to 
be addressed.  To utilize the reverse current that flows 
through the unaddressed RTDs for pre-self-heating, the 
consecutive switching sequence should step from board 
to board (different set of node #2’s) and also step to the 
next RTD number (different set of node #1’s).  Using 
the RTD notation in Fig. 2, an example switching 
sequence is:  R1B1, R2B2, R3B3,…,R24B24, R2B1, 
R3B2, R4B3,…  In this way, each newly addressed 
RTD will have the pre-self-heating current flowing for 
nominally 22 data acquisition time intervals prior to 
being addressed.  This assumes that an initial warm-up 
interval occurs prior to initiating the switching 
sequence so that all of the RTDs are allowed to reach a 
steady state temperature that includes self-heating.  The 
fastest data acquisition time interval per RTD is 

envisioned to be about 1 ms, with longer intervals for 
increased averaging and accuracy. 

Wire Count 
For the example switching configuration described 

above, there are 600 sensors addressed by 50 wires in a 
ribbon cable routed out of the dewar.  In general, if 
there are n sensors placed on a cavity having m cells, 
the number of wires to be routed out of the dewar using 
this switching technique would be approximately 

mn ⋅2 .  For a system being fabricated to test 9-cell 
cavities using sensor boards as shown in Fig. 1, there 
are n=3528 sensors and 6 ribbon cables having 50 
conductors each, or 300 wires routed out of the dewar. 

HARDWARE 
The analog sensing and digital control for the signal 

processing board is provided by a National Instruments 
PXI-1033 chassis.  In the chassis is a PXI-6123, 8-
channel analog input, 500 kHz DAQ module, and a 
PXI-6509, 96 DIO module for RTD addressing, signal 
conditioner gain select, carrier waveform select, and 
reference thermometer control.  LabView software on a 
Windows PC with a PCIe slot will control the PXI 
chassis. 

The baseline data acquisition parameters will have 
the analog DAQ acquire 512 samples at a 500 kHz 
sampling rate, with up to 8 RTD signals acquired by the 
PXI-6123 in 1 ms.  Using 6 of the analog input 
channels for 6 ribbon cables, each addressing 600 
RTDs, a temperature map of an entire 9-cell cavity 
could be obtained in about 1 second, allowing a 40% 
overhead for switching and data storage.  Longer 
acquisition times may be selected for increased 
accuracy. 

IDC-50 connectors 
for 6 ribbon cables 
from sensor boards

SCXI connectors to 
PXI-DAQ modules

Solid state switches and 
signal conditioning per 
ribbon cable

RTD address 
decoding

 
Figure 3:  Layout of the switching and signal processing pc board. 
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The switching and signal processing board fabricated 
for testing a 9-cell cavity is shown in Fig. 3.  It is an 8-
layer board with surface-mount components on both 
sides.  There is a section for decoding the RTD address 
and 6 duplicated channels to process the signals from 6 
ribbon cables.  The SPDT solid state switches are 
MUX333A and the SPST multiplexers are DG406.  A 
portion of the signal processing board shown in Fig. 3 has 
been populated with components for testing one channel 
of the circuitry. 

AC CARRIER AND LOCK-IN SENSING 
An option included in the design of the signal 

processing board is the use of an AC carrier as the 
stimulus signal to the RTD sensors, followed by lock-in 
amplifier type demodulation techniques.  This technique 
could extract better temperature resolution from the RTD 
sensors than available from a simple DC stimulus.  The 
capacitive coupling between wires of the ribbon cable 
may cause too much cross-talk between sensed RTD 
signals, but the AC carrier option will be tested. 

The well-known principle of the lock-in demodulation 
technique is illustrated in Fig. 4 for parameters considered 
for this multiplexed RTD data acquisition system.  A 
desired signal with 20 mV amplitude and 50 kHz carrier 
frequency is shown in the top trace.  The wideband noise 
shown in the second trace is added to the desired signal, 
with the summed waveforms shown in the third trace.  
Demodulating the summed waveforms synchronous with 
the carrier gives the waveform shown in the fourth trace.  
Summing all of the data points in the demodulated fourth 
trace then recovers the 20 mV amplitude of the desired 
signal to <0.1% accuracy.  In general, if a signal is 
sampled for an acquisition time T, the demodulated 
average will include only the noise in a bandwidth 

Tf 1=Δ  centered on the carrier frequency.  For this 
multiplexed RTD data acquisition system, a 50 kHz 
carrier with a 1 ms acquisition time would give 
measurements that are effected only by the noise in the 
frequency band 49 kHz to 51 kHz 

SUMMARY 
A new multiplexing scheme has been presented for 

scanning through thousands of RTD sensors to obtain fast 
temperature maps of the walls of operating SRF cavities 
without undue cabling out of the liquid helium dewar.  
None of switching elements are located inside of the 
dewar.  The RTD sensor pc boards have been designed 
and fabricated.  The signal processing board has been 
designed, fabricated, and populated with components for 
testing one channel of the circuitry.  LabView software 
has be written to perform the initial tests of the system. 
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Figure 4:  Illustration of the lock-in demodulation 
technique for parameters considered for this multiplexed 
RTD data acquisition system.  Summing all of the data 
points in the demodulated fourth trace recovers the 20 mV 
amplitude of the desired signal in the top trace to <0.1% 
accuracy. 
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DESIGN OF A TE-TYPE CAVITY FOR TESTING SUPERCONDUCTING
MATERIAL SAMPLES∗

Y. Xie†, J .Hinnefield, M.Liepe
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),

Cornell University, Ithaca, NY, U.S.A.

Abstract

To further the understanding of the r.f. performance of
niobium and alternative superconducting materials such as
MgB2, high magnetic field tests of material samples in-
serted into host microwave cavities are potentially highly
beneficial. In this paper we present results from a detailed
design study of such superconducting sample host cavities.
The focus of the design work has been on maximizing the
ratio of sample surface magnetic field to host cavity max-
imum surface field, on multiple mode operation to study
frequency dependent effects, on mechanical stability of the
host cavity under atmospheric pressure, and on joints be-
tween the sample plates and the host cavity.

INTRODUCTION

Superconducting cavities operating in TE modes have
long been used in characterizing superconducting material
samples such as niobium, cuprate conductors and most re-
cently MgB2 [1]. This type of cavities typically consist of
a host cavity and one or two detachable sample plates or
just a material sample being placed on top of a position ad-
justable sapphire rod. TE monopole modes are especially
favored because there are no surface electric fields on the
sample plate thus enabling easier cleaning and preparation
procedures. Also there are no surface currents flowing at
joints between the host cavity and sample plates. Therefore
ideally there will be no loss at the joints. Figure 1 shows the
existing Cornell 6GHz niobium pill-box shape cavity oper-
ating in the TE011 mode which was used for example to
characterize niobium films deposited on copper plates via
the ultra-high vacuum cathodic arc (UHVCA) deposition
method. Currently, the existing Cornell TE cavity can only
reach a maximum magnetic field of 450Oe on the sample
plate. The host cavity baseline Q factor is 3.5 × 108 as
shown in Figure 2 due to large residual losses and coupler
losses. The field ratio R, defined as

R = Hmax,sample/Hmax,cavity (1)

is lower than 1 for this pill-box cavity, which means that
not the sample plate but the host cavity will reach max-
imum magnetic field first. In order to fully characterize
the RF performance of Nb3Sn and MgB2, it is essential to
achieve surface magnetic fields on material samples above
2000Oe. Thus only a new host niobium TE cavity shape

∗Work supported by NSF and Alfred P. Sloan Foundation
† yx39@cornell.edu

Figure 1: Existing pill-box shape TE cavity at Cornell.

with a higher intrinsic field ratio R > 1 can achieve mag-
netic fields on the sample above the RF critical field of nio-
bium.
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Figure 2: Baseline test of the existing TE cavity at Cornell
for a baseline niobium bottom plate.

TE CAVITY DESIGN

The maximum magnetic field that can be achieved on
the sample is limited by the breakdown magnetic field of
the host cavity. Therefore, the main design goal is to max-
imize the ratio R of maximum sample plate surface mag-
netic field to maximum host cavity surface magnetic field.

Proceedings of SRF2009, Berlin, Germany TUPPO034

04 Measurement techniques

281



Other design constraints of the TE cavity are

• Sample size (bottom plate of the cavity) should be
small (≤ 4 inches diameter).

• Lower excited modes frequencies (≤ 4GHz) are desir-
able to avoid global thermal instability as Rbcs ∝ f2.

• The cavity configuration should be relatively simple
and the bottom sample plate should be easily to attach.

We started from several possible basic shapes that
were evolved from the pill-box shape [2]. Each shape
can be defined by a parameter set (a1,a2,...,an). Matlab
scripts were used to generate geometry input files used by
CLANS/SLANS [3] for a given parameter set. A modified
version of CLANS was used to calculate EM eigenmodes
and generated a file containing surface fields of calculated
modes for each geometry. The surface field ratios R were
calculated from the surface fields. Each parameter in the
parameter set was modified by a centain step size and the
ratio R was obtained for each variation. The iteration pro-
cess was repeated until the best ratio was found. Since this
optimization method was basically a gradient ascent search
algorithm, the previous best result was re-optimized by the
MATLAB optimizer Fminsearch@ which uses the simplex
search method [4].

IMPROVED HOST CAVITY SHAPES

Three host cavity shapes have been obtained as shown
in Figure 3. Two of them are excited in monopole mode
as stated before. In a third design a dipole TE mode is
explored because of its attractive high sample to cavity sur-
face magnetic field ratio R. The design parameters of three
shapes are summarized in Table 1. Note that the size of the
sample plate can be readily scaled inversely proportional to
the host cavity operating frequency.

Table 1: The design parameters of three types of TE cavi-
ties

TE011

mode
TE012

and TE013

mode

TE dipole
mode

Ratio
R

1.40 1.24(TE012)
1.57(TE013)

3.25

f(GHz) 5.02 4.78(TE012)
6.16(TE013)

4.01

Sample
diame-
ter(cm)

10.0 10.0 10.0

MECHANICAL ASPECTS

In order to study the deformation of the host cavity and
sample plate when the cavity is under vacuum and the
outside at atomosphere pressure, stress analysis was per-
formed using Inventor@ for all three types of host cavities
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Figure 3: Three shapes of host cavity (blue) and sample
plate (red).

[5]. The most serious deformation is located at the cen-
ter of the sample plate for every design. Figure 4 shows
deformation calculations under 1 atm outside. The scal-
ing law is that the maximum deformation is approximately
proportional to the diameter of sample plates. The largest
deformation is about 0.15mm for a 10cm diameter niobium
sample plate of 3mm thickness which is acceptable. Sam-
ple plates with diameters above 15cm become unfeasible
because of the high stress and strains if the cavity is evacu-
ated.
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(a) Design A

(b) Design B

(c) Design C

Figure 4: Deformation calculations for the case that the
host cavites are under vacuum and the outside at atomo-
sphere pressure.

ELECTROMAGNETIC ASPECTS

Design A: Operating in TE011 Mode

Figure 5a shows the magnetic field lines distribution for
the first type of a TE cavity excited in TE011 mode. The
cavity is of slightly reentrant shape. The surface mag-
netic field along the entire cavity cover and sample plate
is displayed in figure 5b. The surface field ratio R is 1.4
which indicates that 2800Oe can be reached theoretically
on material samples assuming a niobium superheating field

Hsh = 2000Oe for the niobium host cavity [6].
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Figure 5: Magnetic field lines distribution (a) and normal-
ized surface magnetic field distribution (b) of design A. The
sample plate (s=0 to 5 cm) and walls of the host cavity (s=5
to 14 cm).

Design B: Operating in TE012 and TE013

The novel feature of this cavity design is that it allows
to test material samples under two different frequencies.
The maximum of the surface magnetic field on the sample
plate is at the same location for both modes as seen in fig-
ure 6c. This beneficial feature enables us to determine the
frequency dependence of the rf performance of sample ma-
terials without changing the host cavity. Figure 6a and Fig-
ure 6b shows the magnetic field lines distribution for both
TE012 mode and TE013 mode. The surface field ratio R for
TE012 mode is 1.24 which suggests that surface magnetic
field on material samples can reach 2480Oe. The surface
magnetic field on material samples can even reach up to
3140Oe for the TE013 mode with a field ratio R = 1.57.

Mode
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Figure 6: Magnetic field lines distribution for a TE012

mode (a) and a TE013 mode (b). (c) is the normalized sur-
face magnetic field along the sample plate (s=0 to 5 cm)
and walls of the host cavity (s=5 to 21 cm) of design B.
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Figure 7: Surface magnetic (green) and electric (red) field
distribution (a) on the sample plate for a TE dipole mode
design C. (b) is the normalized surface magnetic field along
the sample plate (s=0 to 5 cm) and walls of the host cavity
(s=5 to 15 cm).

Design C: Operating in TE Dipole Mode

The TE dipole mode host niobium cavity design has the
highest surface field ratio R = 3.25 which means that the
surface magnetic field on sample plates can reach 6500Oe
theoretically. The maximum of the surface magnetic field is
located at the center of the sample plate as shown in figure
7b. Figure 7a shows the surface electric and magnetic field
distribution at the sample plate. Due to the presence of
surface electric fields, carefully cleaning and preparation
of the host cavity is essential to avoid possible multipacting
and field emission.

JOINTS

Since surface magnetic fields at the edge of sample plates
for the TE monopole mode A and B go to zero, as shown in
figure 5b and 6c, there should not be any loss at the joints
ideally. In the presence of finite size joints, our calcula-
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tions show that small surface magnetic fields leaking into
the joint region outside the sample plates decay expoenen-
tially in the radial direction. Therefore very low loss joints
between host cavities and sample plates can be achieved
for the TE monopole mode designs A and B. However, the
seal problem is pronounced for the TE dipole mode design
C because the surface magnetic field at the edge of the sam-
ple plate does not go to zero as shown in figure 7b. Thus
a choke joint needs to be designed to decrease the surface
magnetic field at the joint and to enable low loss at the pos-
sible indium seal.

CONCLUSION AND OUTLOOK

We have obtained three cavity shapes that would lead to
high surface magnetic field at the sample plates with rel-
atively simple host cavity shapes. Surface magnetic field
on material samples could reach 2800Oe theoretically in
the TE monopole single mode design A. The TE monopole
double mode design B enables two mode measurements of
the test material samples to study frequency dependence of
the surface resistance. The highest surface magnetic fields
that could be achieved on samples are 2480Oe and 3140Oe.
For the TE dipole mode design C, maximum surface mag-
netic field could reach 6500Oe. However for this design C,
since the surface magnetic field does not go to zero at the
edge of the sample plate and since surface electric fields
are present in the host cavity, the possibility of multipact-
ing needs to be fully considered. In addition possible de-
signs of the input and pickup antenna couplers inserted at
the cavity top plate will be addressed in the future. After
finishing the design, we plan to build the hostcavites at the
end of this year, with rf test starting next year.
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OPTICAL INSPECTION OF SRF CAVITIES AT DESY

S. Aderhold#, DESY, Hamburg, Germany

Abstract
Since 2008, the prototype of a camera system, developed

at KEK/Kyoto University, for the optical inspection of the
inner surface of cavities is available at DESY. 
Its  variable-angle  and  intensity  illumination  system
provides  sufficient  contrast  for  an  in-situ  search  for
surface defects in high resolution. Such defects may limit
the gradient when causing a quench. 
A  large  sample  of  prototype  cavities  for  the  European
XFEL has been inspected and provides a large inventory
of data for analysis.  The comparison of  features in the
optical  inspection  and  hotspots  in  the  temperature
mapping  during  RF-measurements  of  the  cold  cavities
gives evidence for correlations. 
Consecutive inspections of cavities in different stages of
the surface preparation process allow a monitoring of the
evolution of surface defects.

INTRODUCTION
In  its  first  year  of  operation at  DESY more  than 20

nine-cell  cavities  have  been  inspected  with  the  Kyoto
camera system [1]. The high resolution pictures obtained
with the system allow the locating and study of defects on
the inner cavity surface in a way that was not possible
before without cutting samples from the cavity. 
Categorizing  these  defects  and  link  the  information
obtained in optical inspection to the one from temperature
mapping during RF-test  may help  to further  understand
gradient  limiting  mechanisms  and improve  the  yield  of
high gradient cavities.

COMPARISON OF T-MAP
MEASUREMENT AND OPTICAL

INSPECTION
During the vertical  RF-test  of a cold  nine-cell  cavity

heating areas that  indicate  the position of a  quench are
routinely located by a rotating array of thermo-sensors on
the outer surface (T-map).
Optical inspection of the respective inner surface revealed
a correlation between the hotspot and visible  defects in
several cases.

One example for the match of quench location and a
clearly visible defect found by optical inspection is Z130.
In the first vertical test the cavity was limited by quench
without  field  emission  at  17.3  MV/m.  For  further
investigations the cavity was cut out of its He-vessel. The
only surface treatment  before the second  test  was  high
pressure water rinse (HPR).
The second vertical test was performed with  T-map; all
nine modes of the cavity were measured. In the  π-mode
the cavity was limited by quench at 16.6 MV/m. 

For  the  3/9-  and  1/9-π-mode  the  heating  location  was
found by T-map on the equator of cell 5 (see left part of

3/9-π-mode.
Optical  inspection  of  Z130  was  carried  out  after  the
vertical  test.  At  the  area  corresponding  to  the  heating
during quench in 3/9- and 1/9-π-mode, a circular pit of
about  700  μm  diameter  is  visible  on  the  edge  of  the
equator welding seam (right part of Figure 1).

Samples  have  been  cut  from  Z130  for  a  detailed
analysis of the surface [2].  The defect in the equator of
cell 5 was found to be up to 200 μm deep. No inclusion of
foreign material was detected in the defect by EDX. 

Figure  1:  Quench  location  found  by  T-map  (left)  and
optical  inspection  picture  of  respective  area  (right)  in
Z130.

Figure  2 shows  another  correlation  between  T-map
measurement  and  optical  inspection  that  was  found  in
Z142. During the vertical RF-measurement heating of the
quench was located by T-map near the equator of cell 6
(left  part  of  Figure  2)  .  In  the  π-mode  the  cavity  was
limited at 20.6 MV/m by quench without field emission. 
Optical  inspection  of  the  respective  area  after  the  test
revealed  a  defect  in  the  heat  affected  zone  next  to  the
equator welding seam (right part of Figure  2). The defect
is a pit of elliptical shape with a semi-minor axis of about
300 μm and a semi-major axis of about 500 μm. 

Figure  2: Quench  location  found  by  T-map  (left)  and
optical  inspection  picture  of  respective  area  (right)  in
Z142.

____________________________________________
#sebastian.aderhold@desy.de

Figure 1). Cell 5 was limited by quench at 22 MV/m in the
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Figure  3: Equator welding seam of cell 1 in Z137: Before chemical treatment (left), after main EP (center) and after
final EP (right).

DIFFERENT STAGES OF SURFACE
PREPARATION

Performing optical inspection at different stages of the
surface preparation process allows to study the formation
and  evolution  of  defects.  A batch  of  4  cavities  (Z134,
Z136, Z137 and Z142) from the 6th production series of
cavities  for TTF/FLASH [3]  was  and is  inspected after
several steps of the surface preparation process:

• before surface preparation (“as received”)
• after main-EP
• after final EP and RF-test

In the optical inspections before surface preparation and
after the main-EP all equator and iris welding seams are
inspected.  After  the  RF-test  the  welding  seams  are
inspected  once  more.  In  addition,  the  areas  of  heating
located by T-map, that may also be situated outside the
welding seam areas, are inspected. 

Figure  3 shows a series of three pictures taken at the
same spot of the equator welding seam of cell 1 in Z137.
The  left  picture  shows  the  cavity  before  the  surface
treatment.  The  equator  welding  seam of  cell  1  looked
normal  and  similar  to  the  other  eight  equator  welding
seams. 
After the main surface removal of 108 μm by EP, cell 1
looked different to the other cells (centre picture of Figure
3). Large steps have appeared at the grain boundaries on
the welding seam and in the heat affected zone. Complete
grains on the welding seam look matte  and very rough.
This effects are visible along the complete equator of cell
1. None of the other eight cells showed similar effects. 
The final EP has smoothed the structures on the equator
and the surface is much more shiny (right picture of Figure
3).  However  the  large  steps  at  the  grain  boundaries
remain. 
In the vertical  test  Z137 was  limited at  25.2 MV/m by
quench.  T-map  measurement  located  heating  of  the
quench in the heat  affected zone next  to the equator of
cell 1.
Possible explanations for the behaviour of cell 1 during
main-EP are under investigation.

Figure  4:  Defect  on equator  welding  seam in  cell  1  of
Z136: before surface treatment  (left)  and after  main-EP
(right).

During  the optical  inspection of Z136  before  surface
preparation three defects of up to around 1 mm in size
have been found on the equator welding seam of cell 1
and in the heat affected zone next to it. All three defects
lie  within  few  cm  of  the  welding  seam.  An  example
picture is  given in the  left  part of  Figure  4. The defect
looks  like  a  circular  pit  of  about  600  μm  diameter,
accompanied by molten material sitting on the surface.
After  the  main  surface  removal  of  108  μm by electro-
polishing the defects are smoothed but still  present  (see
right part of Figure 4). Final surface treatment of Z136 is
scheduled  and the  subsequent  RF-measurement  with  T-
map  will  reveal,  whether  the  remainder  of  one  of  the
defects causes a quench or not. 
The presence of the defects before any chemical treatment
of the cavity indicates that their formation is linked to the
welding process itself. 

SUMMARY
Comparison  of  T-map  and  optical  inspection  shows

correlation  between  the  heating  location  and  visible
defects  for  Z130  and  Z142.  In  Z136  and  Z137  defects
were spotted at an early stage of the preparation process
and  tracked  through  different  stages  of  surface
preparation.  Final surface preparation, vertical test with
T-map  and  subsequent  optical  inspection  of  Z134  and
Z136 is awaited before end of 2009.
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EXCITATION OF PARASITIC MODES IN CW COLD TESTS OF 1.3 GHZ 
TESLA-TYPE CAVITIES 

G. Kreps, A. Gössel, D. Proch, W.-D. Möller, D. Kostin, , K. Twarowski 
DESY, Notkestr. 85, 22603 Hamburg Germany.

Abstract 
The CW test of the 9 cell TESLA-type cavity in liquid 

helium bath at 2 K is one of the key points in the cavity 
procurement. This test gives the cavity performance data 
for the cavity acceptance. It is important to understand the 
error sources and precision limits for the cavity tests. The 
excitation of the parasitic modes in the operating pass 
band has been observed in 88 CW cold tests out of 182, in 
42 cavities under test out of 66 since 2006. Parasitic 
modes excitation implies an error source for the cavity 
gradient and quality factor determination. The excited 
parasitic mode power growth rate changes significantly 
and depends strongly on the cavity test antenna coupling. 
The relation of this effect to the field emission, as well as 
to other test parameters has been investigated. 

Introduction 
TESLA-type cavities are tested in the vertical cryostat 

at 2 K in CW condition before the string of 8 cavities is 
mounted in the cryogenic-module. All 9 modes of the 
TM010 pass band are measured for the investigation of 
cell differences. The excitation of parasitic modes is 
observed during CW cold cavity tests. The determination 
of the cavity gradient and the quality factor contains 
errors when the generation of additional modes starts 
(Fig. 1) because the power meter measures two modes 
together. 

 
Figure 1: An excitation of 7/9Pi mode changes Qo and 
Eacc 

Sometimes the big amplitude of the parasitic mode 
destroys the frequency lock and interrupts the RF 
measurement. The parasitic generation is detected by the 
Spectrum Analyzer (Fig. 2) connected to the pickup 
antenna. Determination of the nature of modes generation 
is our aim.  

 
Figure 2: Pi-mode and parasitic 7/9Pi are separated by 
the spectrum analyzer connected to the pickup antenna. 
 
Statistics 

The excitation of the parasitic modes in the operating 
pass band TM010 has been observed in 88 CW cold tests 
out of 182 and in 42 cavities under test out of 66 since 
2006. Pi, 2/9Pi and 6/9Pi modes excite frequently other  
parasitic modes frequently other modes. Main trouble is 
the appearance of 7/9Pi mode from Pi mode: 

• This mode is built up in almost all best cavities 
with high Q. 

• The 7/9 Pi mode makes big errors of Eacc and 
Qo measurements of Pi mode. 

• High amplitude of the 7/9 Pi mode unlocks the 
drive frequency of Pi mode.  

 
Figure 3: The excitation of the parasitic modes in 182 
CW cold tests since 2006. 
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The histograms (Fig. 4), (Fig. 5) and (Fig. 6) show the 
number of cold tests and the Eacc in the cell #9 measured 
by the pick up probe when the mode excitation starts. 
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 Figure 4: Excitation of 7/9 Pi mode from Pi mode. 

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30 35 40

Eacc [MV/m] in cell #9

N
u

m
b

er
 o

f 
te

st
s

 
Figure 5: The mode excitation from 6/9 Pi mode. The 
mode excitation from 6/9 Pi and Pi modes starts at a high 
gradient. 6/9Pi mode builds up 2/9, 3/9 and 4/9Pi modes. 
Instability takes place by increasing power of 6/9Pi mode. 
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Figure 6: Mode excitation from 2/9 Pi, 3/9 Pi and 4/9 Pi 
modes. 

 

 Correlation to the Radiation 
The Radiation is measured by the sensor placed at the 

top, outside of the cryostat.  
• Mode generation from 6/9 Pi mode is 

accompanied by strong radiation (Fig. 7).  
• 7/9 Pi mode is generated by Pi mode without the 

radiation measured outside of the cryostat in many cold 
tests (Fig. 8).  
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Figure 7: Mode generation from 6/9Pi mode vs. 
radiation. 
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Figure 8: 7/9Pi mode generation from Pi mode vs. 
radiation. 

The Radiation in the Cryostat 
In order to investigate the radiation not only at the top 

plate of the cryostat TLD thermo-luminescent detectors 
were placed on the cavity tank. A cavity without any 
radiation measured outside the cryostat was used. Low 
energy radiation < 50 kV was measured by sensors after 3 
hours exposition at a field of 23-25 MV/m. One test was 
done without parasitic mode. Then the sensors were 
replaced and the second test was done with 7/Pi-mode 
excitation. The generation of parasitic mode changed the 
radiation distribution (Fig 9). The radiation had low 
energy because it was attenuated about 2 to 4 times by the 
cavity tank wall (5 mm titanium). 
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Figure 9: Generation of parasitic 7/9 Pi mode changes 
the radiation. Amplitude of 7/9 Pi mode is -3 dB to Pi 
mode. Exposition: 3 hours in each cold test. 

The Excitation Function 
• The ramp of the mode excitation depends 

strongly on the Qload changing by the input antenna 
coupling. The ramp of the excitation is higher when the 
Qload is larger (Fig 8).  

• The exponential function of the parasitic mode 
excitation exp(t/T) is different from the cavity pulse 
response  1- exp(-t/T). 

• The exponential function exp (t/T) describes a 
positive feed-back system. 

• The dependence of the mode excitation from 
Qload and positive feed-back characteristic has a good 
agreement to KEK theory [1] with the field emission. The 
measurement of the radiation in the cryostat confirmed 
the field emission in the cavity. 

• Disagreement to the field emission theory is 
large power (30 W) transmitting to parasitic mode without 
additional losses from the emission current. 

. 

 

Figure 10: Excitation function is positive exponent exp (t/T) and can be from the positive feed-back. Excitation is 
faster for larger Qload  

 

Summary  
 
Drive mode Pi excites parasitic mode 7/9Pi: 

• Errors in Qo and Eacc measurement. 
• The excitation is stable, has large amplitude 

and sometimes destroys the lock of the Pi 
mode.  

• The power transmission to the 7/9Pi mode 
does not make any additional losses.  

• The mode excitation depends strongly on the 
Qload. 

• The exponential function of the parasitic mode 
excitation is formed by positive feed back. 

• Field emission exists in the cavity. 
• Large power transmits to the parasitic mode 

without additional losses. 

Drive modes other than Pi:  
• Most of parasitic modes are unstable and have 

low fields. 
• Excitation is accompanied by a strong field 

emission  
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VERTICAL TEST SYSTEM AND T-MAPPING/X-RAY-MAPPING AT
KEK-STF

Y. Yamamoto, H. Hayano, E. Kako, S. Noguchi, H. Sakai, M. Satoh, T. Shishido, K. Umemori, K. Watanabe, KEK

Abstract

New vertical test system was constructed at KEK-STF
in 2008. Pilot test for system check including surface
treatment process (Electro-Polishing) was successful using
AES#001 cavity, which was on loan from FNAL, because
the gradient was increased from 15.7 MV/m to 21.8 MV/m.
After that, vertical test for MHI cavities is routinely done,
which goal is to achieve above 35 MV/m. New cavity di-
agnostic system was recently completed for vertical testing
of 9-cell L-band superconducting cavities, which is com-
posed of T-mapping and X-ray-mapping. The present sys-
tem is based on 352 carbon resistors for T-mapping, and 82
PIN photo diodes for detecting emission of X-rays. While
most of the sensors are attached to the cavity exterior in a
pre-determined regular pattern, some sensors can be strate-
gically placed at non-regular positions so as to watch the
areas which are considered “suspicious” as per the surface
inspection done prior to vertical testing (pinpoint attach-
ment). Although the T-mapping system identified perfectly
the heating location in every vertical test, there was no cor-
relation between the heating location and the suspicious
spot.

CONTRIBUTION NOT
RECEIVED
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DEVELOPMENT OF A TE011 CAVITY FOR THIN-FILMS STUDY 

G. Martinet, S. Blivet, N. Hammoudi, M. Fouaidy 
IPNO, Université Paris-Sud 11, CNRS/IN2P3, Orsay, France

Abstract 
Bulk niobium cavities have almost reached their 

maximum performances. Maximum accelerating gradient 
field is above 35-40 MV/m for a multi-cells cavity at 1.8 
Kelvin and it achieves 25-30 MV/m with high reliability. 
The question of increasing the accelerating gradient in a 
significant way is running regarding the huge amount of 
units required for new projects (16000 units for ILC). A 
promising solution is to use thin films of new materials 
deposited on copper or niobium. In order to investigate 
the behaviour of these materials for the accelerating 
cavities, we have developed a dedicated setup based on 
thermometric method and a TE011 cavity. We present 
here the design study of the setup and the expected 
sensitivity of the method for the surface measurement of 
materials properties under RF fields. 

INTRODUCTION 
Superconducting thin-films, especially Nb on copper 

substrate, have been studied in the past for 
superconducting cavities at CERN [1,2,3,4]. These results 
highlight the performances of these materials: a high 
quality factor at low field, better than bulk, but a strong 
Q-slope when the accelerating field is increasing. 
Whereas these properties reveal that this technology was 
inappropriate for the high gradient cavities. 

Recent studies on superconducting thin-films and other 
deposition processes and materials [5,6] have shown that 
a factor two on accelerating fields could be gained. The 
implications are significant: a decrease in the number of 
required cavities for the same final particle energy, a 
diminution of the size of the cryogenic facilities, a cost-
safe on realisation and the exploitation of the machines, 
and an upgrade of the existing machines. 

Regarding the impact of such technologies, we propose 
a dedicated TE011 cavity based on the thermometric 
method developed in the past within collaboration 
between CEA-Saclay and IPN-Orsay [7,8]. This method 
aims at characterize BCS and residual surface resistance 
of thin films samples. 

We present here the design study of the cavity and the 
dedicated instrumentation. In a second part are presented 
the expected performances to conclude on the 
perspectives on thin-films characterization. 

DESIGN OF THE TE011 CAVITY 
Previous TE011 cavity setup [7,8] was used to 

characterize Nb and NbTiN coating on copper. The 
method has shown that it is possible to measure surface 
resistance (BCS and residual) with good sensitivity and 
precision. In order to study other thin films, we have 
designed a new cavity based on the same geometry. 

TE011 Cavity 
Calculations are performed with CST microwave 

Studio©. The cavity being designed to study BCS and 
residual resistance, the first step is to fixe the frequency. 
We aim at studying the possibility to apply thin- films for 
new cavity. For this reason, the frequency has to not be 
too high. However the size of the sample must be in the 
same order of magnitude than an accelerating cavity. 
Another requirement is to use 2 modes to perform 
measurement with two frequencies. By this way the 
surface resistance behaviour can be explored at two 
frequencies. Both modes TE011 and TE012 have a 
similar surface distribution on the sample. The magnetic 
field can be written with analytical expression depending 
on maximum magnetic field and Bessel function: 
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Where J1 is the first order Bessel function and k=p11/rcav 
with p11 is the J1’s first zero. 

This expression enables to use analytical formulae in 
the calculation of the surface resistance. The TE011 and 
TE012 magnetic field mappings are represented 
respectively on figures 1 and 2. These figures show that 
the maximum magnetic field is located at the bottom of 
the fedthrough, at the intersection with the top of the 
cavity. 

 

Figure 1.a: Tangential magnetic field on the cavity surface 
for the TE011 mode. 
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Figure 1.b: Surface magnetic field for the TE011 mode on 
the cut plane along the fedthroughs axis. 

 

Figure 2.a: Tangential magnetic field on the cavity surface 
for the TE011 mode. 

 

Figure 2.b: Surface magnetic field for the TE011 mode on 
the cut plane along the fedthroughs axis. 

The round shape on the top of the cavity keeps away 
the degenerated modes and allows conserving the 
analytical expression of the magnetic field on sample 
surface, fixing the field ratio and modes frequencies. The 
Table 1 gives a comparison between the previous 
geometry and the new one. 

 

 1996 design 2008 design 
Field ratio 
(TE011) 

1.43 1.35 

FTE011 (GHz) 4.02 3.85 
FTM111 (GHz) 3.99 3.90 
FTE012 (GHz) 5.62 5.12 
FTM112 (GHz) 5.58 5.20 

GTE011 (Ω) 722 773 
GTE012 (Ω) 853 939 

Table 1: Comparison Between 1996 [7]  Design  and  2008

Measurement Chamber 
The thermometers cell is shown on figure 3. The 

vacuum is required to perform high precision 
measurement. If the thermometers were directly inside the 
helium bath, the sensitivity of temperature measurement 
would be roughly decreased. 28 carbon thermometers are 
mounted on the backside of the sample and encapsulated 
in cooper piece to increase thermal conduction with the 
sample. The thermal contact is assumed by bronze-
Beryllium made springs. 3 lines of 6 thermometers 
forming an angle of 120° between each other allow 
measuring the temperature profile from the centre to the 
border of the sample. 6 other couples of thermometers are 
mounted near the border of the disk. The temperature 
profile is correlated to the dissipated power on the 
sample. The vacuum of the chamber is insulated from the 
cavity. The cooling of the sample is made by the flange 
all around the 3 millimetres thick disk. This configuration 
allows dissipating few watts from the sample. The 
copper-made heater is fixed on the centre of the disk. It 
enables to calibrate both the thermometers and the 
dissipated power on the sample. 

The method to measure surface resistance is described 
as follow [7]: 

• At 1.8K, the main part of resistance is dominated by 
the residual regime. Once temperature variation has 
been measured on the backside of the sample by 
changing the power of the heater, we obtain the 
power dissipated in RF regime. The power dissipated 
is calculated by using the following equation : 

∫∫=
S

SSSs dSSHTHRP )(),(
2
1 2    

• As we know the residual resistance, we can measure 
by the same method the BCS resistance from 1.8K to 

4.2K by assuming the law T

B

BCS e
T
A

R
−

= . 

 

Design for TE011 and TE012 Modes 
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Figure 3: View of the TE011 cavity with the thermometers 
chamber. 

EXPECTED PERFORMANCES AND 
STATUS 

Expected Performances 
This method has shown in the past that it is well 

adapted for measurements of thin films coated on copper 
substrate with a surface resistance similar to the niobium 
bulk. The expected performances are the same than 
previously. Following table summarizes the sensitivity: 

 

Bs(mT) 
Sensitivity (nΩ) 

@1.8K 
Bs(mT) 

Sensitivity (nΩ) 
@1.8K 

5 1.43 5 45 
20 4.02 10 10 
40 3.99 15 5 

 Table 2: Expected Sensitivity for Different Magnetic  
 at 1.8K and 4.2K.

For a high quality sample, the quench of niobium cavity 
should limit the higher field applied. For the other cases, 
the measurements are limited by the thermal exchange 
conditions with the helium bath. Actually, the method 
requires measuring precisely the exchange coefficient. In 
this case, the transition between natural convection and 
nucleate boiling induces some difficulties. Otherwise, this 
phenomenon is not an issue and the measurements can be 
done out of the range of the transition. If these conditions 
are gathered, samples with a surface resistance from few 
hundred to few thousand nΩ could be characterized. 

Status 
This project has started one year ago. The cavity has 

been ordered and received (fig. 4), as well as the 
thermometers chamber and all instrumentation parts (fig. 
5). Two niobium disks have been bought for the 
commissioning of the setup. First test with RF method 
must be done to validate the cavity. 

 
Figure 4: Bulk niobium cavity build by SDMS industry. 

All parts must be assembled during next months in 
order to perform a complete test before the end of this 
year. The first step will be to perform the commissioning 
of the TE011 cavity by using a niobium sample. To 
achieve this objective, classical RF method will be used. 
The thermometric method will be tested after the first 
commissioning in order to compare the surface resistance 
measurements. 

 
Figure 5: TE011 cavity, niobium sample and measurement
 chamber.   

PROSPECTIVES 
This setup will be dedicated to the surface resistance 

characterization under RF field. This allows investigating 

Fields
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the grain boundary effect in niobium, the effect of 
impurity like hydrogen or oxides or other parameters for 
niobium bulk. In other way, it gives the opportunity to 
test new materials and/or news coating process. Some 
new materials like MgB2 [9,10,11], Nb3Sn [12,13] or 
A15 superconductors [14] could offer better 
performances. These new materials coupled with the 
theory of superconducting multilayer [5] could produce 
much better performances regarding the accelerating field 
and the cryogenic power. 
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R&D OF NONDESTRUCTIVE INSPECTION SYSTEMS FOR SRF CAVITIES 

Y. Iwashita, H. Fujisawa, H. Tongu, Kyoto U., Uji, Kyoto, JAPAN 
H. Hayano, K. Watanabe, Y. Yamamoto, KEK, Ibaraki, JAPAN 

Abstract 
Further improvements on KYOTO camera are 

performed.  High density T-map and X-map will be 
achieved by surface mount print circuit technology.  
Preliminary test on eddy current scan showed promising 
results; real stand is under design.  We are trying to 
measure the EBW seam height with a line laser projector 
and the camera system. 

INTRODUCTION 
Non-destructive surface inspections are important 

method to improve yields of super conducting cavities.  
Starting from the development of the high resolution 
optical inspection system, temperature mapping system, 
X-ray mapping system, eddy current inspection system 
for bare Nb plates are under investigation.  Investigation 
of an auto-focus capability on the camera, automatic 
defect detection system and EBW bead height 
measurement are started. 

IMPROVEMENTS ON KYOTO CAMERA 
After successful observations of the defects with the 

first model (see Fig.1) [1], it has been improved from 
many aspects.  The recent modifications include 
following items. 

(1) Strip illumination system with LEDs. 
More than ten times brighter and long lived compared 

with the former one that uses EL sheets.  The direct 
illumination, so called the center LED, is moved behind 
the mirror, which reduces the dead space between the lens 
head to the object. The reduced minimum working 
distance can raise the magnification and resolution.   

(2) Lens with large aperture 
Since the resolution is limited by the lens aperture, 

working distance and wavelength of the light, a lens with 
a larger aperture gives better resolution.  The new lens has 
about 50% more aperture. 

(3) New C-MOS 9Mpix camera sensor. 
The more pixels enable us to observe small objects 

clearly.  It, however, takes longer time to transfer the data 
from camera and the resulted file sizes are large.  Sub-
sampling is useful technique in browsing the area.  
Transferring only selected area speeds up focus 
adjustments.  The differences are listed in Table 1.  Fig.2 
shows images obtained from the two systems. 

(4) Cylinder rotation mechanism 
Cavities with cryo-jackets cannot be rotated.  The 

aluminum cylinder with camera installed now has a 
capability to rotate up to ±185° to inspect them. 

(5) Rotating laser pointer around the cylinder 
Camera cylinder axis has to match with the cavity axis.  

A laser pointer is installed on the cylinder surface and 
parallel to the axis.  It can be rotating around the cylinder 
and makes a light cylinder around the camera cylinder.  It 
hits obstacles, if any, and can identify it easily.  This 
eases the adjustments at the beginning of the inspection. 

Some other minor improvements have been performed 
on the camera such as for the easy maintenance, 
operation, etc.  Fig. 2 Shows the Kyoto Camera of the 
latest version. 

Table 1: Differences of the camera sensor 

 Former system New system 
Sensor 3 layer CMOS CMOS Bayer 
Size 1/1.8” 1/2.3” 
Pixels 1400 x 1000 3488 x 2616 
Pixel Size 5 x 5 μm 1.75 x 1.75 μm 
Magnification 
at 13 x 9 mm 

9.3μm/pix 3.7μm/pix 

 

Figure 2: Pictures with the old system and new one. 

Figure 3: The latest Kyoto Camera. 

 

Figure 1: The first Kyoto Camera. 
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T-MAP SYSTEM 
A high-density temperature mapping system is under 

development.  Commercially available chip resisters 
(RuO2) are found to be good temperature sensors at below 
4K as shown in Fig. 4.  The coefficient decreases with the 
test current, maybe because of the self heating.  Although 
the sensitivity is not high compared with the ordinary 
carbonresisters, the chip resisters can be sufficiently 
supplied now.  They will be placed on the cavity surface 1 
cm apart, which will result the number of sensors is in the 
order of 104.   

The readout lines are reduced by multiplexing them at 
the cryogenics level by CMOS analog multiplexers, 
where their functionality was also already checked at 
down to 1.6K.  Because the internal resistance of the 
analog multiplexer was anticipated, two of them are used 
for current feed and voltage sense as shown in Fig. 5.  
The number of common lines is five: three power supply 
lines, one clock signal to run the sequence, and one reset 
signal to start the sequence.  These common lines are 
distributed to the modules that have three signal lines: the 
current feeder and voltage sense line and the current-
return/voltage-reference line.  Shift registers are used to 
select and scan the multiplexers sequentially.  Suppose 
that 1024 sensors on a cell are multiplexed in a module, 
nine modules are needed and 27 signal lines are needed 
besides the five common lines.  This number will increase 
when a quick response is required, which will be 
discussed later. 

The sensors are mounted on a flexible print circuit strip, 

where the polyimide strips are flexible even at cryogenic 
temperature.  The strips are stretched on a cell surface by 
a coil spring at one side and the sensor chips are pushed 
against the wall by the tensions (see Fig. 6).   

Fig.7 shows a typical output from the multiplexers, 
when the feed current was changed.  The measured time 
response as shown in Fig.8 gives the maximum scan rate 
of up to 2.5 kHz, although some noise reduction may be 
needed.  2.5 kHz scan rate results 2.5Hz repetition rate for 
a cycle.  The response may be improved by modifying the 
layout.   

The small number of lines eases the installation of the 
system and reduces the heat intrusion to the cryogenics 
temperature region.   

 

Figure 6: Installed sensor strips.  Two sensor strips were 
installed between the conventional sensor jigs and 
evaluated during a vertical test. 
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Figure 7: Typical output of the multiplexers at 4K.  The 
sense voltages increase with the current. The switching 
rate is 500Hz. 
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Figure 8:  The time response. 

EDDY CURRENT SCAN TEST 
Eddy current scan is planned for Nb plates before the 

press.  Fig.9 shows a Nb sheet sample loaned from 
FNAL, which has small dimples drilled on it.  A scan test 
was performed by DENSHIJIKI INDUSTRY Co., Ltd. as 
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Figure 4: Resistances as a function of temperature. 
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Figure 5: Block diagram of the T-map system.  Only five 
lines are needed for a module that may have 1024 
sensors. 
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shown in Fig. 10.  EM/C ET5002A with probe: EPT-4 
was used.  The measured conditions are listed in Table 2.  
Fig. 11 shows the result of the eddy current scan test.  
Even the smallest one (0.15mm diameter and 0.6mm 
depth) was detected in this case. 

Based on these results, we are planning to fabricate a 
scanning table.  It turns a Nb sheet and scans a relevant 
area by moving a probe in radial direction.  

EBW SEAM HEIGHT OBSERVATION 
We are interested in observing the EBW seam height in 

a cavity.  It will require a resolution of about 10μm, and a 
laser height meter maybe adequate for this purpose.  The 
minimum aperture of the cavity, however, is so small that 
we could not find any commercially available unit with 
such a size.  Furthermore, because the surface is very 
shinny after EP, tested commercial units, which were too 
large to fit in, did not show successful results even on a 
test EBW plate in neither right reflection mode nor 
diffused reflection mode.  Thus, we decided to test a 
combination of discrete devices, such as line laser 
projector and our camera. 

Fig. 12 shows the layout of the test bench we used and 
the preliminary result.  Because the length of the line 
projected by laser was too short to cover the EBW seam 
width, we superpose the observed images and the seam 
shape seems to be observed.  We are designing a system 
based on the result. 

 

 
Figure 12:  Test bench for the EBW seam measurement 
and the preliminary result. 

CONCLUDING REMARKS 
The improvements of Kyoto camera have been 

successful to adopt wider cases such as for a cavity with 
jacket on it.  High density T-map system should be useful 
for finding abnormally heating location.  High density X-
ray mapping is also under consideration.  Eddy current 
scan plan is just started; with a turn-table currently under 
design, we will test some probes to find out a suitable 
product to use.  The seam height measurement will use 
the camera system of the Kyoto camera. 
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Figure 9: Nb sample sheet. Small dimples are drilled on it. 
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 Prove

 Nb sheet

 

Figure 10:  Eddy current scan test bench. 

 

Figure 11: Eddy current scan test result. 

Table 2: Eddy current scan conditions 

Items Values 
Detecting Unit ET5002A 
Probe EPT-4 
Frequency 512 kHz 
Sensitivity 42 dB 
Noise Filter 10~220 Hz 
Phase angle 63° 
Lift Off 0.5 mm 
Velocity 20 mm/s 
Line space 0.2 mm 

Proceedings of SRF2009, Berlin, Germany TUPPO040

04 Measurement techniques

299



TEM STUDY OF NIOBIUM SURFACES TREATED BY DIFFERENT 
POLISHING TECHNIQUES* 

 
A.T. Wu+, Thomas Jefferson National Accelerator Facility, Newport News, VA, U.S.A. 

D. Gu, H. Baumgart, Old Dominion University, Norfolk, VA, U.S.A  
 
 

Abstract 
Transmission Electron Microscope (TEM) cross-section 

observation on niobium (Nb) surfaces has been a 
challenge to our superconducting radio frequency (SRF) 
community due to the highly reactive nature of Nb.  
Although it was demonstrated in an early attempt [1] that 
under a suitable sample preparation procedure reasonably 
clear cross-section images of Nb could be obtained, to the 
best of our knowledge good atomically resolved images 
had never been obtained.  In this report, It is shown that 
by modifying the sample preparation procedure adopted 
in reference 1 it is possible to obtain good cross-section 
images of Nb surfaces with atomic resolution routinely.   
Surface atomic structures of Nb samples prepared by 
buffered electropolishing (BEP), buffered chemical 
polishing (BCP), and an untreated sample will be reported 
and compared. 

INTRODUCTION 
TEM is a well known microscopic instrument widely 

used in different areas for examining microstructures of 
materials down to atomic level.  For our Nb SRF 
community, microstructures are very important especially 
on Nb surfaces or the region within 50 nm of the surfaces 
since typical RF penetration depth of Nb at 1.5GHz is 50 
nm.  Defects and imperfections in this surface region may 
degrade RF performance of Nb SRF cavities.  
Understanding the formation mechanism of the defects 
and imperfections and minimizing them are an important 
task facing all the researchers in the SRF field. 

In the past, no many attempts were made on TEM 
observations of Nb due mainly to the difficulties in 
sample preparation since Nb is highly reactive in air.  To 
the best of our knowledge, only one successful attempt [1] 
was made for doing TEM cross-section observation on 
polycrystalline Nb employing the conventional sample 
preparation procedures with ion milling technique, 
whereas two attempts were done on Nb thin films [2] and 
single crystals [3] employing Focused Ion Beam (FIB) 
technique.  In all cases, no atomically resolved images 
were obtained.  In this report, it is shown that by 
modifying the sample preparation procedures adopted in 
reference 1 we can obtain routinely atomically resolved 
TEM cross-section images of Nb.  Measurements were  
 

done on samples treated by BEP, BCP, and a reference 
untreated sample.  

SAMPLE PREPERATION 
Nb samples used in this study were taken from the same 

Nb sheet.  Then samples were separated into three groups, 
one for treatment by BEP [4], one for BCP, and the other 
for using as reference untreated samples. 

BEP treatment was done employing the simple setup 
described in reference 4.  BCP was done using the 
conventional 112 acid mixture.  At least 150 µm was 
removal from the original Nb surfaces for both BEP and 
BCP treated Nb samples.  After the chemical treatments, 
the samples were first rinsed with DI water for half an 
hour followed by ultrasonic cleaning with micro and then 
rinsed again with DI water.  Finally water on sample 
surfaces was blown away by dry nitrogen gun. 

TEM sample preparation was done in a conventional 
way and will be described in some details here, especially 
since other institutions had not succeeded in doing the 
same up to now.  The procedure described here allows us 
to obtain routinely atomically resolved Nb surface cross-
section images.  Hopefully this will enable other 
researchers who have not much TEM sample preparation 
experiences to have some ideas on how to repeat what we  
 

 
Figure 1: Illustration on how to put Nb samples and 
dummy wafers together by G1 epoxy and then put them 
into a Teflon Jaw. 
 

___________________________________________  

* Work supported by the U.S. Department of Energy, contract 
DE-AC05-84-ER40150. 
+ andywu@jlab.org.anl.gov 
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Figure 2: Illustration on the steps to obtain Nb cross-
section columns. 
 
did and to try to do TEM sample preparation and 
observation themselves. 

Nb samples are first cut into a suitable size by a 
diamond cutter (LECO VC-50).  Then the samples 
(usually 3 or 4 mm thick) have to be thinned to 0.5 mm 
thin using a semiautomatic lapping device such as, for 
instance, ECOMET 4 Grinder-Polisher Buehler.  
Afterwards, the thin Nb samples are cut into 4X5 mm 
rectangular pieces (called here as dummy wafers) using a 
cutting tool such as Model 601 made by Gatan with a 
rectangular cutter.  Should cut some standard commercial 
Si wafers into the same rectangular pieces by using for 
instance Model 360 made by South Bay Technology, Inc.  
Then stack the two Nb samples and four dummy wafers 
together using G1 epoxy (dissolvable in acetone) made by 
Gatan in the way shown in Figure 1 where the Nb 
surfaces that need TEM cross-section observations are 
glued together face to face.  The sample stack is cured on 
a hot plate at 130 oC for 10 minutes under a certain 
applied pressure to make the bonding better.  Then follow 
the steps shown in Figure 2 for getting an Nb column by 
changing the head of the cutting tool (Model 601 by 
Gatan) into a circular cutter with a diameter of 2.3 mm.  
Then the sample column is cut into some 500 µm discs 
approximately.  Then follow the steps shown in Figure 3 
for 

 

 
Figure 3: Illustration on the steps for getting final Nb 
TEM cross-section samples after the steps shown in 
Figure 2. 

getting the final TEM cross-section samples.  There are 
two reasons why the Si dummy wafers are used here.  
One is for monitoring the thickness of the dimpling since 
Si becomes transparent under the light when it is less than 
10 µm.  The other is for supporting the weight of the 
dimpler head since Nb is so soft so that it would have bent 
if there were not the dummy wafers on its two sides.  

It is important to spend a few more words on the final 
step of the sample preparation.  Ion milling is very 
important regarding whether the final TEM observation is 
successful or not.  We use Gatan PIPS Model 691 [1] for 
ion milling.  The PIPS has an CCD camera with an TV 
monitor to view the polishing process continuously.  The 
typically parameters used in ion milling are:  a) The gun 
angle is 3.5~4 o with respect to the horizontal line.  b)  Ion 
beam current is 40 µA.  c)  Beam modulation is turned on 
to avoid possible sample heating during ion milling. The 
ion milling stops at the point when the glue layer between 
the samples is gone. 

EXPERIMENATL RESULTS AND 
DISCUSSION 

 It is interesting to report some results from our earlier 
attempt [1] when using a similar sample preparation 
procedure as described here, but observed with an old 
JEOL JEM-100CX for comparison.  The measurements 
were done on an Nb sample that was treated by the 
conventional electropolishing (E)P technique.  Figure 1 
shows a typical cross-section image.  No detailed feature 
could be seen, except some possible surface layer that 
could be attributed to the well known Nb2O5 layer as 
shown in Figure 4.  Contrast became better at lower 
magnifications as typically shown in Figure 5. 

The resolution of the images improved dramatically 
when a much better TEM JEM-2100F was employed for 
doing the observations.  Figure 6 shows an atomically  

 

 
Figure 4: TEM cross-section image of an EP treated Nb 
sample surface obtained using JEM-100CX. The arrow 
indicates the possible surface oxide layer. The insert 
shows an example of TEM samples. 
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Figure 5: TEM cross-section image of an EP treated Nb 
surface obtained using JEM-100CX under a lower 
magnification than that of Figure 4 showing a better 
image contrast. 
 
resolved surface cross-section image of an BCP treated 
Nb sample.  From the contrast variation there, it is not 
difficult to assign the thickness of the surface oxide layer.  
It is only about 3 nm that is significantly thinner than 
what people used to believe.  We can also see some 
defects near the surface as indicated by arrows.  Arrow 3 
indicates a location where the disorder structure of the 
oxide penetrates deeper into Nb bulk with a lateral scale 
about 1 nm.  This can be a weak location for magnetic 
fluxes to enter the bulk of Nb, leading to a lower Hc.  

TEM cross-section observation is the existence of a 
transition zone between the oxide zone and the bulk Nb 
area as indicated in Figure 6.  This transition zone is 
better  

 
 
Figure 6: Atomically resolved TEM cross-section image 
of an BCP treated Nb sample obtained using JEM-2100F 
(see text for more details). 

 
 
Figure 7: Atomically resolved TEM cross-section image 
of an BCP treated Nb sample that shows more surface 
area.  The oxide layer and a possible transition zone 
between the Nb2O5 and the bulk Nb is indicated. 
 
viewed from Figure 7 where more surface area is shown.  
For the oxide zone, the contrast of the atoms is clearly 
different from the atoms in the other area.  Furthermore, 
the atomic arrangement of this region appears to be the 
same under TEM and doesn’t show regular structure. This 
is consistent with the conventional wisdom that normally 
the surface of Nb is covered by an amorphous Nb2O5.  
This fact can be further confirmed by performing a fast 
Fourier transform (FFT) of the atoms in zone as shown in 
Figure 8a.  One can see clearly from Figure 8a the 
amorphous ring pattern, which is clearly different from an 
FFT done on the bulk Nb zone as shown in Figure 8b.  A 
six-fold symmetry is clearly visible in Figure 8b implying 
that the atomic plan is [111].  
We also attempted to do FFT on the transition zones of 
Figs. 6 and 7.  It was not successful since very few lattices 
were involved in the FFT in these cases.  We suspect that 
the transition zone may correspond to Nb sub-oxides such 
as, for instance, NbO or/and Nb2O3.  From Figs. 6 and 7, 
we estimate that the thickness of the transition zone is 
about 7 Å, although it is not possible to clearly define the 
boundaries on either side.   

  The understanding of this transition zone is very 
important since the suboxides can have significant effect 
on the RF performance of Nb SRF cavities.  The 
suboxides can show metal or semiconductor  
 

 
 
Figure 8: FFTs of a) the oxide zone and b) the bulk Nb 
zone shown in Figure 7. 
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Figure 9: Typical TEM surface cross-section image 
obtained on an BEP treated Nb sample at a relatively low 
magnification in order to have a better contrast for the 
surface oxide layer. 
 
characteristics that might cause substantial amount of RF 
losses at the operational temperature of the SRF Nb based 
accelerators.  Sometimes they can be superconductors 
with a lower Tc than that of the bulk Nb due to the 
proximity effect, which can still contribute to the residual 
surface resistance of an Nb SRF cavity.  They are ways to 
find out what the chemical composition is for the 
transition zone.  One is a line EDX scan.  But this may not 
be so sensitive to the oxygen concentration.  The other is 
EELS.  These measurements have yet to be done.  

  Figure 9 shows a typical TEM cross-section image 
obtained on an BEP treated Nb sample at a relatively low 
magnification in order to see the surface oxide layer 
clearly.  The oxide zone is calculated to be 3 nm from 
Figure 8.  Therefore, from these extremely high resolution 
TEM images we seem to find that the thickness of the 
surface pent-oxide layer of Nb samples treated by BEP is 
the same as that by BCP.  This result agrees with the 
depth profile measurements reported in Ref. 5.  

To see the possible transition zone, a picture of higher  
  

   
 
Figure 10: Typical atomically resolved TEM surface 
cross-section image of an BEP treated Nb sample.  The 
arrow and box indicate a small area where some lattice 
structure is observed.    

 
 
Figure 11: Typical atomically resolved TEM surface 
cross-section image obtained on an untreated Nb sample. 
 
magnification is needed (Figure 10). Apart from the 3 nm 
oxide zone, the transition zone in this case appears to be 
about ¾ of that of BCP treated Nb samples as typically 
shown in Figure 6.  This observation seems to imply that 
the 
RF performance of BEP treated cavities should be better 
than that of BCP treated cavities if the transition zone is 
Nb suboxides.  In reality, however, currently the RF data 
of BEP are not significantly better than those of BCP 
treated samples and sometimes ever worst [5,6]. How to 
understand this discrepancy?  First, we have to be clear 
here that RF performance of an Nb SRF cavity does not 
depend solely on the suboxides.  Other imperfections and 
surface residuals may have strong effects too.  For 
instance, there is a regular lattice structure that is different 
of the lattice of the bulk appearing on the very top layer of 
the surface as indicated by the arrow and the square in 
Figure 10.  What is the material?  Is it a secondary phase?  
This type of materials can certainly degrade the RF 
performance if they are not superconducting at the 
operation temperature of an Nb based accelerator. 

No much information can be extracted by the TEM 
images obtained on an untreated reference sample due to 
the fact that the surface was pretty rough even under the 
atomic level.  It was difficult to determine the G1 
epoxy/the oxide and the oxide/bulk Nb boundaries.  A 
typical atomic cross-section image is shown in Figure 11. 

It is interesting to point out here that for most of the 
atomically resolved TEM cross-section images we 
obtained the surface determination layer is [111] oriented.  
This cannot be simply attributed to coincidence since the 
samples under this study are polycrystalline with a typical 
grain size of 50 µm.  One likely reason for this can be that 
[111] surface is a close-packed surface that may be most 
resistant to the deterioration in air.    

CONCLUSION 
This paper reported an TEM sample preparation 

technique that allowed atomically resolved Nb surface 
cross-section images to be obtained routinely.  
Preliminary results indicated that the Nb pentoxide layer 
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on the surfaces of BCP and BEP treated Nb was thin and 
was about 3 nm.  A thin transition zone of less than 7 Å 
between the pentoxide layer and bulk Nb was found on 
BCP and BEP treated Nb samples that might correspond 
to Nb suboxide layer.  More experiments especially from 
EELS and EDX are needed in order to confirm the 
existence of this transition zone that may be critical in 
understanding and optimizing the RF performance of Nb 
SRF cavities.   
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AND LARGE GRAIN NB DISK SAMPLE AT 7.5 GHz * 
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Abstract 
A Surface Impedance Characterization (SIC) system 

has been proposed at the 2005 SRF workshop [1] and its 
commissioning was detailed at the 2009 PAC conference 
[2]. Currently, the SIC system can make direct 
calorimetric surface impedance measurements on 50 mm 
samples in the temperature range from 2−20K exposed to 
a 7.5 GHz RF magnetic flux density of less than 3 mT. 

We report on new results of a BCP etched large grain 
Nb sample measured with this system as compared with 
previous results of a BCP etched polycrystalline Nb 
sample. The design of an upgraded SIC system for use at 
higher magnetic flux densities is on the way to more 
efficiently investigate correlations between local material 
characteristics and associated SRF properties, both for 
preparation studies of bulk niobium and also new thin 
film SRF developments. 

DESCRIPTION OF APPARATUS 
The SIC system is designed to measure the SRF 

properties of samples small enough to be accommodated 
in commercial surface characterization instruments, 
surface treatment facilities and laboratory-based thin film 
deposition equipment. 

RF Portion of SIC System 
A sample is mounted on a holder located at the open 

end of a TE011 cylindrical niobium cavity, shown in Figure 
1. A sapphire rod is inserted into the cavity to lower the 
resonant frequency of this size cavity to 7.5 GHz. Two 
adjustable couplers are located above the cavity. The 
sample is thermally isolated from the cavity and there is a 
gap between the cavity and the sample. Two rf choke 
joints are used at the bottom of the cavity to minimize the 
rf power leaking out of the cavity from the gap. This 
system provides controlled rf fields onto ~0.7 cm2 area on 
the 5 cm diameter sample. 

Thermometer Portion of SIC System 
The sample is thermally bonded to its holder. Heat 

generated or applied on the sample can be conducted 
away to the bath only via a stainless steel insulator, a 
copper ring, followed by another stainless steel insulator. 
The sample temperature is feedback-controlled by a 
heater and thermo sensors mounted on the back of sample 

holder. The cavity interior and calorimeter are evacuated. 
The cavity is otherwise typically immersed in 2 K liquid 
helium during normal operation. This configuration is 
also convenient for future investigation of higher-Tc 
materials. 

 
Figure 1: SIC system overview (Designed by J. Delayen, 
H. L. Phillips, H. Wang and B. Xiao) A. Sapphire rod, B. 
Nb, C. Coupler, D. TE011 cavity, E. Choke joint, F. Nb 
sample on copper plate, G. Stainless steel thermal 
insulator, H. Copper ring, I. Pickup coupler near the 
choke joint to monitor the rf leaking from the open gap, J. 
Heater, K. Thermal sensor. 

EXPERIMENT 
Parameters 

The surface impedance can be calculated from formula 
(1): 

                 )(02 M
ff

i
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P
Z ref
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pk

rf
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−
++= λωμ             (1) 

The real part is the surface resistance and imaginary 
part is the surface reactance. Prf is the rf induced heat, k 
and M are geometry dependent coefficients and ω is the 
resonant circular frequency. The RF induced heat is 
calculated from the difference between the power from 
the heater required to keep a constant sample temperature 
without rf fields in the cavity and the power from the 
heater required to keep the sample’s equilibrium 
temperature unchanged when rf fields are present, the so 
called calorimetric technique [3-6]. Formula (2) is used to 
derive the surface resistance: 

                    ∫= dSSHRP srf )(
2
1 2

                     (2) 

H(S) is the magnetic field distribution on the sample. 
22 )(

2
1

pkHdSSHk ∫=  is geometry dependent, so 
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Hpk can be obtained from the stored energy since 
UH pk  is also geometry dependent. The parameters k 

and UH pk  are derived from the RF field simulation 
using code MWS with a 0.2 mm gap between the cavity 
and the sample surface. Result is given in Table 1. A 
closed gap analytical calculation using code MathCAD 
gives a similar result on k and different UH pk , which 
is close to a closed gap simulation using code MWS. One 
can expect with a closed gap, the stored energy shouldn’t 
change much and the peak flux density on the sample 
should be bigger comparing that with 0.2 mm gap, thus a 
bigger  UH pk  is expected. 

 
Table 1: Key Parameters to Derive Surface Impedance 

Simulation 
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Sensitivity 
[Hz/nm] 
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Ω
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T  

Closed gap 
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Closed gap 
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Figure 2: Calculated and measured tuning sensitivity of 
the TE011 mode with a 0.2 mm gap. 

The change of surface reactance is proportional to the 
change of penetration depth. It can be derived from 
changes of the resonant frequency of the TE011 mode 
versus sample temperature. Simulation result of the 
coefficient M with 0.2 mm gap is listed in Table 1 using 
code MWS. A closed gap simulation using code MAFIA 
has also been done to cross check with 0.2 mm gap MWS 
simulation. The resonant frequency of the TE011 mode of 
the cavity can be tuned by adjusting the gap, the ratio of 
the frequency and gap length is the mechanical tuning 
sensitivity. The coefficient M is mathematically equal to 
the tuning sensitivity. The tuning sensitivity has been 
measured at room temperature and 4 K, resulting in - 32

 Hz/nm and -34 Hz/nm respectively as shown in Figure 2. 

Sample Preparation 
The SIC system relies on a good thermal contact 

between the sample and sample holder. The present SIC 
calorimeter system uses a Cu sample holder which 
thermally bonds well to a Cu substrate. We have tested 
two different Nb samples, i.e. a 0.2 mm thick 
polycrystalline and a large grain Nb coupon brazed onto a 
2 mm thick Cu piece and then chemically or electrically 
treated. Each of the Nb-on-Cu sample was mounted onto 
the Cu sample holder using Ga:In:Sn 1:1:1 in volume as 
the thermo-bonder. To verify the achieved thermal bond 
required for a precise calorimetric measurement, he 
temperature difference between the sample surface and 
the back of the sample holder (where the temperature 
sensor is located, see Figure 1) has been measured under 
thermal equilibrium. The result shows a less than 1% 
temperature difference below 7 K and a less than 2% 
temperature difference below 10 K. 

 

 
Figure 3: Penetration depth change versus sample 
temperature for polycrystalline and large grain Nb brazed 
on Cu substrate, red line shows the two-fluid model fit. 

Transition Temperature 
A vector network analyzer was used to measure the 

sample temperature dependence on the resonance 
frequency of the cavity, as well as its loaded Q. A 
transition temperature of 9.25±0.05 K has been measured 
for polycrystalline Nb, and 9.26±0.01 K for large grain 
Nb. 

Surface Reactance 
From the measurement of the sample temperature 

dependence on the resonance frequency of the cavity, one 
can derive the change of surface reactance versus 
temperature.  
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Figure 3 shows the penetration depth change with 
sample temperature (blue diamonds) in comparison to an 
analytical estimate based on the two-fluid model (red 
line) with λ(0) = 110 nm for polycrystalline Nb and λ(0) 
= 36nm for large grain Nb [7]. One can derive surface 
reactance change with sample temperature from the 
penetration depth change with sample temperature using 
equation (1). 

 

 

Figure 4: Surface resistance changes with sample 
temperature for polycrystalline (A) and large grain (B) Nb 
brazed on Cu substrate. ■ Measured Rs, — Theoretical 
value with (A) Δ/kTc = 1.85, Tc = 9.25 K,  London 
penetration depth = 43.8 nm, Coherence length = 
22.4 nm, Mean  free path = 99.3 nm and residual 
resistance = 3.27 μΩ for polycrystalline  Nb and (B) 
Δ/kTc = 1.87, Tc  = 9.26 K, London penetration depth = 
39.8 nm,  Coherence length = 89.7 nm, Mean free path = 
826.4 nm and residual resistance = 1.54 μΩ for large 
grain Nb. — BCS resistance. 
  

Surface Resistance 
The surface resistance of these polycrystalline and large 

grain Nb samples have been measured using the method 
described above. The corresponding results are shown in 
Figure 4. The surface resistance measured here includes 
the BCS resistance and residual resistance. The least-
square multi-parameter fits [8] with Tc fixed at 9.25 K for 
polycrystalline Nb and at 9.26 K for large grain Nb, and 
the BCS resistance portion of this fit are also shown in 
Figure 4. 

 One expects the surface resistance at 7.5 GHz of 
typical bulk niobium to be dominated by BCS to 
temperatures as low as 2 K. The fit for this data suggests a 
residual resistance as high as 3.27 μΩ for polycrystalline 
Nb and 1.54 μΩ for large grain Nb, higher than expected. 
This high residual resistance may come from the 
deformation and contamination during the brazing 
procedure.  

PATHS TO HIGHER FIELD 
Currently the SIC system uses stainless steel as the 

thermal insulator in the calorimeter, (see Figure 1). The 
high thermal impedance of stainless steel constrains the 
stable heat load and thus limits the magnitude of magnetic 
fields supportable in CW measurements. A second-
generation thermal system of the apparatus employing 
copper with good thermal conductivity as a thermal 
insulator is under fabrication. A pulse mode operation 
with a VCO control system has also been developed to 
overcome the limitation of overheating in CW mode of 
the present thermal system. 12 mT peak magnetic field 
has been achieved in a preliminary test using pulse mode. 

SUMMARY 
RF surface impedance measurements have been 

completed at flux densities < 3 mT under different sample 
temperature conditions for two polycrystalline and large 
grain Nb samples brazed on Cu with the current SIC 
system. Least-square multi-parameter fits have been 
performed for polycrystalline and large grain Nb surface 
resistance. Large grain Nb has smaller λ(0), larger 
coherence length and a significantly large mean free path 
comparing with polycrystalline Nb. 12mT peak magnetic 
field has been achieved in a preliminary pulse mode test. 
A second-generation calorimeter will be ready soon to 
achieve 20 mT fields in CW mode. It is anticipated that 
use of the SIC system will enable valuable and efficient 
correlation of local material characteristics with 
associated SRF properties, both for preparation studies of 
bulk niobium and also new thin film SRF developments. 
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A METHOD OF EVALUATING MULTILAYER FILMS FOR SRF
APPLICATIONS ∗

D. Bowring† , University of Virginia, Charlottesville, VA, U.S.A.
L. Phillips, JLAB, Newport News, VA, U.S.A.

Abstract

The lower critical magnetic field of an SRF cavity may
be increased by screening the interior fields from the cav-
ity bulk. This screening could be accomplished by coating
the interior of a cavity with alternating layers of insulator
and superconductor, each of which is thinner than the Lon-
don penetration depth of the superconductor. This idea has
been proposed by Gurevich [A. Gurevich, Appl. Phys. Lett.
88, 012511 (2006)]. We have developed a method for mea-
suring the behavior of such a multilayer system. A super-
conducting disk resonator is deposited on top of a small
multilayer sample. The small sample approach allows for
flexibility in the evaluation of many different materials and
configurations. The onset of magnetic flux penetration in
the superconductor can be observed from the change in res-
onator Q and the detection of flux flow voltages. Since the
disk resonator applies a known field to the multilayer sys-
tem, the lower critical magnetic field of the system may be
measured. This paper presents design analysis for an ex-
perimental program for multilayer film evaluation.

INTRODUCTION

Gurevich [1] has proposed a method for raising the ef-
fective lower critical magnetic field Hc1 of a superconduct-
ing radio frequency (SRF) cavity by means of a multilayer
thin film coating on the inner surface. The coating consists
of alternating layers of insulating and and superconduct-
ing films, where the superconducting layer thickness is less
than the London penetration depth. In principle, this type
of coating on an elliptical cavity could increase the peak
magnetic field (and therefore the accelerating gradient) past
the ∼180 mT limit for bulk Nb. This paper presents the
experimental design for an evaluation of the multilayer ap-
proach.

An overview of [1] is presented in this section. We treat
the example of a multilayer structure composed of layers
of Nb-Ti and aluminum oxide. The superconducting layers
screen the cavity fields from the bulk, as shown in Figure 1.
The field decays exponentially across the superconducting
film, establishing a current imbalance between the top and
bottom and skewing the free energy per unit length G/L

∗Work supported by the United States Department of Energy and Jef-
ferson Science Associates. Poster supported by a Student Travel Grant
from SRF 2009.

† dbowring@jlab.org
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Figure 1: As in [1], the normalized field H/H0 as a func-
tion of sample depth for alternating layers of Nb-Ti and
Al2O3. λ ∼ 250 nm and the layer thickness d ∼ 0.75λ.

for flux vortex motion [1, 2]:

G/L =
φ2

0

4πμ0λ2
ln

[
d

1.07ξ
cos(

πu

d
)
]
− φ0

∫ d/2

u

J(z)dz.

The first term represents the kinetic energy of a moving
vortex, and the second term is the Lorentz force contribu-
tion from the net current across the film. u is the depth of
the vortex in the superconducting layer, ξ is the coherence
length (≈ 0.7 nm for Nb-Ti), and we assume a penetration
depth λ ∼ 250 nm [2]. This skewing of the free energy is
shown in Figure 2.

Figure 2: As in [1], the normalized vortex free energy
G/G0 as a function of displacement u from the center of
a superconducting Nb-Ti film. The red line represents the
barrier to flux motion arising from a net current across the
film.

As the current work is an evaluation of the multilayer
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approach, we use Nb-Ti thin films for their relatively low
value of Hc1. The objective is to quantify the performance
of the multilayer approach by exceeding Hc1 ≈ 50 −
100 Oe in small multilayer samples, rather than to achieve
fields comparable to those in elliptical high-gradient cavi-
ties. This paper presents the experimental design for such
a proof-of-principle study.

EXPERIMENTAL DESIGN

Any RF structure designed to evaluate multilayer films
must satisfy several basic requirements. First, the applied
field must be parallel to the sample surface. Hc1 for a
thin film is significantly higher for parallel than for oblique
fields [3]. Parallel magnetic fields also mimic the field dis-
tribution for the TM011 accelerating mode of a typical el-
liptical cavity.

In addition, the onset of flux penetration in the sam-
ple should be the only factor influencing resonator per-
formance. We therefore require the magnetic field to be
strongest on the sample surface, ensuring that any dissipa-
tion from RF vortex motion occurs within the multilayer
structure. Equivalently, the sample must have a lower Hc1

than any other part of the experimental apparatus. Sample
geometry should be flat, with minimal surface area to facil-
itate film quality control and analysis. And finally, multi-
pacting should be minimized so that the onset of flux pen-
etration and subsequent vortex motion are relatively strong
contributors to RF losses. The issue of vortex dissipation
will be discussed in more detail below.

To satisfy the above requirements, we have designed
a microstrip disk resonator that mounts on top of inter-
changeable flat multilayer samples.

Disk Resonator

The disk operates in the TM01 mode, such that the mag-
netic field is everywhere parallel to the sample. Figure 3
shows the magnetic fields from a simulation of this configu-
ration for a 4 cm diameter disk operating in the TM01 mode
at 2.9 GHz. Note that the magnetic field vanishes at the
disk edge, as do the corresponding electric currents. This
minimizes radiation losses from edge effects [4]. Since the
disk is flat, field emission is minimized. Also, since the
disk is immersed directly in liquid helium with no cavity
enclosure, multipacting is minimized. The disk is made
from high-RRR bulk niobium, so that it can reliably pro-
duce magnetic fields well above the lower critical field of
the Nb-Ti multilayers while itself remaining free of flux
penetration.

Sample Design

Samples are 8 cm square and of varying thickness, de-
pending on the penetration depth of the superconductor
used. For Nb-Ti (λ ∼ 250 nm) the film and dielectric lay-
ers are each 190 nm thick. To obtain a value of Hc1 which

Figure 3: CST Microwave Studio finite element simulation
of the magnetic field from a microstrip disk resonator. The
field is entirely tangential to the disk surface, with no ra-
dial or longitudinal components. Stripline for capacitive
RF coupling is seen on either side of the disk.

is significantly lower than that for the bulk Nb disk res-
onators, these films are sputtered rather than using the en-
ergetic deposition methods available at Jefferson Lab [6].
At least initially, film surface roughness and texture are of
little concern.

Each multilayer sample is, via masking, deposited simul-
taneously with a control sample on the same substrate, as
shown schematically in Figure 4. The control sample is a
single thin layer of Nb-Ti, identical to that of the multilayer
sample, but lacking the bulk Nb ground plane. This effec-
tively forms a traditional disk resonator, as in [5]. Deposit-
ing both multilayer and control samples simultaneously in
the same chamber eliminates variations in film quality and
thickness, allowing for a direct comparison of, for example,
Q vs. E curves.

Figure 4: Schematic of the experimental apparatus. Mul-
tilayer and “control” samples are deposited simultaneously
on the same substrate.

RF Coupling

To allow the simultaneous evaluation of multilayer and
control samples, two high-RRR bulk Nb disk resonators
are positioned side-by-side on a movable Teflon sheet, as
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in Figure 4. RF power is capacitively coupled to the res-
onators via Nb stripline [7]. Variable coupling is achieved
by mounting movable Nb plates above the gap between res-
onator and stripline, creating a variable gap capacitance.
The Teflon sheet is used to help match the relatively large
edge impedance of the disk resonator to the 50Ω input and
output couplers. In this arrangement, RF power can be sup-
plied to one or the other disk resonator without removing
the samples from the liquid helium or disturbing the cou-
pling.

The disks, Nb stripline, and Teflon sheet together make
up a movable module. Fixed SMA-type RF connectors
are used to couple power to the resonators. Using the
same fixed resonator and coupler scheme ensures that field
strength and coupling constants do not vary between sam-
ples.

MEASUREMENTS

The RF breakdown field is characterized by entrant flux
vortices in the thin superconducting layers. The onset of
flux penetration in these layers can be measured via two
related phenomena: flux flow voltage signals propagating
in the thin dielectric layer, and a change in the Q of the
resonator.

Flux ow oltage

A transport current density �J on the thin film surface
generates a Lorentz force per unit vortex length �F/L =
�J×�φ0, where �φ0 is the flux quantum. If the Lorentz force is
larger than the vortex pinning force, the fluxoid will exhibit
viscous flow across the film surface, perpendicular to �J .
This flux motion, in turn, induces a dissipative electric field
parallel to �J . Essentially, the motion of flux lines across the
film creates a propagating voltage signal in the dielectric,
which may be measured at the sample edge [3, 8].

Resonator Q

Because vortex motion is dissipative, flux flow voltage
signals can be directly correlated with a drop in resonator
Q. Below Hc1 we calculate Q0 ≈ 6× 107. After the onset
of flux penetration, we can use the thermal feedback model
for vortex dissipation to calculate the extent of Q degrada-
tion [1, 2]. This approach requires knowledge of the tem-
perature dependence of the thin film surface impedance,
as well as the penetration depth. Therefore, measurements
must be made for each film. The new surface impedance
characterization (SIC) facility [9] at Jefferson Lab will be
useful in making such measurements.

CURRENT AND FUTURE WORK

Experimental design is complete and construction of the
apparatus is underway. We are currently assembling the
cryostat insert and the RF couplers. In parallel with this,
we have begun sample preparation. Note that the Nb-Ti

films discussed here are a preliminary effort. In principle,
any superconductor of any thickness less than λ may be
used with this system. We intend to evaluate as many su-
perconducting materials as possible.

Calculations of loaded Q and RF breakdown field de-
pend heavily on the thin film penetration depth, coherence
length, and thickness. Very rough a priori estimates are
possible, but accurate predictions of these values require
TEM and SIC measurements of prepared samples. Fur-
thermore, analytic calculations of the RF breakdown field
[1] use a vortex image approach that assumes a microscop-
ically flat film surface. We would like to model the effect
of film roughness on the multilayer breakdown field.
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NOVEL UHV SCANNING ANODE FIELD EMISSION MICROSCOPE 
(SAFEM) FOR DARK CURRENT INVESTIGATIONS ON 

PHOTOCATHODES* 

A. Navitski#, G. Müller, Physics department, University of Wuppertal, Germany 
K. Flöttmann, S. Lederer, “DESY, Hamburg Site”, Hamburg, Germany

Abstract 
We have constructed a novel UHV scanning anode 

field emission microscope (SAFEM) as part of the 
systematic quality control of freshly prepared 
photocathodes at DESY. It is designed to achieve dc 
surface fields of at least 200 MV/m. In addition it 
provides the localization of field emitters with a spatial 
resolution of about 1 µm. In this contribution we report 
on completed construction of the SAFEM. 

INTRODUCTION 
One major issue of operating laser driven rf guns with 

high gradients and high duty cycles as electron sources 
for free electron lasers like FLASH or the future 
European XFEL is the dark current emitted from the gun 
body and the photocathode. It is lost at various places 
along the beam line and part of it even reaches the 
undulator. When dark current is lost electromagnetic 
radiation and neutrons are created and may damage 
diagnostic components and electronic devices close to the 
beam line. Imperfect photocathode regions with enhanced 
field emission and their contact area to the rf cavity are 
considered as main dark current sources at typical 
macroscopic electric surface fields of about 40-60 MV/m.  

In photocathode rf guns, dark current is defined as 
“unwanted electrons generated in the absence of the 
driver-laser pulse.” Due to the exponential increase of 
field emission current with the local electric field 
according to the Fowler-Nordheim relation [1], the most 
sensitive regions for dark current can be estimated from 
calculation of the field distribution in the cavity. 
MICROWAVE STUDIO [2] 3D calculations of the field 
distribution in the gun cavity and a part of the coaxial rf 
input coupler show presence of a strong surface field at 
the cathode area (1) and the irises (2) (Fig.1) [3]. 

ASTRA [4] simulations of the beam dynamics of dark 
current from high field strength regions show that 
electrons starting at the cathode area can be accelerated 
downstream, while field emitted electrons from other 
sources, like iris or the entrance to the coupler, cannot 
leave the coupler [3]. However, they are able to locally 
heat up the cavity surface and may create secondary 

electrons. Therefore, carefully conditioning and EFE 
investigations of the cavity surface are necessary [5, 6]. 
The source of field emission current from the cathode 
area is, however, not studied carefully yet. 

 

 
Figure 1: Contour map of the electric field amplitude in 
the cavity and a part of the coaxial coupler [1]. 

 
FLASH and the European XFEL demand high 

accelerating gradients and long rf pulses at the gun. 
Therefore the amount of dark current can be comparable 
to the electron beam or even higher [3, 7].  For 
illustration in figure 2 an Ce:YAG image of the dark 
current together with the photoelectron beam (central 
spot) obtained just after the gun exit of FLASH is shown. 
The rf forward power at the gun was Pfor = 3.2 MW and 
the main solenoid current 298 A. Figure 3 shows for the 
same operational conditions the dark current only [8]. A 
strong emitter is visible and the location is assumed to be 
at the edge of the cathode plug or the rf contact spring 
area. In addition a dark current spot exactly at the beam 
position is present. 

In order to ensure low field emission photocathodes, 
investigate dark current sources in detail and to improve 
cathode handling technique, a novel UHV scanning 
anode field emission microscope (SAFEM) has been 
developed as part of the systematic quality control of 
freshly prepared photocathodes at DESY. 

___________________________________________  
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CONSTRUCTION OF THE SAFEM 
The SAFEM is developed to be a part of a 

complex set-up consisting of a preparation system for 
Cs2Te photocathodes, the systematic quality control, and 
a transport system to deliver photocathodes to a gun. 
Cathode movement inside the system is based on a 
transfer system compatible to the ones used at the DESY 
photo-injectors. 

Besides field emission studies on photocathodes 
one additional aim of the SAFEM is the investigation of 
cathode handling inside rf guns. Therefore as cathode 
holder inside the SAFEM a copy of a gun back plane has 
been constructed including the rf contact spring (Fig. 4). 
The back plane consists of Copper and the spring of 
CuBe with a silver coating. To simplify the scanning 
procedure a design where the anode of the microscope is 
scanned over the sample was chosen. The name 
“Scanning Anode” was exactly chosen to underline this 
construction. 

Main requirements to the SAFEM are:  
− 10-10 mbar working pressure 

− 25 x 25 mm2 scanning range 
−  at least 200 MV/m achievable dc field 
− electrode gap control 
 

 
 The high vacuum requirements are related to the 

property of Cs2Te, being very sensitive to the vacuum 
conditions.  

The three dimensional scanning system has been 
constructed on the basis of three UHV compatible sliding 
tables MTS-65 from Micos [9]. Control of the scanning 
system is done through a special “SMC corvus” 3D 
controller and a computer via GPIB interface. Key 
parameters for the sliding stages are: 

- 25 mm working moving range 
- 0.1 µm resolution 
- 10-10 mbar working pressure. 
 

 
 As voltage source a 10 kV (± 0.1 V, 10 mA) power 

supply from FUG [10] (HCN 100M-10000) with fast PID 
regulation is used. Using a 20 kV electrical feedthrough 
on DN40CF flange and CuBe springs the voltage is

 
Figure 2: Electron beam and dark current image. 

 
Figure 3: Dark current image. 

 

Figure 4: Scheme of the cathode holder inside the 
SAFEM with Cu back plane. 

 

 
Figure 5: Scheme of the SAFEM including electrical 
connections. 
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Figure 6: Inner view of the SAFEM already including the future anode exchange option. 

 
 

supplied to the anode. The anode holder and 3D scanning 
system is electrically isolated using a massive Macor 
insulator of ribbed form for reduced surface leakage 
current (Fig. 5, 6) 

  The field emitted current is measured between ground 
potential and the photocathode using a picoammeter 
Keithley 6487 [11]. Electrical connection from the 
insulated cathode/back plane compound is done via 
standard feed through. 

In order to control the electrode gap a CCD camera in 
combination with a macro zoom lens and bright light 
source for illumination are used. The camera and light 
source are placed outside the chamber and focused on the 
electrode gap through view ports. 

Control of the SAFEM in measurement mode is fully 
automated on the basis of LabView [12], while 
communication to all instruments is based on GPIB 
interfaces. 

The required vacuum is achieved by the use of standard 
UHV materials for the chamber and a combination of ion 
getter pump (IGP) and titanium sublimation pump (TSP). 

Final properties of the SAFEM will be: 
• direct transfer of photocathodes between 

preparation chamber, SAFEM and transport box  
• 10-10 mbar working pressure  

• optical electrode gap control down to 5 µm 
resolution 

• imaging of potential emitter distribution over the 
photocathode surface and the back plane 

•  25 x 25 mm2 scanning range  
• detailed field emission investigation of individual 

emitters 
•  1 µm scanning resolution 
•   0 - 10 kV, ± 0.1 V applied voltage (with fast PID 

regulation), correspond to 0 - 200 MV/m at around 
50 µm gap 

•  ± 1 fA current resolution 
• fully automated measurement control based on 

PC/LabView.  

OUTLOOK 
After first commissioning of the SAFEM it will be 

finally included into the preparation and quality check 
set-up. 

In an already planed upgraded stage the SAFEM will 
be equipped with an anode exchange system. This will 
give the opportunity to choose between 9 anodes of 
different radius without breaking the vacuum. 
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SURFACE ROUGHNESS AND CORRELATED ENHANCED FIELD 
EMISSION INVESTIGATIONS OF ELECTROPOLISHED 

NIOBIUM SAMPLES* 

A. Navitski#, S. Lagotzky, G. Müller, FB C Physik, Universität Wuppertal, Germany 

D. Reschke, X. Singer, DESY, Hamburg, Germany

Abstract 
Systematic measurements of the surface roughness and 

local defects on high purity Nb samples by means of 
optical profilometry and combined AFM are reported. 
Flat polycrystalline samples were electropolished inside 
Nb cavities for surface quality control. Curved samples 
were cut from interesting surface areas of a nine-cell Nb 
structure which was limited by low quench fields. The 
maximum electric field enhancement factor of various 
types of defects were derived from their measured height 
and sharpness. Particles and scratches were identified as 
potentially stronger field emitters than grain boundaries 
and round hills and holes. Many large pits with crater-like 
centers and sharp rims were found especially on lower 
half-cell samples of the electropolished Nb cavity. 

INTRODUCTION 
Enhanced field emission (EFE) from particulate 

contaminations or surface irregularities is one of the main 
field limitations of the high gradient superconducting 
niobium cavities required for XFEL and ILC [1]. While 
the number density and size of particulates on metal 
surfaces can be much reduced by high pressure water 
rinsing (HPR) [2], dry ice cleaning (DIC) [3] and clean 
room assembly of the accelerator modules, the influence 
of surface defects of the actually electropolished and 
electron-beam-welded Nb surfaces on EFE has been less 
studied yet. 

Here, we report on results of systematic measurements 
of the average and local surface roughness of typically 
prepared Nb samples some of which were cut out of a 
nine-cell polycrystalline Nb cavity. By means of optical 
profilometry combined with atomic force microscopy 
(AFM), large scanning ranges as well as high resolution 
zooms into the found defect areas was obtained. Optical 
profilometry is considered to be a fast tool for the quality 
control of the final surface preparation of Nb accelerating 
structures. Numbers for the average surface roughness 
and maximum step height of grain boundaries will be 
given with respect to magnetic field enhancement which 
might cause high-field Q-drop and quenches [4]. Electric 
field enhancement factors will be derived from the height 
and sharpness of the localized defects. After HPR of 
selected Nb samples at DESY, correlated field emission 
scanning microscopy (FESM) and high resolution SEM 
investigations are planned in order to reveal the influence 
of the defect geometry on the expected EFE. 

EXPERIMENTAL TECHNIQUES 
For the measurement of the surface roughness and the 

localization and characterization of defects we have used 
a commercial apparatus (FRT GmbH) shown in Fig. 1 [5]. 
It is mounted on massive granite supports with an active 
vibration damping system in front of a laminar air flow 
system (class 5 ISO) for cleanroom-like conditions. The 
measurement system combines a small CCD camera for 
fast orientation with an optical profilometer based on a 
spectral reflection (chromatic aberration) of white light 
and an AFM in calibrated positions (1 µm precision). 
Surface profiles of flat as well as curved samples up to 
20×20 cm2 size and 5 cm height difference are measured 
fast (100×100 pixels in about 1 minute) and non-
destructively down to 2 µm lateral and 3 nm vertical 
resolution. Further zooms into localized defect areas 
down to 3 nm lateral resolution are performed with the 
AFM with 34x34 µm2 scanning range. 

 
We have tested six flat and five curved Nb samples. 

The flat ones with Ø 26.5 mm were machined from usual 
high-purity Nb sheets (RRR > 300) and welded to support 
rods which hold them in the main coupler port of nine-
cell cavities for the quality control of chemical treatments 

Figure 1: FRT optical profilometer combined with AFM. 

___________________________________________  
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[6]. Special marks on the circumference have been made 
to reidentify their angular position in FESM and SEM 
setups. The curved samples were cut out of a nine-cell 
cavity, which suffered from strong quenching at moderate 
accelerating field of 16 MV/m. These samples were taken 
from different interesting surface areas: two (one) from 
the flat part of lower (upper) half cell and one each from 
the iris and equator weld regions. All samples have 
obtained comparable electropolishing up to 144 µm, 
buffered chemical etching up to 10 µm and HPR but were 
not kept in clean conditions. For the surface roughness 
and defect measurements reported here, flat samples have 
been cleaned in ultrasonic isopropyl alcohol bath and 
dried with an ionizing gun using pressurized filtered 
nitrogen (5.0). 

The optical profilometer measurements of flat samples 
have been performed in three steps. At first full scans of 
the sample (27.5×27.5 mm2) with a lateral resolution of at 
least 30 µm were made to localize the major defects with 
respect to the marks at the circumference as shown in Fig. 
2. Then selected regions of typically 5×5 mm2 size with 
large defects, which were also obvious by distorted light 
reflection, were further investigated with at least 10 µm 
resolution. Finally, interesting defect areas were scanned 
with maximum resolution of 2 µm over 0.5×0.5 mm2. It is 
noteworthy that the full scans of the curved samples were 
made in several consecutive layers because of the limited 
height range of the optical profilometer (230 µm). An 
example for the resulting synthesized 3D view of the 
equator weld region is presented in Fig. 3. Because of the 
limited lateral resolution of the optical profilometer, the 
sharpest features of some localized surface defects were 
measured with the AFM. 

Based on the optical profilometer measurements the 
average and quadratic surface roughness have been 
calculated as 
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where )( ji yxz is the actual and z the average value of the 
profile height and n and m are the number of points in x 
and y directions. For curved surfaces these roughness 
values can also be determined with respect to the nominal 
surface shape. 

In order to estimate the local electric field enhancement 
factor β of the defects which might lead to EFE at applied 
surface fields Es much below the intrinsic limit given by 
the Fowler-Nordheim theory (> 1 GV/m for Nb) [7], 
expected β values of surface defects with height h and tip 
curvature radius r were roughly calculated by 

r
h≈β   . 

RESULTS AND DISCUSSION 
One of the most remarkable features found especially 

on electropolished Nb nine-cell cavities are visible pits 
which appear more densely distributed on the lower than 
on the upper half cell of vertically treated cavities. We 
have found such pits on all five curved Nb samples (e.g. 
in Fig. 3) but less on the weld seams. The detailed optical 
profiles shown in Fig. 4 reveal their size up to 800 µm in 
diameter and crater-like centers (~ Ø 200 µm) with sharp 
rims of 5-10 µm height which might lead to quenches or 
EFE. Estimation of field enhancement factor leads to βmax 
values of about 9.6 for the rims. The origin of the pits and 
craters is not clarified yet but we consider them as an 
etching effect due to the finite time required for washing 
off the acid solution after electropolishing. 

We have also compared the surface roughness of the 
curved Nb samples in the half-cell and weld regions. The 
typical profiles given in Fig. 5 show the surprising result 
that the weld seams are smoother (Ra = 0.115 µm, Rq= 
0.159 µm) than the other regions (Ra = 0.180 µm, Rq= 
0.250 µm) probably due to the enlarged grain size (640 
µm vs. 152 µm). The grain boundaries provide, however, 

 

Figure 2: Full profile of a flat Nb sample (30 µm lateral 
resolution) showing the positions of two marks (arrows) 
and some big defects on the surface (circles).                

 

Figure 3: 3D view of a Nb sample cut from the equator 
region (30 µm lateral resolution) measured in 4 layers 
showing pits on the surface and the weld seam.                   
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quite similar step height (< 2 µm) and edge radius (< 0.5 
µm) resulting in βmax ~ 4-5 which should be negligible for 
EFE. 

The optical profiles of the flat Nb samples have shown 
mainly four types of surface defects: particles (rather than 
foreign material inclusions), scratch-like protrusions, 
grain boundaries and round hills and holes (see Figs. 6-7). 
The geometrical parameters of these defect categories are 
summarized in Table 1. It is remarkable that the highest 
βmax values were obtained for particles (< 15) and scratch-
like protrusions (< 13). Particles have been found on the 
surfaces more often than scratches. In some cases one 
could find up to 55 particles in an area of 500×500 µm2 

(Fig. 6a), but surely most of them could be removed by 
HPR and/or DIC. In contrast, scratches with high and 
sharp ridges formed by some material shift from the 
electropolished surface must be avoided during the 
handling of cavities. (Figs. 6b, d). 

Other irregularities found on the flat Nb surfaces are 
hill-like structures (Fig. 6c) and round holes which are 
most probably caused by foreign material inclusions 
which might lead to reduced or enhanced electrochemical 
polishing, respectively. According to their comparably 
smooth edges and low βmax values (< 4), holes and hill-
like structures are not considered as sources of EFE as 
long as they do not have sharp edges. 

 

  

   

Figure 4: Optical profiles of an upper half-cell part of a tested Nb cavity showing many pits with crater-like elevations 
and sharp rims in the center. Please note the much enhanced height scale in the 3D view and line profile of the pit. 

 

 

Figure 5: Comparison of high resolution optical profiles of a half-cell and an iris weld region of a tested Nb cavity. 

Iris-weld region: Half-cell region:
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Figure 6:  Optical profiles of typical defects found on the flat Nb samples: particles (a), scratches (b), round hills and 
holes (c) and AFM image of a scratch (d), all with corresponding line profiles. 

Table 1: Geometrical Parameters of Defects 

Particles Scratches Grain boundaries Round hills and holes 

< 5 µm 43 % 

5 - 15 µm 48.4 % 

15 - 25 µm 6.1 % 

> 25 µm 2.5 % 

4 -100 µm width 

11 µm – 2.7 mm length 

(on average 326 µm) 

ridge height < 10 µm  

step height < 1.55 µm  

edge radius < 0.78 µm 

height < 17 µm 

size ~ 10 µm - 440 µm 

Ra = 0.276 µm, 

Rq = 0.548 µm, 

βmax ≈ 14.6 

Ra = 0.466 µm,  

Rq = 0.646 µm, 

βmax ≈ 12.9 

 
 
βmax ≈ 4 

Ra = 0.295 µm, 

Rq = 0.489 µm, 

βmax < 4 
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The grain structure of the flat Nb samples shown in 

Fig. 7 was very similar to that of the curved half-cell  
ones. The average grain size of about 140 µm and a 
maximum step height up to 1.55 µm was determined 
from the optical profiles. AFM zoom scans into selected 
grain boundaries resulted in more precise measurements 
of the step edge radius (< 0.78 µm) as shown in Fig. 8. 
Accordingly, the grain boundaries on the flat Nb samples 
also provided only low βmax values (< 4) which should not 
cause EFE in high gradient superconducting cavities.    

CONCLUSION AND OUTLOOK 
Combination of optical profilometry and AFM is 

suitable as fast quality control of electropolished Nb 
surfaces in terms of roughness and defects. Remaining 
particles with βmax < 15 have to be removed by HPR and 
DIC. Scratch-like protrusions with βmax < 13 must be 
prevented by a more careful handling. Grain boundaries 
with step heights < 1.55 µm might reduce the magnetic 
field limit. Round hills and holes with smooth edges 
cause less EFE but can be a probable source of quenches. 
Pits with crater-like centers and sharp rims have been 
found on real cavity surfaces and hint for problems with 
the speed of acid removal after the electropolishing. 

Correlated field emission scanning microscopy will be 
performed after HPR (and DIC) of these samples 
especially in the localized surface defect regions. 
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Figure 7:  Optical profile and line scan of a flat Nb sample with grain boundary steps. 

 
Figure 8: AFM result showing a grain boundary step. 
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BENCHMARKING SIMULATIONS OF MULTIPACTOR IN 
RECTANGULAR WAVEGUIDES USING CST-PARTICLE STUDIO 

 
G. Burt, R.G Carter, A.C. Dexter, B. Hall, J.D.A. Smith, Cockcroft Institute, Lancaster, UK 

P. Goudket, STFC/DL/ASTeC, Daresbury, Warrington, Cheshire, UK 
 
Abstract 

Multipactor can be a limiting factor in the design on 
many SRF cavities, however this is often a difficult 
phenomena to numerically model. In order to study the 
reliability of various codes we have undertaken to study 
the simulation of multipactor in rectangular waveguides 
and to compare this to experimental results obtained in 
previous work. In this paper we present the simulation 
results using CST-Particle Studio. 
 

INTRODUCTION 
Multipactor is an electron phenomena where resonant 

electron trajectories cause an exponential growth in the 
number of electrons by secondary emission. However the 
behaviour of multipactor is quite complex as it initially 
starts with a low number of electrons where space charge 
forces are negligible and as the number of electrons 
increase the space charge forces grow. It is impractical to 
simulate multipactor with enough electrons to correctly 
predict the behaviour with space charge forces so most 
simulations tend to use particle tracking with no space 
charge. Simple assumptions are generally used to 
establish the presence of multipactor, however it is not 
immediately clear that the start of an exponential electron 
growth definitely leads to multipactor. In addition in is 
important to accurately determine the exact time, position, 
energy and angle of electron impacts on the surface. This 
can be difficult to achieve and can cause some codes to 
disagree with each other. 

In order to verify the accuracy of a multipactor 
simulation it is necessary to benchmark against a 
multipactor simulation for which we have experimental 
data. An experimental study has previously been 
performed by Cornell and Lancaster University of 
multipactor in a half height rectangular waveguide at 
500MHz [1] for the CESR input coupler and this data 
provides and excellent problem for benchmarking 
multipactor simulations. The simulation geometry is 
simple and conformal to the mesh and experimental data 
on suppression of multipactor with DC magnetic fields 
provides additional data for benchmarking. 
 

SIMULATION OF MULTIPACTOR IN 
CST-PS 

CST Particle studio (CST-PS) [2] has a PIC solver and 
a particle tracking solver that allows the simulation of 
charged particle interaction with electric and magnetic 
fields [3]. For multipactor due to the large number of 
particles involved the authors advise the use of tracking 
simulations which exclude space charge effects and hence 
are less computationally intensive. 

First we must define the geometry and calculate the 
electric and magnetic fields of the mode of interest. The 
implementation of emitting surfaces in particle studio 
requires the walls as well as the vacuum to be included in 
the geometric definition. The experiment was performed 
on half height waveguide with width 457.2 mm, height 
102 mm and was constructed of stainless steel. An 
eigenmode solver is used to calculate the fields utilising 
periodic boundaries in order to obtain a travelling wave 
solution. A very dense mesh of around 80 lines per 
wavelength is required in order to obtain a field map of 
sufficient accuracy. The transverse electric field is shown 
in figure 1. 

 

 
Figure 1: The transverse electric fields in the waveguide 
from CST-PS. 
 

Next we must open a new simulation with the same 
geometry and import the electric fields into the 
simulation. To do so we select define magnetic field, then 
select “import external field” and select the required input 
file. We must click “consider the electric fields” to also 
import the electric field. We also set the phase at this 
point. This allows the tracking solver to use a denser 
mesh than the eigenmode solver, which is often limited by 
memory. A mesh of 100 lines per wavelength was used 
for the tracking simulations. 

 

 
Figure 2: Initial seed electron emission points on the top 
plate of the waveguide. 
 

Having defined the fields we must now set up the initial 
seed electrons. In our simulations we set the seed 
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electrons by using a fixed emission. In the solve menu 
select the “particle emission on a PEC surface” and select 
the surface where we wish the seed electrons to be 
emitted from, as can be seen in figure 2. This will bring 
up the particle emission menu, select a fixed emission and 
set the initial mean electron energy and energy spread in 
energy. For our simulations we emit the initial electrons 
from the top of the cavity with an initial energy of 0-4 eV. 
The emission area was set to cover 180 degrees in phase 
so that it was not necessary to sweep the phase over 
multiple simulations. 

After setting up the seed electrons we then need to 
define the secondary emission properties. This is a tab in 
the material properties menu. From this menu we can 
select user defined secondary emission properties, or use 
the Furman-Pivi [4] secondary emission model for copper 
or stainless steel. For our simulations we chose the 
Furman_Pivi Stainless steel model. Also in this tab we 
can select maximum number of generations and 
maximum number of secondaries per impact. It is 
important when modelling multipactor that we generate 
all possible secondaries at each generation so both values 
should be set as high as possible. The maximum number 
of secondaries per impact is 10. 

In the particle tracking solver menu we select the fields 
we wish to use in the simulation. Also at this stage we can 
alter the field amplitude using the Amp setting. Amp is a 
linear multiplier to the imported fields (note this is a field 
amplitude multiplier not a power multiplier). Select the 
predefined field and set the amplitude to the required 
level. In the specials menu we can set the number of time-
steps required for the run. The length of each time-step is 
set by the fastest particle in the simulation and hence is 
not constant. In the simulations we typically run for 200-
600ns. Finally we run the simulation. 

 
POST-PROCESSING 

Identifying multipactor from simulation results is not a 
trivial process. As multipactor is not established until a 
sizeable current is produced this can take a large number 
of RF periods and unfeasibly large simulations involving 
space charge effects. We can however instead predict the 
start of multipactor using tracking simulations for a finite 
number of RF periods. This is done by observing the 
increase in the number of electrons with time or particle 
crossing. 

 

 
Figure 3: The number of “live” particles in the simulation 
as a function of time. 

In CST-PS we can obtain these diagnostic values in 
post processing. The simplest value to find is the increase 
in the number of electrons with time, as this is 
automatically given as a post processing plot at the end of 
the simulation as a 1D Result as “Particles vs Time” as 
shown in Figure 3. 

The 2nd diagnostic is the how the number of electrons 
increase per particle crossing [5]. This can be obtained 
from the “collisional information” table. From this table 
we can extract the total number of electron hits for each 
component and the secondary electrons emitted, SEE. By 
dividing the total SEE by the total number of hits we 
obtain an averaged secondary emission yield per impact, 
or <SEY>. Also on this table we obtain the total impact 
energy per component. By dividing this number by the 
number of hits we obtain the average impact energy, 
<Ei>, which is useful for comparing with the SEY curve 
used in the simulation. 

Finally it is incredibly useful to observe the electron 
trajectories in order to understand and visualise the 
multipactor. CST-PS allows the visualisation of the 
electron trajectories as lines, shown in Figure 4. The 
colour of these lines can be set to show electron energy, 
velocity, momentum or other related parameters. 
 

 
Figure 4: The electron trajectories plotted in CST-PS. The 
line colour denotes the electron energy. 
 

PARAMETER OPTIMISATION 
Initially we must optimise the code running parameters 

in order to simulate a realistic case while keep the 
simulation runtime to a manageable time. CST-PS has a 
number of parameters we can specify when running the 
code, we will investigate the variation of mesh density, 
maximum number of time-steps, maximum number of 
secondaries per impact, initial electron energy, the 
number of initial electrons and the area we launch the 
initial electrons over.  

First we decided to vary the mesh density. In the 
simulations we import the fields from a previous CST-
MWS calculation hence we can independently vary the 
mesh of the field solver and the tracking solver. Initially 
we set the field solver mesh to 50 lines per wavelength 
(LPW) at 600 MHz (the meshing is more complex than 
this but we will use lines per wavelength at 600 MHz as a 
basis for comparison). As we vary the mesh in the 
tracking solver we calculate and record the average 
secondary emission yield, <SEY>, and the average impact 
energy, <Ei>. As expected both values converge towards 
a single value as the mesh increases. It was found for the 
geometry of interest that a mesh of at least 50 LPW is 

TUPPO046 Proceedings of SRF2009, Berlin, Germany

05 Cavity performance limiting mechanisms

322



required and a mesh of greater than 100 LPW (6.8 M 
elements over 1270 mm length waveguide) is preferred, 
as can be seen in Figure 5. It should be noted that CST-PS 
uses a small gap between where the electrons are emitted 
and where it defines the surface boundaries. At high 
retarding electric fields this gap may be large enough for 
electrons to gain enough energy in the gap to produce true 
secondaries. This leads to a very rapid unphysical growth 
in the number of electrons. It is very important therefore 
to have mesh dense enough to minimise the gap size such 
that the gap voltage is less than 10 V.  
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Figure 5: <SEY> and <Ei> as a function of mesh density 
at an input power of 158 

 
All other parameters were also carefully studied and 

optimised, all the simulation parameters used are listed in 
Table 1 below. 

                                 Table 1: Simulation Parameters  
Eigenmode Mesh / LPW 70  
Tracking Mesh / LPW 100  
Emission  Energy / eV 0-4  
Time-steps 40,000  
Maximum Secondaries per impact 10  
No. of initial electrons 150  
Length of emission area / mm  700  

 
SIMULATION RESULTS AND 

COMPARISON WITH EXPERIMENT 
All the different parameters were optimised until the 

results converged and the simulation was repeated for 
various different field amplitude, and their corresponding 
input powers. The <SEY> is plotted against input power 
in figure 6. 

These results can be compared to the experimental 
results described in [1].  The experimental results chosen 
for comparison is the variation in Faraday cup signal with 
input power. As the results vary with surface conditions 
the measurements varied with time as the multipactor 
conditioned the surface. We compare our simulation data 
with unprocessed and processed results. 
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Figure 6: The averaged secondary emission yield <SEY> 
as a function of input power. 
  

The experiment consisted of an evacuated half-height 
waveguide section sealed by mylar windows at both ends. 
Due to the limitations of the mylar windows, vacuum in 
the waveguide was limited to ~10-4Torr, which was 
sufficient to allow unimpeded electron trajectories but 
allowed monolayers of gas to form on the surfaces. A 
high power klystron could provide up to 600kW pulsed 
power, or about 300kW CW. 

The experiment was fitted with a Faraday cup (shown 
in figure 7) on the broad wall of the waveguide, allowing 
measurements of electron currents at different energies. 
For the measurements this paper is concerned with, the 
retarding potential was negatively biased at 20V. It was 
also fitted with a number of electron probes, which 
allowed us to look for localised differences in electron 
current. All the probes and their locations are shown in 
figure 8. 

 

 
Figure 7: Picture of the energy analyser showing the 
variable retarding potential grid and the Faraday cup. 
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Figure 8: Schematic of one of the experimental 
waveguides showing the electron probes (P1-P4) and 
energy analyser ports (EEA). 
 

Various coatings were applied to one of the broad wall 
surfaces in one experiment, but the vacuum conditions 
limited the amount of information we could collect from 
those experiments. The experiments using a copper or 
stainless steel plate were the most repeatable and 
informative. 

Effectively, all probes and Faraday cups gave the same 
signal at any one time, showing that the multipactor-
induced electrons spread out throughout the waveguide. 
The experiments also confirmed, with the aid of a groove 
in the broad wall, the location of the main stable 
multipactor trajectories. A coil wrapped around the 
waveguide allowed us to generate static longitudinal 
magnetic fields used to bend the electron trajectories and 
achieve multipactor suppression. 

The experimental results show the variation in current 
on the Faraday cup as a function of power, hence it is not 
immediately clear how to compare the two results. It is 
generally considered that a trajectory can be said to be 
multipactor after 20 crossings [6] hence we choose to 
compare the Faraday cup signal to the electrons in the 
simulation after 20 crossings, this is equal to <SEY>20. As 
can be seen in figure 9 the simulations correctly predict 
the input power at which the peak multipactor occurs in a 
processed waveguide, around 400 kW, and roughly 
follows the same trend. The simulations do show 
multipactor starting at a lower power than the processed 
results however the simulations do agree for starting 
power with the unprocessed results. As the exact SEY 
curve for the CESR waveguide is unknown it is 
understandable that the simulation results fall somewhere 
in between the two. In addition the experimental results 
varied with position and with time. 
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Figure 9: The number of electrons after 20 crossings 
calculated from the simulations as a function of input 
power compared to the Faraday cup signal from the 
experiment for an unprocessed and processed stainless 
steel sample. 
 

If we instead compare the results to the increase in the 
number of electron remaining in the simulation over 50 ns 
(taken between 150-200 ns of the simulation to establish 
multipactor) to the processed waveguide results we see 
even better agreement at high power. This is shown in 
Figure 10. This is to be expected as the high power 
simulations reveal a lower order multipactor than the 
lower power results resulting in those results growing 
faster in time.  
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Figure 10: The increase in the number of electrons after 
50 ns calculated from the simulations as a function of 
input power compared to the Faraday cup signal from the 
experiment for a processed stainless steel sample. 
 

Both the simulations and the experiments exhibit a 
continuous distribution of multipactor as a function of 
input power. Previous simulations in other codes have 
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found discrete multipactor bands as expected from theory. 
However the effect of a realistic surface emission model 
including elastic and inelastic scattering (such as that 
found in particle studio) can be shown to merge these 
bands together giving the continuous distribution found in 
the experiments and in these simulations [7]. 

 
CONCLUSIONS 

The comparison between the simulations and the 
experiment show good agreement between the simulation 
and the processed data, predicting the power level where 
the peak multipactor occurs. The uncertainty in the SEY 
curve in the experiment however is a problem for 
benchmarking.  

What is interesting in comparing the simulation results 
to the experiment is the initiation of multipactor does not 
occur at <SEY> of greater than one, but doesn’t seem to 
be initiated for <SEY> less than ~1.2. This could be due 
to different surface conditions in the experiment, ion 
adsorption, collision with atoms, or space charge effects 
which would all lower the growth of multipactor in a real 
case. 

Next we plan to simulate the suppression of multipactor 
with the grooves and DC magnetic fields as was 
performed in the experiments. Additionally simulations 
are underway to study multipactor in cavities, with and 
without DC magnetic fields. It is currently difficult to 
import both RF and DC fields simultaneously in CST 
2009, however the next iteration, CST 2010, is expected 
to have better field importing abilities. 
 

The authors would like to thank Dr Rong-Li Geng of 
TJNAF for the use of his data in this study and  Dr Ulrich 
Becker of CST for his help in the optimal use of CST-PS. 
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Abstract 

 Since the “baking effect” discovery, a part of the 
Saclay R&D is dedicated to understand this effect and its 
correlated question about the High Field Q-slope origin. 
Complementary experiments on “fast baking” in Oxygen 
free atmosphere and SIMS analyses have shown that 
interstitial oxygen diffusion cannot be involved in baking 
physics. 

Presence of niobium vacancy near the surface could 
contribute to explain such phenomenon. To explore this 
possibility, we have performed experiments on niobium 
samples by means of positron annihilation radiation 
Doppler broadening spectroscopy. For the first time, an 
increase after baking of vacancy sites is disclosed at the 
niobium sample surface. Vacancy-hydrogen complex 
dissociation could be involved. This modification is 
observed in 100 nm depth under the sample surface, an 
area where the superconducting RF layer is located.  

 
INTRODUCTION 

The “baking effect” concerns the benefit consequence 
observed on niobium superconducting RF cavity 
performances once cavity has been baked in a narrow 
range of temperature during a limited time. Baking is a 
necessary final stage in cavity preparation to reach high 
gradients. For the standard process [1], named “In-situ 
UHV Baking”, the cavity is baked at 110-120 °C for 48-
60 hours while its inner part is under Ultra High 
Vacuum. 
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Figure 1: “Fast Baking” effect (145 °C / 2 hours) where 
SRF cavity is filled with argon gas (1 atm.). 

 
An alternative less time consuming process, called 

“Fast Argon Baking” has also been proposed [2] and was 
successfully demonstrated on electropolished cavities [3].  
In that case, thermal treatment is made at higher 
temperature (145°C) in oxygen-free atmosphere during 
3 or even 2 hours (Fig.1).  

Since the beginning [4] and due to the presence of 
interstitial oxygen at the Nb2O5-Nb interface, oxygen 
diffusion has always been suspected to play a role in the 
baking effect. Nevertheless later on, surface analyses by 
Secondary Ion Mass Spectroscopy (SIMS) achieved on 
Nb samples [5] have shown that no noticeable diffusion 
of interstitial oxygen can be observed after baking 
(Fig.2). Moreover RF cavity performances are 
deteriorated when baking is realized in air, instead of 
oxygen free atmosphere; in that case SIMS 
measurements show effective oxygen diffusion in 
material (black data in Fig.2). So the optimized couples 
of values for an efficient baking (120 °C / 48 h 
or 145 °C / 3 h) have to be considered as the upper limits 
before the undesirable oxygen diffusion in the RF layer 
occurs.  
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Figure 2: SIMS analyses of Nb samples [5]. Interstitial 
oxygen profiles before (green) and after baking (red and 
yellow).  

 
STUDY CONTEXT 

Even if diffusion of interstitial oxygen is not observable 
at the 10 nm scale, a local diffusion leading to vacancy 
filling with complex formation cannot be excluded (as 
suggested in [2]). 

Moreover during the 1980’s, several papers [6-7-8] 
mentioned that for b.c.c. transition metals (Nb, Ta…) 
stage III annealing temperature, synonym of vacancy 
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migration, is shifted to higher values than expected 
(between 250 and 420 K). 

Already existing complexes in material, like vacancy-
impurity or vacancy-hydrogen [8-9], are strongly 
connected to the stage III temperature shift. 

For our purpose, vacancy filling, vacancy diffusion or 
vacancy-impurity complex dissociation are possible 
events occurring at the “baking effect” temperature 
range. For all these reasons we have decided to verify on 
Nb samples if baking can induce some modifications in 
the vacancy concentration profile. 

 
POSITRON ANNIHILATION 

SPECTROSCOPY 
Because positrons can easily get trapped in metal 

vacancy defects, positron annihilation is known to be 
very sensitive to detect this type of defects in solids and 
an excellent method to follow their population. 

 
Description 

When energetic positrons are implanted into a material, 
they are thermalized in a few picoseconds through 
inelastic collisions. Then positrons diffuse in material 
and annihilate with electrons producing two γ rays at 511 
keV in opposite directions. Before annihilation with 
electrons, positrons can be trapped in open-volume 
defects (dislocations lines, voids, vacancies, vacancy 
clusters…) due to repulsion by lattice ions. 

Positron Annihilation Spectroscopy (PAS) [10] is 
based on the detection of the positron annihilation 
radiation. Among the three most important PAS 
techniques, which measure the positron lifetime, the 
angular correlation or the γ-ray Doppler broadening, we 
will use the last one. Because of the centre of mass 
motion of the annihilating positron-electron system, 
gamma-rays will be Doppler-shifted; positron being 
thermalized, this broadening is only due to the electron 
momentum in the propagation direction. 

 
Figure 3: Doppler broadening example of positron 
annihilation radiation line. Dark dots correspond to a 
GaAs defect-rich sample and show a narrow line [11]. 

 
Positrons trapped in vacancies increase their lifetime 

and the annihilation is preferentially done with valence 

electrons (small momentum), due to a lack of core 
electrons (high momentum), giving a smaller Doppler 
shift and a narrow line (Fig.3). Two parameters S 
(sharpness) and W (wing) usually characterize the 
annihilation line shape. Although that annihilation line is 
a superposition of free and trapped positrons, S (W) plot 
gives specific information about a defect-rich sample 
(S↑, W↓).  
 
Positron Beam Facility 

The positron beam facility in Orléans [12] provides 
monoenergetic positrons with variable energy up to 
25 keV. 

To obtain a monoenergetic beam, positrons emitted by 
a 22Na radioactive source have to go through a 4 μm 
polycrystalline W foil: the moderator. Meanwhile most 
positrons leave the moderator with a high residual energy 
or stop in the foil before annihilation, a very small 
fraction of them (0.05%) thermalises, diffuses and is 
spontaneously emitted by the moderator surface at very 
low energy (3 eV), due to the negative work function of 
tungsten. 

These monoenergetic slow positrons are then extracted, 
accelerated and magnetically guided towards the sample-
holder target (Fig.4); at this point, diameter of positron 
beam is 2 mm. 

To detect the γ-ray Doppler broadening at 511 keV, the 
experimental chamber is equipped with a high purity 
Germanium detector. 

 
Figure 4: Schematic view of slow positron beam facility 
in Orléans [12]. 

 
The formula (1) below allows calculating the positron 

implantation profile after thermalization and before 
particle diffusion in material: 
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Parameters A and α are material dependent; ρ is the 
mass density and Γ the gamma function. Makhov profiles 
for niobium (see Fig.5) are calculated with A=2.95 
μg/cm2.keV-α, α=1.7 and ρ=8.57 g/cm3.  
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Figure 5: Makhov profiles of positron penetration in 
niobium for different beam energies. 
 

NIOBIUM SAMPLES 
Two types of niobium samples (8 mm diameter, 1 mm 

thickness) are tested in this experiment: 
• Samples 1, 2, 3 and 4 are made from a single crystal 

(SC) provided by DESY, corresponding to the “beam-
aperture offcut” of a large grain Nb sheet (Heraeus - 
RRR 500) 

• Samples B, C and G are made from a fine grain (FG) 
niobium piece (Tokyo Denkai - RRR 200).  

Samples are cut out to the right diameter using a water 
jet technique with abrasive garnet sand. 

 
Table 1: Recap of Nb sample treatments 

 

Sample Nb Chemistry Cutting 

Annealing 

800 °C 

1.10
-7

 mbar 

Chemistry 
Baking 

Argon – 1 atm. 

1 & 2 
Single 

Crystal 
 - 

Water  

Jet 
4 hours 

BCP 

100 μm 

  - 

3 & 4 145°C / 2 hours 

B 

Fine 

Grain 

EP 

500 μm 

Water 

Jet 

2 h 30 mn 

HF rinse 

before & after 

 -   - 

G   - 145 °C / 2 hours 

C 
BCP 

120 μm 
  - 

 

 

 
 
Figure 6: FG samples (∅ 8 mm) cut by water-jet; Nb 
sheet (140 x 10 mm) was electropolished first. 
 

SC samples are treated like SRF cavities by annealing 
under vacuum (800°C – 1.10-7 mbar) during 4 hours to 
remove hydrogen, and then by BCP chemical etching 
(100 μm). 

To test in this experiment both chemistries and to 
ensure a small surface roughness on fine grain samples, 
these are treated by electropolishing (EP). For practical 
reasons, due to the samples dimensions, EP took place 
before water jet cutting (Fig.6). To prevent any grain 
growth at the surface, samples were annealed during only 
2.5 hours. Nevertheless, hydrofluoric acid (HF) 
treatments have been applied on FG samples before and 
after annealing to suppress any surface contamination 
(see Table1). 

At last, all samples underwent high pressure rinse with 
ultra pure water and air drying in clean room class 100. 
Moreover some of them (samples 3, 4 and G) were baked 
during 2 hours according to the “Fast Argon Baking” 
process.  

 
EXPERIMENTAL RESULTS 

The maximum positron beam energy (25 keV) 
corresponds to a mean implantation depth (z m) around 
820 nm, deep enough to explore the superconducting RF 
layer of niobium (~50 nm).  
 
Single Crystal Samples 

Low and high momentum annihilation fractions, S and 
W respectively, are recorded versus the incident positron 
energy in Fig. 7 and 8. 

The parameter variation between surface and bulk is 
more important for W compare to S one; this is probably 
due to the most important W sensitivity to chemical 
surrounding of the annihilation sites. Moreover, we can 
clearly observe that baked SC samples (3 and 4) have 
higher S and lower W parameters than unbaked ones (1 
and 2). 

This increase of vacancy number, after baking, rules 
out the scenario of a local diffusion of interstitial oxygen 
(or impurity) with a complex creation. Vacancy 
migration cannot be detected either. As consequence, 

TUPPO047 Proceedings of SRF2009, Berlin, Germany

05 Cavity performance limiting mechanisms

328



only the third scenario, vacancy-impurity dissociation 
followed by the impurity diffusion could be considered 
as realistic. 

The baking effect on positron trapping is mainly 
visible up to 8 keV which corresponds to 120 nm of 
mean positron penetration depth, wide overlap of the 
superconducting RF layer. In this way, vacancy-impurity 
complexes could be involved in non quadratic losses at 
high fields. 

Hydrogen atom could be a good candidate to be this 
impurity, because of: 

• its high diffusion coefficient at typical baking 
temperatures (D ~ 2.10-5 cm2/s) and 

• the inevitable contamination of Nb by absorbed 
hydrogen coming from aqueous species during BCP 
and EP chemistries, 
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Figure 7: Low momentum annihilation fraction S vs. 
positron energy. Red / green data correspond to baked / 
unbaked single crystal Nb samples. 
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Figure 8: High momentum annihilation fraction W vs. 
positron beam energy. Red / green data correspond to 
baked / unbaked single crystal Nb samples. 
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Figure 9: S vs. W plot for SC samples (red data correspond
 to baked samples). 
 
Fine Grain Samples 

Experimental results on fine grain samples B and G are 
very different (see Fig.10). A possible surface 
contamination could explain this fact because after 
cutting, no efficient surface cleaning does exist for FG 
samples compared to the BCP chemistry of SC samples 
(see Table 1). 

As proof, an additional BCP chemistry, applied on FG 
sample C, induces data regrouping with SC results 
(Fig.10). More trapping sites are observed in sample C, 
compared to SC samples; it is probably due to the 
difference of surface roughness (Fig.11) with a vacancy 
excess at the interface structures and grain boundaries. 
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Figure 10: S versus W plot for SC and FG samples (red 
data correspond to baked sample). 
 

400 

μm   
400 

μm

 
   

Figure 11: Optical microscope pictures of Nb samples 
after BCP chemistries (sample 1 on right and C on left). 
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Nevertheless to confirm the coherence of these FG 
results, we plan in the next experiments to retreat B and 
G samples by an additional BCP chemistry followed by 
the baking of one of them.  
 

CONCLUSION 
Preliminary experiments have been performed on Nb 

samples to define a possible impact of vacancies in 
“Baking Effect”. Single crystal and fine grain samples 
have been analyzed by Positron Annihilation 
Spectroscopy through the radiation Doppler broadening 
method. 

On baked single crystal samples, no vacancy migration 
is detected and for the first time an increase of vacancy 
sites is clearly observed in a 100 nm depth under the 
surface. A possible scenario to explain these results could 
be the dissociation by baking of vacancy-hydrogen 
complexes, followed by the hydrogen diffusion. The 
zone concerned by the vacancy site increase, covers 
thickness of the superconducting RF layer. 

Similarly to niobium hydrides, involved in RF losses at 
low accelerating fields (Q-disease), vacancy-hydrogen 
complexes could be involved in non quadratic losses at 
high fields (Q-slope). 

To confirm first results on vacancy increase after 
baking, experiments will be pursued on fine grain 
samples. Complementary studies on Nb samples by 
Elastic Recoil Detection Analysis (ERDA) will be also 
plan to understand if hydrogen can be involved in the 
assumed scenario. 
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THERMAL MODELING OF RING-TYPE DEFECTS
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Abstract
Thermometry and optical inspection results suggest that

pit-like structures in the high magnetic field region of an
SRF cavity are possbile defect candidates that cause cavity
quench. Previous thermal modeling of pit-like structures
based on a disk-type defect model suggests that the ob-
served pit is much larger than the actual normal conducting
region responsible for initiating the quench. Guided by the
magnetic enhancement calculations of pits, a ring-type de-
fect could be a better model for quench caused by the sharp
boundary segment of a pure niobium pit. The relationship
between quench field and inner radius of a ring-type defect
is presented based on calculations of an improved ring-type
defect model.

INTRODUCTION

The maximum field achieved by superconducting rf cav-
ities is limited by the thermal breakdown initiated from
so-called ”defect” areas in the high magnetic field region
around the equatorial welding zone. Optical inspection
techniques found that many of these defect regions can
be categorized as pit-like structures [1]. Although most
of the pits found did not cause quench at the magnetic
field achieved, some of them are responsible for initiaing
quench. This indicates that sizes, depth and edge sharpness
of the pits may determine the quench onset field. Previous
thermal modeling of pit-like structures based on a disk-type
defect model suggest that the observed pit is much larger
than the actual normal conducting region causing quench
[2]. Figure 1 shows an actuall pit which causes a cavity
quench at maximum cavity surface magnetic field 1200Oe
with its diameter of nearly 1mm. Calculations of the mag-
netic field enhancement at pits and bumps on the surface of
superconducting cavities show that the field enhancement
factor for pits can reach the value of 4 depending on the
slope of the edge [3]. Figure 2 shows the relative high cur-
rent density distribution calculated by Microwave Studio@

at the edge of a pit structure modeled as a hole on the axis
of a pill-box cavity. This indicates that the edge of a pit
or a part of it can become normal conducting due to the
strong magnetic field enhancement. In order to study the
quench initiated from such a ring-shaped normal conduct-
ing region at the edge of a niobium pit, a ring-type defect
thermal model was developed. Due to the axi- symmetric
mesh configurations in the thermal model, arc-type defect
model can not be simulated currently.

Figure 1: SEM image of a quench causing pit-like defect
found in the cavity LE1-HOR.

Figure 2: Current density distribution on a pit presented as
a hole on the axis of a pill-box cavity. [3]

THERMAL MODELING AND CODE
BENCHMARK

The 2-d ring-defect thermal program was developed
from a disk-defect thermal program. Heat balance equa-
tions and boundary conditions are the same as they were
used in a disk-defect model [2]. Figure 3 shows the mesh
configuration difference between a ring-type defect and a
disk-type defect. For a ring-type defect, the program splits
a cylindrical section of the niobium wall into many circular
ring-shaped mesh elements. The normal conducting de-
fect is located in a ring section located at a certain distance
to the center of the entire modeled niobium disk. Given
the temperature dependent thermal conductivity of niobium
and Kapitza conductance between niobium and helium, r.f.
power produced at the surface is compared with power
emitted into the helium bath at a given iteration number.
The over-relaxation method is used to estimate the (n+1)-
th iteration from n-th iteration. Once the two heat transfer

Proceedings of SRF2009, Berlin, Germany TUPPO048

05 Cavity performance limiting mechanisms

331



numbers are sufficiently equal (e.g. their difference is less
than 0.01%), thermal equilibrium is reached. For initial
studies, the defect resistance was taken as 10mΩ which is
assumed as the normal resistance of niobium. The real nor-
mal conducting surface resistance of a given niobium pit
edge does depend on temperature, and therefore the defect
region may have a large range of resistances (1∼10mΩ).
To speed up simulations, the mesh density is high nearthe
defect element and lower away from it where temperature
gradient are smaller. The mesh spacing in the radial di-
rection was chosen to increase exponentially (the distance
between the i-th element to the ring-defect is proportional
to exp(i)). The z direction is also meshed using an expo-
nential function. Figure 4 is shown to verify that the calcu-
lated results are independent of the different mesh density
configurations. It shows that the results obtained from the
thermal model become independent of the mesh density for
sufficiently dense meshes.

(a) Mesh configuration for a disk-type defect

(b) Mesh configuration for a ring-type defect

Figure 3: Different mesh distributions of ring-type and
disk-type defect models with normal conducting (red) and
superconducting (blue) mesh elements.

To test the ring-shape defect thermal modeling program,
we have calculated the heating due to a ring-type defect
and a disk defect. The ring defect inner radius is 1μm with
a ring width of 49μm and the disk defect radius 50μm. The
temperature distribution of those two cases should approx-
imately be the same because the rf deposited power in both
cases was is nearly equal. Figure 5 shows that the calcu-
lated temperature distribution agrees very well indeed for
the two cases. In a second test of the program, a large ring-
type defect with an inner radius 5mm and ring width 1μm.
The result of this simulation is shown in Figure 6. The ring
induced heat distribution is nearly symmetric as expected.
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CALCULATION RESULTS

Simulations on ring-shaped defects of different radius
and width were performed to explore the relationship be-
tween the pre-quench (a steady state with cavity maximum
surface magnetic fields just below the quench field) tem-
perature distributions and ring geometries. Figure 7 shows
a typical pre-quench temperature distribution along the ra-
dial direction both in the helium side and in the rf surface
for different inner radius ring-type defect with the same
ring width of 1μm. The defect resistance was assumed
as 10mΩ. The results show a clear dependence of helium
side pre-quench temperature on the inner radius of the ring-
shaped defect which was similarly discovered in the previ-
ous study of the disk-type defect model [2].
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Figure 7: Temperature distributions for different sizes of
ring-type defects with the same ring width of 1μm.

Figure 8 shows the calculated quench field distribution
as function of the ring-type defect inner radius for two ring
width 1μm and 2μm. For a pit quenched at 1200Oe as
observed in figure 1, a ring width around 1.8μm can be
concluded. Direct measurements by contact profilometry
confirmed that the edge of the pit shown in figure 1 was
1∼2μm. Considering the unincluded magnetic field en-

hancement factor at the edge of the pit, the agreement of
pit width information between simulated and measured re-
sults is acceptable. Combined with thermometry data of
quench field Hquench and pre-quench helium side temper-
ature reading ΔT, the simulation results of quench field of
a ring defect size with the measured pit radius R by pro-
filometry or optical inspections can provide estimates of
the resistance of the normal conducting region of the pit
as well as of the width of the edge of the pit with strong
magnetic field enhancement.
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CONCLUSION AND FUTURE WORK

A 2-d ring-type defect thermal model has been devel-
oped and is benchmarked. This model assumes an ideal
ring-shape defect at the edge of pit structures and can
provide information on normal conducting resistance and
width of normal conducting pit edge. Since both optical
and profilometry studies suggests an irregular ring width
structure, only a fraction of the ring may go normal con-
ducting. Therefore the calculation results may need a ge-
ometrical correction factor depending on the actual pits
geometry. Also the magnetic field enhancement factor β
which is determined by slopes of ring edges should be con-
sidered in the future improved version of thermal ring de-
fect model.
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RELATIONSHIP BETWEEN DEFECTS PRE-HEATING
AND DEFECTS SIZE
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Abstract

Pit-like structures are defect candidates that cause cav-
ity quenches. Thermometry and SEM examination results
of two such pit candidates are presented. The observed and
simulated correlations between defects size and pre-heating
temperature near the defect region at helium side can pro-
vide useful information about the effective defect size and
resistance. Calculations based on a disk-type defect model
suggest that the observed pit is much larger than the ac-
tual normal conducting region responsible for initiating the
quench. This finding is consistent with the sharp edge seg-
ments of the pit as the possible regions responsible.

INTRODUCTION

The maximum field achieved by superconducting cavi-
ties is limited by several reasons. One of them is thermal
breakdown of superconductivity caused by temperature rise
initiated by a resistive or normal conducting region of sub-
millimeter size. Those so-called ”defect” areas were stud-
ied by both thermometry and SEM [1], [2]. Several types
of defects have been thus identified [3]. Optical inspec-
tion techniques were developed and widely used to find
pits or protrusions in ILC cavities [4]. Those pits or protru-
sions are suspected as possible defects candidates and no
direct correlations between pit-like structures and defects
have been established yet. Fig. 1(a) shows a pit type defect
which caused thermal breakdown around 925Oe. The de-
fect was located by thermometry. EDX analysis found no
foreign elements. At the same field just below quench, the
temperature map shows a 300mK pre-heating occurred at
the defect area. But some of the heating was attributed to
a field emitter, so the exact pre-heating due to the defect is
not known. It was suspected that field enhancement at the
edges of the pit created normal conducting regions which
caused extra resistive heating.

Figure 1(b) is another pit-like defect found in a sin-
gle cell 1.5GHz cavity which shows about 200mK pre-
heating at the quench site just below the breakdown field
of 1200Oe. Here some of the heating may be due to the
high field Q-slope, as discussed further. Figure 2(a) is the
corresponding temperature map taken just below quench
field. The strongest heating area showing in the map (cen-
ter, yellow) is the defect location while other less-heated ar-
eas (green) show general heating due to high-field Q slope
which can be observed from the Q vs H curve of Fig. 2(b).
Figure 3 is the individual thermometer response near that
defect site. It shows that defect heating has surpassed high-

(a) Defect found in cavity LE1-34

(b) Defect found in cavity LE1-HOR

Figure 1: SEM images of quench causing pits.

field Q slope above 800Oe. By subtracting the estimated
Q slope heating, the pre-heating for defect alone is esti-
mated about 100∼180mK. The high field Q-slope heating
selected is typical of the stronger heating regions in the Q-
slope regime, as suggested by the strong high field Q-slope
heating at the thermometers neighboring the defect. Since
the thermometer efficiency is 20∼25% [1], the outer wall
temperature rise is 400∼900mK. Thermometer efficiencies
have been thoroughly calibrated as discussed in [1].

It was measured that defect heating is ohmic and temper-
ature increases scale as H2

peak [1]. In Fig. 3, our calculations
show that measured defect (pit) heating can be effectively
decomposed to Q-slope heating and H2

peak ohmic heating
terms.

Previous thermal model simulations predict that a nor-
mal conducting defect size such as 20µm radius will cause
a quench at 1200Oe and thus would be much smaller than
observed 800×600µm pit size [5]. Therefore either the ac-
tive defect region is much smaller than the actual observed
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(a) Temperature map at 1200Oe

(b) Q vs H

Figure 2: Q-curve and temperature map of cavity LE1-
HOR.
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Figure 3: Individual thermometer response near defect site
of cavity LE1-HOR.

pit or the effective resistance is much smaller than normal
conducting niobium resistance, or some combinations of
smaller defect resistance and smaller defect size cause the
thermal breakdown. Since thermometry can give us tem-
perature readings just below quench at the defect region, a
calculation of the pre-heating temperature is carried out to
reveal the possible size and resistance information of the
quench producing area.

THERMAL FEEDBACK MODEL

The thermal program splits a cylindrical section of the
niobium wall into many circular ring-shaped mesh ele-
ments. The defect is located in the center of the r.f. sur-
face. Given the temperature dependent thermal conductiv-
ity of niobium and Kapitza conductance between niobium
and helium, r.f. power produced at the surface is compared
with power emitted into the helium bath for a specified iter-
ation number. The over-relaxation method is used to guess
the (n + 1)-th iteration from n-th iteration. Once the two
numbers are viewed as equal (e.g. their difference less than
0.1%, the temperature of those 2-d meshes are calculated
as thermal equilibrium. The original program was devel-
oped by A. Deniz and H. Padamsee [6] and it was rewritten
in C++ [5]. To speed up simulation and to allow some de-
fects, the radial range is split up quartically (the width of
the i-th element from the center is proportional to i4). The
z direction is also split up using an exponential function.
Originally the defect resistance was taken as 10mΩ which
is assumed the normal resistance of niobium.

For a specified r.f. field and defect size, the defect resis-
tance is varied to approach thermal breakdown. The tem-
perature distribution just below quench is obtained to show
the pre-heating both at the r.f. surface and at the helium
side. To check whether the quench is reached or not, the
temperature around the defect at the r.f. surface should al-
ways approach Tc(H). Figure 4 shows that all the calcula-
tions are approaching the thermal breakdown. The temper-
ature T just next to the defect area is obeying:

T ∼ Tc

√
1 − Hr f

Hc
(1)

as expected from the parabolic temperature dependence of
the critical field.

To calibrate the program, we have calculated the heating
due to a 50µm copper defect found on a 1.5GHz single cell
cavity as a simple case [3]. We made some reasonable as-
sumptions about the RRR and the phonon mean free path
of the niobium used for the cavity. The defect was found
by SEM as Fig. 5. The effective area contributed by the
copper to the r.f. field is estimated from the photograph
as 4 × 10−9m2 and thus the defect element be concluded
as 35.7µm. Taken the r.f. magnetic field at the equator
as 427Oe and assuming a typical copper surface resistance
of 5mΩ, the power dissipated into the defect is calculated
as 12.2mW. The temperature rise profile in the helium side
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Figure 4: Calculated temperature next to defect on r.f. side
near quench field.

along the axis from the defect center is shown in Fig. 6. The
temperature rise near the defect is calculated as 115mK.
The measured temperature rise was 39mK. Considering the
thermometer efficiency of 20∼25% [1], the agreement is
acceptable.

Figure 5: SEM micrograph of a defect found in a high mag-
netic field region of a 1.5GHz single cell cavity.

RELATIONSHIP BETWEEN DEFECT
SIZE AND DEFECT PRE-HEATING

We return to the relationship between defect size, defect
resistance and pre-heating. Figure 7 shows a typical pre-
heating temperature distribution along the radial direction
for two defect sizes under the same r.f. field. For the larger
defect, the 10mΩ defect resistance has been decreased to
1mΩ to meet the same breakdown field. Although the tem-
perature near defect area at the r.f. surface are the same in
both cases as required for quench initiation, the helium side
temperatures have roughly 1K difference. With a distance
about several millimeters between two adjacent thermome-
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Figure 6: Helium side heating due to a copper defect.

ters, those pre-heating temperature readings can be used to
get additional defect size and defect resistance information.
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Figure 7: Two different size defects temperature distribu-
tion along the radial direction.

To map out the general relationship between defect size
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Table 1: The resistances of different size defects
Defect
sizes,
µm

Rs

(H=800Oe)
mΩ

Rs

(H=1000Oe)
mΩ

Rs

(H=1200Oe)
mΩ

40 9.99 4.54 2.05
50 7.98 3.63 1.64
80 4.98 2.26 1.02
100 3.98 1.81 0.81
120 3.32 1.51 0.67
150 2.65 1.20 0.54

and pre-heating temperature, pre-heating temperatures for
different size defects are calculated and shown in Fig. 8.
The corresponding temperatures near the defect area at the
r.f. surface shown in Fig. 4 indicate that all calculations are
just below the quench field.
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Figure 8: Different size defects with their pre-heating tem-
peratures just near the defect spot.

Table 1 shows the decreased defect resistances for dif-
ferent combinations of field and defect sizes. Therefore,
for the defect detected in Fig. 1(b), individual thermometer
shows that defect pre-heating is 400∼900mK (after taking
into account the thermometer efficiency). From Fig. 8 and
Table 1, actual defect size can be concluded as 40∼120µm
and effective defect resistance is 0.5∼2mΩ. Since the ob-
served pit in Fig. 1(b) is much larger than this actual region
responsible for quench, we conclude that only a small re-
gion of the observed pit is responsible. This is entirely con-
sistent with the possibility that only a small region of the pit
has features such as sharp edges with enhanced fields.

CONCLUSION

A calculation to establish relationship between defects
pre-heating and defects size has been done. The observed
pit is much larger than the actual region responsible for
quench. The correlation between defects size and pre-
heating temperature near the defect region at helium side
can provide us useful information about the effective de-
fect size and resistance.
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TESLA TYPE 9-CELL CAVITIES CONTINUOUS WAVE TESTS 

D. Kostin, W.-D. Möller, J. Sekutowicz, K. Twarowski, 
DESY, Notkestrasse 85, 22607 Hamburg, Germany

Abstract 
TESLA 9-cell cavity [1] was designed a decade ago for 

pulse operation at duty factor of a few percents and is 
successfully used for the FLASH linear accelerator at 
DESY [2], [3] and will be used for planned XFEL [4]. 
Recently, numerous coherent and  synchrotron light 
sources projects base their driving superconducting linacs 
on this design assuming operation in a continuous wave 
(CW) mode at rather high gradients. We have performed 
CW tests of a standard 9-cell TESLA cavities installed in 
helium vessel and fully equipped with the standard 
TESLA-TTF auxiliaries, main coupler and both Higher 
Order Mode (HOM) couplers in the horizontal test 
cryostat to find out a limit in the CW operation. 

INTRODUCTION 
The lifecycle of a standard 9-cell TESLA-type cavity 

includes two types of high RF power cavity tests. One is a 
CW test of the cavity without liquid helium (LHe) tank 
fully immersed in LHe in the vertical test cryostat and 
most efficiently cooled. The second is a pulsed test with 
the cavity, welded in LHe tank and fully equipped with 
the standard TESLA-TTF auxiliaries, main coupler and 
both HOM couplers. The cavity is placed in the horizontal 
test cryostat without LHe end-groups cooling (fig.1,2). 
There are two limits for cavity-in-tank in the full CW 
mode: first, cryogenic power limit (tank and LHe supply 
line diameter) at about 35 W (2 K), second, the end 
groups cooling by thermal conduction. Two cavities were 
taken for such a test, S33 and AC128, last one equipped 
with a new HOM coupler feedthroughs with sapphire 
isolator, having much better thermal conductivity as a 
standard one (aluminum ceramics), see [5] and [6]. New 
feedthroughs allow for better inner conductor cooling 
through copper braid connection to the 2 K cooling circle 
(fig.3). 

 

 

 
Figure 1: SRF cavity in LHe tank with auxiliaries. 

EXPERIMENTAL SETUP 
The CW cavity-in-tank test (usually named horizontal 

test after the horizontal test cryostat) is done with the 
same horizontal cryostat setup a pulsed RF test is done 
with, but instead of the 5 MW klystron the 1 kW CW 
amplifier together with analogue PLL low level RF 
system from the vertical cryostat CW test is used to power 
the cavity. To couple the CW RF power to the cavity a  
high-Q-antenna with a Qload about 1010 is installed instead 
of a standard RF power input coupler (Qload=3x106), see 
fig.2. Several Allen Bradley type thermometers are fixed 
at different locations at HOM couplers (HOM1, HOM2) 
for monitoring the temperature during the tests, see fig.3. 

 

 
 

Figure 2: Superconducting cavity CW test in horizontal  
test cryostat. 
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Figure 3: HOM coupler with a new feedthrough (JLAB 
design), with temperature sensors positions. 

MEASUREMENT RESULTS 

Cavity S33 
This cavity reached 25 MV/m in the standard vertical 

CW test without HOM couplers feedthroughs (fig.4, test 
7) and 24 MV/m with decreased Q0 in the repeated 
vertical test with the feedthroughs (fig.4, test 15). 

The horizontal CW test was done with terminated 
HOM couplers feedthroughs (fig.4 test 11) and with 
feedthroughs connected to the RF cable (fig.4, test 13). 

Only with fast, large RF power step measurement 
reaching the vertical test performance was possible (fig.4 
test 11/48), standard test performance was limited at 15 
MV/m with strong Q0 drop at the end (fig.4 test 11/49) 
resulting from the HOM1 (fig.2) coupler heating caused 
by small part of the operating mode RF power coupling 
(rejecting filter is tuned to Qload~1011). Fast test with 
connected feedthroughs gave the curve with decreased Q0 
and 20 MV/m limit (fig.4 test 13/63), now the additional 
heat load from cables also deteriorated the performance of 
the cavity and resulted for the even worst result, 7 MV/m 
limited, if measured slowly (fig.4 test 13/64). HOM1 
coupler heat load was strongly limiting the performance. 

 

 
Figure 4: Cavity S33 tests (7 and 15 are vertical tests). 

Cavity AC128 
Vertical CW tests results are presented in fig.5. 
Horizontal CW tests done with HOM coupler 

feedthroughs cables connected, first test without cooling 
of the feedthrough (fig.6,7, test 4), second one with 
cooling of the feedthroughs, connected through a copper 
braid to 2 K cooling circle (fig.6-8, test 5). Test was done 
for 1.8 and 2.0 K LHe bath temperatures, see fig.5-7. 

 

 
Figure 5: Cavity AC128 vertical tests. 

Main points are: 
• Eacc.max = 32.2MV/m with Q0 (low field) = 2.5x1010 

(at 2 K), vertical cavity test performance (fig.5) 
reached (fast point measurement). 

• Slow power-up with max.gradient of 25 MV/m (Pdiss 
= 57 W), cryogenic cooling system limited. 

• Measured at 1.8 K up to 32.8 MV/m (Pdiss = 104 W) 
– fast point measurements with RF power off 
(cooling) in between (1 s RF ON / 10 s RF OFF). 

• QHOM1 = 3x1012, QHOM2 = 2x1012, Qtrans = 2.7x1011. 
• 6/9π and 5/9π modes used for the HOM couplers RF 

power heating test (HOM couplers rejecting RF 
filters are tuned to π-mode). 

• Tfeedthrough.max = 70 K (fig.3, sensor 3), at 7..15 W 
HOM coupler RF power. No HOM coupler caused 
quenches. 

• Some performance improvement through HOM 
couplers feedthroughs with sapphire isolator 
connection to 2 K circle, feedthrough temperature 
decreases from 100 to 70 K for 10 W HOM coupler 
long time operation at 6/9π mode. 
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after 2hr at 40W HOM coupler RF power on 6/9p mode

π-mode
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Figure 6: Cavity AC128 horizontal tests history. 
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Figure 7: Cavity AC128 horizontal tests: cavity 
performance improvement with connection of HOM 
coupler feedthroughs to 2K. 

T=1.8K

T=2.0K

π-mode

1 hr waiting 

 
Figure 8: Cavity AC128 horizontal tests: long time test 
history. 

Fast point measurement show the same Q0 vs. Eacc 
curve as for the vertical test (fig.5). The difference of the 
slow measured Q0 vs. Eacc curves (at 2 K) for cooled and 
not cooled HOM coupler feedthroughs (fig.7) are much 
more pronounced: 25 MV/m instead of 20 MV/m could 
be reached. After certain heating-up of the HOM 
couplers, using 6/9π and 5/9π modes, operating π-mode 
performance is degraded down to 15 MV/m and lower Q0, 
see fig.6. Long time tests also show the performance 
degradation with slow heating-up of the HOM couplers 

with the π-mode, see Fig.8. The HOM couplers 
temperatures development during the long time test at 1.8 
K with cooled feedthroughs is presented in fig.9. 

 

π-mode: long time test, T=1.8K

Eacc=10MV/m

PHOM=0.05W Eacc=20MV/m

PHOM=0.20W

Eacc=16MV/m

PHOM=0.10W

HOM coupler body

HOM coupler feedthrough

HOM coupler feedthrough cable

HOM1,2

HOM1,1

HOM2,1

HOM2,2

 
Figure 9: Cavity AC128 long time test history: HOM 
couplers temperatures (feedthroughs are connected to 2 K 
cooling circle). 

SUMMARY 
• CW tests of a standard 9-cell TESLA cavity installed 

in helium vessel and fully equipped with TESLA-
TTF auxiliaries, main coupler and both Higher Order 
Mode (HOM) couplers, but sapphire isolator 
feedthroughs (JLAB design), in the horizontal test 
cryostat shows certain performance degradation 
compared to the test in vertical cryostat (cavity 
cooled completely with liquid helium). Two cavities 
were tested, both with the same trend. 

• Main cavity performance limit is LHe cooling, 
limited at about 35W dissipated power per cavity in 
tank. 

• Better HOM coupler feedthroughs cooling improves 
the cavity performance. 
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ANALYSIS OF RF RESULTS OF RECENT NINE-CELL CAVITIES AT 
DESY 

D. Reschke#, L. Lilje, H. Weise, DESY, 22603 Hamburg, Germany

Abstract 
About 50 nine-cell cavities of the recent fine-grain 

niobium cavity productions have been analysed with 
respect to maximum and usable gradient in the first and 
last vertical RF acceptance test, respectively. Parameters 
of the analysis were the manufacturer of the cavities, the 
location of the Main EP (=> industry or in-house), the 
final surface treatment (=> final 40 µm EP or short 10 µm 
“Flash BCP) and the cavity preparation strategy (=> 
vertical acceptance test with or without He-tank welded). 
Moreover, the effect of a re-processing of field emission 
loaded cavities by an additional ultra pure high pressure 
water rinsing (HPR) has been investigated. 

CAVITIES AND SURFACE TREATMENT 
The fourth production series for TTF/FLASH [1] 

consists of 30 nine-cell cavities fabricated by E. Zanon 
Spa. First results have been presented in [2]. The sixth 
production series consists of additional 15 cavities 
fabricated by E. Zanon Spa and 20 cavities fabricated by 
Accel Instruments, respectively. All cavities are made of 
high RRR fine grain niobium with RRR > 300. The 
preparation started for all cavities with an electro- 
polishing (EP) of about (110-140) µm, followed by an 
ethanol rinse, an outside etch using buffered chemical 
polishing (BCP) and a 800 C annealing under UHV 
conditions. The final standard treatments differ. Either one 
of the following was carried out: 

• Final EP of 40-50 µm with subsequent ethanol rinse, 
ultra pure high pressure water rinsing (HPR), 120C 
bake and vertical acceptance test.  

• Final “Flash BCP” of 10 µm, HPR, 120C bake and 
vertical acceptance test.  

It is emphasized that only final EP treatments with 
subsequent ethanol rinse are included in this analysis. 
Partially, the 120C bake was skipped or a vertical test 
before 120C bake added.  

In the standard preparation strategy the welding of the 
Helium (He) tank takes place after the successful vertical 
RF acceptance test (vertical RF test without He-tank). 

For the large scale cavity production of the European 
XFEL [3, 4] an optimized preparation strategy was 
proposed [5, 6] (see Fig. 1) with the Helium tank welding 
before the vertical RF acceptance test (vertical RF test 
with He-tank). 

METHOD OF ANALYSIS 
About 50 cavities, which got one or more surface 

preparations according to the above described state-of-
the-art preparation strategies, have been RF tested and 
analysed. For each cavity the first and the last vertical RF 
acceptance tests have been analysed with respect to 

maximum gradient, usable gradient and gradient 
limitation (e.g. quench, field emission). Explicitly 
excluded are RF tests, which were not limited by the 
cavity, but by cryogenic, RF (e.g. Z144) or vacuum 
problems, and RF tests after an incorrect preparation of 
the cavity (e.g. AC120). For about 10 cavities only one 
RF test was done so far, i.e. the used data for first and last 
test are identical. 

The usable gradient of the vertical acceptance test is 
defined as the lowest value of either quench gradient, 
gradient where x-ray radiation exceeds 10-2 mGy/min at 
the DESY’s vertical test stand (on-axis and above the top 
plate of the cryostat), or where the RF losses in CW 
operation exceed 100W. The limit for x-ray radiation 
results from experience with vertical and horizontal tests. 
Obviously this definition is strongly site dependent and 
cannot directly be compared to results at other labs. It is 
highly probable that a cavity with high radiation 
corresponding to strong field emission will show strong 
dark current activity during accelerator operation. RF 
losses exceeding 100 W in CW operation correspond to 
losses of approximately 1 W per cavity for the 

 

Figure 1: Work flow diagram of the optimized preparation 
strategy for vertical acceptance test with He-tank welded. 

_________________________________________  
#detlef.reschke@desy.de 
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TTF/FLASH RF pulse scheme, which is the cryogenic 
operational limit. 

In general, the last Q(E) measurement of each test is 
used for analysis. This choice gives the final (stable) RF 
performance of the cavity comparable to the subsequent 
horizontal test or performance in accelerator module 
operation.  

TYPICAL Q(E) PERFORMANCES 

Two characteristic sets of Q(E)-curves of cavities of the 
6th production series after surface preparation with final 
EP and final Flash BCP are given in Figures 2a and 2b, 
respectively. Following the criteria described above, the 
results for AC120 and Z144 are not included. In addition  
three Zanon cavities limited by early quench (see below) 
are excluded as well. 

All Q(E) curves are measured at 2 K, which results in a 
typical Q-value at low gradients of (2 - 3) 

·

 1010

. 

 

 

Figure 2a + b: Characteristic Q(E) performances after 
final EP (top) and final Flash BCP (bottom). 

Eye-catching in Fig. 2a is the low Q / low gradient final 
Q(E)-curve of AC126, test 2, which is the result of a 
processing event after strong field emission in the 
previous Q(E) run. Several cavities of the final EP data set 
show a “flat” Q(E)-performance up to gradients of about 
40 MV/m, which indicates a “Q-slope” fully cured by 
120C-bake [7]. By contrast several RF tests after final 
Flash BCP (Fig. 2b) show – though after 120C-bake – a 
remaining Q-slope at high gradients. Typically, after Flash 
BCP the quench limitation occurs between (25 – 
32) MV/m.  

MAXIMUM GRADIENT OF CAVITY 
VENDORS 

In Figure 3 the histogram of the maximum gradients of 
the last RF test depending on the two cavity vendors       
E. Zanon Spa and Accel Instruments (now Research 
Instruments) is shown. All last tests (except of AC120, 
Z144 as described above and Z140 limited by HOM feed-
through)) are taken into account independent of the cavity 
limitation, i.e. field emission limited cavities are included. 
The low gradient cavities are AC126, test 2 after field 
emission processing, and seven Zanon cavities limited by 
quench. The origin of the unexpected quench limitation is 
still open and under investigation in close contact with the 
vendor. 

 

Figure 3: Histogram of maximum gradients of last 
vertical RF acceptance test depending on cavity vendor  

MAXIMUM GRADIENT DEPENDING ON 
MAIN EP LOCATION 

Initially, the main EP of about (110-140) µm was done 
at DESY in-house. In order to prepare the large scale 
preparation of cavities for the European XFEL, facilities 
for the main EP treatment have been installed and 
commissioned at Accel Instruments and Henkel Lohn-
poliertechnik. A set of 15 cavities was treated at each 
company, but not completely RF tested, yet.  

In Figure 4 the histogram of maximum gradients of the 
last RF test depending on the main EP location is shown. 
The dataset of cavities is identical to the previous chapter. 
Obviously, no correlation to the main EP location is 
visible. At both companies the main EP process is 
industrialized successfully, which is a big step towards the 
industrial cavity preparation for the European XFEL. 
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Figure 4: Histogram of maximum gradients of last 
vertical RF acceptance test depending on main EP 
location at Accel Instruments, Henkel Lohnpoliertechnik  
and DESY. 

MAXIMUM AND USABLE GRADIENT 
DEPENDING ON FINAL TREATMENT 

All first and last vertical RF acceptance tests have been 
analyzed with respect to maximum and usable gradient. 
The analysis of the last RF test before the assembly of a 
cavity to a module gives the performance after possible 
re-treatments due to insufficient results in previous tests. 
This is typical for a prototype style of cavity and module 
preparation like applied for TTF/FLASH. The first RF 
test reflects directly the quality and reproducibility of the 
surface preparation and handling procedures. For the 
European XFEL’s large scale cavity production and 
preparation, the first RF test is the relevant figure of 
merit. As a reminder, for about 10 cavities only one RF 
test is done so far, i.e. the used data for first and last test 
are identical.  

Two types of final surface treatment have been applied: 
Final EP of (40 – 50) µm and final Flash BCP of 10 µm. 
Few cavities got an additional (5 – 10) µm after the initial 
Flash BCP and are handled as Flash BCP treated.  

For each final treatment and the comparison of first and 
final RF test, a dataset of 18 to 25 tests is available. It 
should be noticed that thus one single RF test represents a  
4 % - 5 % step of the yield in each plot. 

Last Vertical RF Acceptance Test 
In Figure 5a and 5b the maximum and usable gradient 

of the last vertical RF acceptance test is compared. 
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Figure 5a + b: Yield plot of maximum gradient (top) and 
usable gradient (bottom) depending on final surface 
treatment for the last vertical RF acceptance test. 

The yield at 23,6 MV/m - design gradient for the 
European XFEL - is about 70% – 80%. It is limited by the 
low gradient Zanon cavities and – for the usable gradient 
– by few field emission loaded cavities. As more low 
gradient Zanon cavities got a final EP treatment, this is 
responsible for the lower yield of final EP compared to 
final Flash-BCP around 18 MV/m. For > (25 – 30) MV/m 
the maximum gradient after final EP shows a significantly 
better yield, which was already indicated by the Q(E)-
performances. As field emission is limiting several of the 
high gradient “final EP-cavities”, this levels the yield of 
the usable gradient between final EP and final Flash BCP 
for high gradients. The Q-slope of the “final Flash BCP 
cavities” (Fig. 2b) does not affect strongly the yield of the 
usable gradient, because the Q-value is close to 1010 up to 
the maximum gradient and hence the RF losses are well 
below the 100 W limit. As a final remark, the yield of 
only 96% for < 11 MV/m is caused by AC126, test 2, 
again. 

First Vertical RF Acceptance Test 
In Figure 6a and 6b the maximum and usable gradient 

of the first vertical RF acceptance test are compared. 
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Figure 6a + b: Yield plot of maximum gradient (top) and 
usable gradient (bottom) depending on final surface 
treatment for the first vertical RF acceptance test 

The yield at 23,6 MV/m shows a comparably wide 
spread with about 50% (usable gradient) / 65% (max 
gradient) after final EP, and about 60% (usable gradient) / 
80% (max gradient) after final Flash BCP with an 
advantage towards final Flash BCP. Again, the lower 
yield of final EP compared to final Flash BCP is caused 
by the fact, that more low gradient Zanon cavities got a 
final EP treatment for the first RF test. No systematic 
reason for this behaviour is identified up to now. Until 
now, only one low gradient Zanon cavity (Z110) is re-
processed by 1400C firing and subsequent heavy BCP, 
but it has not improved its performance [2]. Re-
processing by BCP of some of the further cavities is 
planned for the near future. 

For both final treatments about 25% of the cavities (4 
out of 19 tests for final EP; 5 out of 20 tests for final 
Flash BCP) are limited by field emission below the design 
gradient. 

Comparison of First and Last Vertical RF 

As described above, the yield for the usable gradient 
increases from about 50% - 60% for the first RF test to 
70% - 75% for the last test referred to the design gradient 
of 23.6 MV/m. Unfortunately, no simple reason for this 
improvement can be given, because no standard 
procedure for the re-treatment of cavities was applied and 
some cavities show a complex history with several 
treatments and tests. This is on the one hand due to the 
need of sufficient cavities for TTF/FLASH accelerator 
modules including the disassembly of FLASH modules 

[4] and the re-treatment and re-test of these cavities. On 
the other hand, the preparation processes developed 
continuously in the last years and refined processes have 
been tested and applied.  

Analysis of re-treatments independent of the achieved 
gradient: 

• In case of a low gradient field emission limitation, 
often a re-processing by HPR only is successful in 
order to increase the performance with a success rate 
of 80% - 90% [2], (see below). 

• Typically, an additional surface removal by BCP or 
EP (with subsequent ethanol rinse) followed by HPR 
improves the performance. This needs to be verified 
for the low gradient Zanon cavities (see above). 

• If the cavities are RF tested before and after 120 C 
bake, the test before bake is often limited by Q-
slope, which results in RF losses exceeding 100 W. 
As well known, 120 C bake cures this phenomenon. 

• Two accelerator modules have been disassembled 
due to an insufficient performance, and partially the 
cavities are re-treated and re-tested with good 
success, but difficult comparison to the first RF test. 

• Finally, for some cavities only the first or the last 
test can be included in the analysis and no direct 
comparison is possible. 

COMPARISON OF PREPARATION 
STRATEGIES “WITH HE-TANK” AND 

“WITHOUT HE-TANK” 
As described above, an optimized preparation strategy 

(Fig. 1) was proposed and applied with the Helium tank 
welding before the vertical RF acceptance test (“vertical 
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Figure 7a + b: Yield plot of usable gradient for first (top) 
and last (bottom) vertical RF acceptance test depending 
on preparation strategy “vertical RF test with He-tank” 
and “vertical RF test without He-tank”. 
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RE-PROCESSING OF FIELD EMISSION 
LOADED CAVITIES BY HPR 

In the last years more than 10 field emission loaded 
cavities have been re-processed by HPR only. First results 
have been published in [2]. Recent results shown in 
Figure 8 confirm a success rate of about 80% for an 
improvement in the cavity performance. Only one of 
seven cavities degraded significantly. 
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Figure 8: Gain of maximum gradient and field emission 
limit after HPR only. 

SUMMARY AND CONCLUSION 
The analysis of the first and last vertical RF acceptance 

test of 50 nine-cell cavities of the recent DESY cavity 
fabrications showed a broad scatter of the usable and 
maximum gradient. About 25% of the first tests are 
limited by field emission below the design gradient of the 
European XFEL of 23.6 MV/m independent of the final 
surface treatment “final EP” or “final Flash BCP”. In 
most cases the field emission limitation can be cured 
sufficiently by a re-processing applying HPR only. It is 
still open and under investigation, why several cavities of 
one vendor show a limitation by quench at gradients 
below the design gradient. No systematic reason for this 

behaviour is identified. Both effects – field emission and 
early quenches – limit the yield to 50% - 80%. 

A final surface treatment by EP shows its capability for 
maximum gradients of > 30 MV/m on numerous cavities. 
Again, as field emission is limiting several of the high 
gradient “final EP-cavities”, this levels the yield of the 
usable gradient between final EP and final Flash BCP for 
high gradients. 

In preparation of the large scale cavity fabrication for 
the European XFEL: 

• The industrialization of the main EP treatment is 
successful at two companies. 

• A new optimized preparation strategy - welding the 
He-tank to the cavity before the vertical RF 
acceptance test - was applied successfully. 

Based on the presented data the European XFEL cavity 
first test yield can be about 70% to 80% for the design 
gradient, assuming firstly, that the yield of field emission 
limited cavities can be transferred to the industrial cavity 
preparation and secondly, that the reason for the low 
gradient quenches of one vendor can be identified and 
avoided. With an additional HPR and re-test the yield will 
be well above 90%. 
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RF test with He-tank”) [5, 6]. In Figure 7a + b the usable 
gradient for the first and last RF test of this new scheme is 
compared to the established procedure welding the He-
tank to the cavity after the successful RF test (“vertical 
RF test without He-tank”). 

It is obvious, that the results are absolute comparable, 
and the new optimized scheme can be applied without any 
degradation in the cavity performance in the vertical RF 
acceptance test. 
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ON THE FIELD DEPENDENT SURFACE RESISTANCE OBSERVED IN 
SUPERCONDUCTING NIOBIUM CAVITIES 

W. Weingarten, CERN, Geneva, Switzerland# 
 

Abstract 
A quantitative description is presented of the non-linear 

current-voltage response in superconducting niobium 
cavities for accelerator application. It is based on a fit for 
a large sample of data from cavity tests of different kind. 
Trial functions for the surface resistance describing this 
non-linear relation are established by a least square data 
fit. Those trial functions yielding the best fit are 
quantitatively explained by basic physics.       

INTRODUCTION AND SCOPE 
If the tangential RF electric field E at the cavity surface 

(which is very small) follows the RF magnetic field H = 
B/�0 in a linear relation, their ratio, i.e. the surface 
resistance Rs, and hence the Q-value Q ~ 1/Rs, are 
constant with B. If, however, Rs decreases or increases 
with B, a non-linear relation exists between E and H. 
Therefore in this paper the according surface resistance is 
called “non-linear”, Rs

nl. 
In fact three different regimes are observed, where the 

Q-value depends on B. In the low field region (B < 20 
mT) the Q-value may increase with B (low field Q-
increase). In the intermediate field region (20-120 mT) 
the Q-value decreases, and beyond, incidentally, the Q-
value may drop even faster. These latter two observations 
are named “Q-slope” and “Q-drop”.  

  

COLLECTION AND FITTING OF 
EXPERIMENTAL DATA  

The data consist of about 1400 quadruples (Rs, B, f, T) 
collected from cavity tests of a very broad provenience in 
temperature T, frequency f, shape, cell number, surface 
treatment, niobium quality, etc*

                                                           
# wolfgang.weingarten@cern.ch  
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cancel out stochastic factors and let prevail the 
fundamental parameters of the niobium metal, which may 
then be identified. 

Individual Contributions to the Surface 

The total surface resistance of the data quadruples was 
fitted by trial functions with the Mathematica® software. 
The total surface resistance is composed of a sum of the 
following contributions: 
� the BCS surface resistance Rs

BCS (f, T), 
� the non-linear surface resistance Rs

nl  (B, f, T), 
� the residual surface resistance Rs

res, 
� the surface resistance describing dielectric losses Rs

diel 
(f), 

� the surface resistance describing the low-field Q-
increase Rs

Q-inc  (B, f, T). 

Data itting rocedure 
Several precautions were taken for the fit. For instance, 

the relevant temperature T is not the helium bath 
temperature but that of the cavity interior surface. T is 
determined from the power flux, depending on the 
measured values of B and Rs, by taking into account the 
heat transport properties up to the helium bath. The heat 
transfer depends on the thermal boundary resistance due 
to Kapitsa and the free convection nucleate boiling, up till 
its film boiling limit. It also depends on the thermal 
conductivity and therefore on the purity of the material, 
which is taken into account by the residual resistivity ratio 
RRR. 

A standard deviation of σ = 0.35 of the individual data 
for Rs led to a minimum chi-square for the best guess of 
the fit-parameters a1, a2, ...of 

                                                                                              
W. Hartung et al., paper THP03, Proc. LINAC08, Victoria, BC, Canada; 
H. Hayano et al., TTC meeting @ DESY, Jan 14-17, 2008 and T. Kasuga et al, 

Proc. PAC07, Albuquerque, New Mexico, USA; 
K. Hosoyama et al., Proc. 12th Int. Workshop RF Supercond. (SRF2005), Ithaca, 

NY (USA); 
T. Junquera, Proc. 11th Workshop RF Supercond., Travemünde, 2003, Germany; 
M. P. Kelly et al., Proc. LINAC 2004, Lübeck, Germany; and M. P. Kelly, paper 

MoP01, Proc. 12th Int. Workshop RF Supercond. (SRF2005), Ithaca, NY 
(USA); 

Y. Kojima et al., Proc. Workshop RF Supercond. 1989, Tsukuba, Japan; 
L. Lilje et al., Nucl. Instr. Meth. A 524 (2004) 1, L. Lilje et al., XFEL Design 

Report, DESY, Hamburg, Germany; 
H. Nakai et al., Proc. 10th Workshop RF Supercond, 2001, Tsukuba, Japan; 
N. Ouchi et al., IEEE Trans. Appl. Supercond. 9 (1999) 1030;  
C. Pagani, Proc. 10th Workshop RF Supercond, 2001, Tsukuba, Japan; 
J. Plouin, HIPPI Annual meeting 2008 CERN 29 - 31 Oct 2008; 
C. Reece, Proc. 10th Workshop RF Supercond, 2001, Tsukuba, Japan; 
C. H. Rode, IEEE Trans. Appl. Supercond. 9 (1999) 873; 
K. Shepard et al., Paper TuP80, Proc. 12th Int. Workshop RF Supercond. 

(SRF2005), Ithaca, NY (USA) and Part. Acc. Conf., Knoxville TN, USA; 
T. Tajima, Proc. 10th Workshop RF Supercond., Tsukuba, 2001 
R. York et al., Project X Workshop Nov 2008, Fermilab, Batavia, USA and W. 

Hartung et al., Proc. LINAC 2006, Knoxville, Tennessee, USA. 

Resistance 

F P

. This approach aims to 
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.(1) 

 
This number is reasonably compatible with the total 
number of 1400 data quadruples i.

 Data itting Results 
The fitting resulted in several findings with regard to 

the different contributions to Rs. The BCS surface 
resistance Rs

BCS was well reproduced by the well known 
formula 

 

,  (2) 

 
as expected. � is the superconducting energy gap and kB is 
the Boltzmann constant. 

The non linear surface resistance Rs
nl factorizes into a 

temperature dependent and a field dependent part [1]. The 
temperature dependent part of Rs

nl could not be 
satisfactorily fitted other than by a constant c1 plus a 
linearly increasing function starting from zero at a sharp 
threshold at T’ = 2.0 K. This threshold never coincided 
with, though it was close to, the �-temperature of liquid 
helium. The constant c1 was found to be independent of 
the frequency, while the linear increase followed a 
frequency dependence close to that of Rs

BCS. The field 
dependent part of Rs

nl followed essentially the same 
relation as presented in ref. 1, yielding altogether 

 

.  (3)

    

 
The parameter � is the Ginzburg-Landau parameter, Bc 

is the thermodynamic critical field of niobium, and c is a 
fitting constant. The residual surface resistance Rs

res was 
found constant and not depending on f, T or B. The 
surface resistance describing dielectric losses Rs

diel was 
best fitted by Rs

diel(f) ~ f. The surface resistance describing 
the low-field Q-increase Rs

Q-inc was best fitted by Rs
Q-

inc(B, f) ~ f/B2. 

QUANTITATIVE ANALYSIS OF THE 
SURFACE RESISTANCE  

Introductory Remark 
The surface resistance Rs depends not only on the 

experimentally controllable variables, such as B, f, T, but 
also on others, which we called “parameters”, such as the 
normal state conductivity �n, the residual resistivity ratio 
RRR, the penetration depth �, the critical temperature Tc, 
the thermodynamic critical field Bc, etc. If we had to our 
disposition a complete theory for Rs, we could in principle 

determine these parameters by a fit, and compare them 
with accepted values. In what follows, such a theory will 
be established and the parameters determined and cross-
checked. 

The BCS Surface Resistance 
Instead of solving the Mattis-Bardeen integrals for the 

surface resistance, we base the analysis, for reasons of 
clarity, on the two fluid model [2]. Rs is described, after 
modification following the BCS theory by [3] 

 

. (4) 

 
σn0 is the conductivity just above Tc. The penetration 
depth is �(T) = ��	[1-(T/Tc)4]1/2, �� being the penetration 
depth at T → 0 K. 

The variables under control of the experimenter are the 
temperature T and the frequency ω = 2πf. The 
conductivity σn0 of the normal electrons, 

 
,   (5) 

 
depends on the mean free path l, the electron mass m, the 
Fermi velocity vF, and the density just above Tc of the 
normal electrons nn0. σn0 depends on σ, the electrical 
conductivity at room temperature, via RRR, 
 

 .           (6) 

The n-linear Surface Resistance Rs
nl 

The field dependence of Rs
nl 

The interface vacuum - superconductor with defect 
The superconducting surface of niobium is supposed 

not to be perfect in a sense as not to impede the entry of 
magnetic flux (no Bean-Livingston barrier). It may, for 
instance, contain a normal conducting “defect”, acting as 
a “condensation nucleus”, with radius a small compared 
to the characteristic length scales in a superconductor 
(coherence length ξ and penetration depth λ). 

 
Figure 1: The superconductor loses energy inside the 
condensation volume Vc and gains energy inside the 
magnetic volume Vm. 

We suppose that the surface is exposed to an RF 
magnetic field B. Inspecting Fig. 1, at the interface 
between the normal conducting defect and the 
circumjacent superconductor, being of type II, the Cooper 

 

a 


��

���

Energy gain Energy loss 

Defect 

Superconductor 

F

No

TUPPO052 Proceedings of SRF2009, Berlin, Germany

05 Cavity performance limiting mechanisms

348



pair density increases relatively rapidly away from the 
defect on a characteristic length scale ξ, defining the 
condensation volume Vc. The shielding action against B 
by the Meissner effect will become effective even further 
away on a length scale of typically λ > ξ, defining the 
magnetic volume Vm. Hence, compared to a situation 
where the transition is abrupt, the superconductor must 
provide less condensation energy, independent of B, and 
gains diamagnetic energy, proportional to B, up to a finite 
Bc1

* = Bc1, where the energy balance is equalized. For B > 
Bc1

*, entry of magnetic flux is favoured, because this 
lowers the total energy. 

Hence, the energy balance becomes negative once the 
applied magnetic field B exceeds [1] 

 

 ,          (7)  

 
or, equivalently 
 

 .  (8) 

 
As outlined in ref. 1 an increase of B by dB leads to an 
increase of Vc by 
 

.  (9) 

 
Derivation of the field-dependent surface resistance 
An increase of the condensation volume dVc is 

accompanied by an increase of the electron density dnn0, 
 

,   (10) 

 
nd (T) being the defect volume density, which may depend 
on the temperature T. Differentiating eq. 5 and using eqs. 
9 and 10, we obtain 
 

 

.  (11) 

 
By the definition of the surface resistance Rs, in analogy 

to eq. 4, the dissipated power per unit area p = 
Rs·(B/�0)2/2 increases with the conductivity as 

 
  . (12) 

 
Using eq. 11, 
 

= 

 (13) 

. 

 

Integrating dp from the threshold field B0 (taken for 
convenience as zero) to the magnetic field amplitude B, 
one obtains 

 

 

 
and, by definition of the surface resistance, 
 

.

 (15) 

 
After expansion of the logarithm and the addition of a 
temperature independent term for the residual resistance 
Rres’(c.f. below), eq. 15 reads 
 

. (16) 

 
 
As suggested by the singularity of eq. 15, the surface 

resistance will grow rapidly above B = Bc/�, describing 
thus the Q - drop� 

In the low field region, another contribution to the 
surface resistance originates from the transition per RF 
half cycle of the defects from the superconducting into the 
normal conducting state and back again. As this phase 
transition is of first order, in the presence of a magnetic 
field, the latent heat L per square meter is dissipated to the 
niobium lattice and further to the helium bath, 
independent of the RF magnetic field amplitude B. This 
additional loss results in the surface resistance  

 

,  (17) 

 
which describes the low field Q-increase. 

The temperature dependence of Rs
nl 

Proximity effect in the NbO/Nb composite 
It is well known that the niobium surface consists of a 

composite of a niobium matrix that comprises among 
other elements dissolved gases as interstitials, such as 
oxygen, and various oxides of niobium [4]. In what 
follows only the niobium monoxide (NbO) will be 
considered. NbO is, compared to Nb, a weak 
superconducting metal with a transition temperature Tc = 
1.38 K. Other relevant parameters for NbO are shown in 
Table 1, in comparison with those for Nb. They are the 
superconducting coupling constant NV, the Debye 
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temperature ΘD, and the electron density N near the Fermi 
surface. 

 
Table 1: Superconducting parameters of Nb and NbO 

 NV ΘD [K] Tc [K] N [cm-3] 

Nb 0.2835 276 9.25 5.56·1022 

NbO 0.1677 472 1.38 1.60·1022 
 
A composite of NbO/Nb on top of, and in close contact 

with, the niobium bulk will be subject to the 
superconducting proximity effect [5]. It follows that the 
composite exhibits a transition temperature TcSN in 
between the transition temperatures of the two 
constituents, called “N” for the weak superconductor 
(NbO) and “S” for the strong superconductor (Nb). The 
limit, when the typical extensions of N and S are small 
compared with the coherence length, is considered here 
(Cooper limit). The superconducting coupling constants 
NV for Nb and NbO are determined from their respective 
critical temperatures Tc via the BCS formula 

 
 ,  (18) 

 
ΘD being the respective Debye temperatures. The electron 
density N for Nb is calculated from the Fermi velocity vF, 
 

,  (19) 

 
taken from the literature [6]. The electron density N of 
NbO is taken from the literature as well [7].The average 
coupling constant of the composite in the Cooper limit is 
given by 
 

, (20) 

 
vN and vS being the volumes, NN and NS the electron 
densities, and NNVN  and NSVS the superconducting 
coupling constants of the N and S components, resp. 

Once (NV)eff is known, the critical temperature TcSN is 
calculated from eq. 20, taking for ΘD the value for NbO 
(Fig. 2), which is the dominant constituent in the 
composite. 

Percolation effect in the NbO/Nb composite 
Supposing we are increasing the helium bath 

temperature T from the critical temperature Tc = 1.38 K of 
NbO. Due to the proximity effect, by the presence of Nb 
(S), the NbO is still superconducting. Increasing T further, 
the NbO in the composites with the smallest volume 
fraction of Nb will first become normal conducting. The 
Nb in the composite still remains superconducting, but 
does not yet form a continuous superconducting path 
among itself. Increasing the temperature even more, the 
NbO in the composites with a larger volume fraction of 
Nb will become normal conducting up to the point, where 

the Nb in the composite forms a continuous 
superconducting path among itself. This situation is 
identical with a so-called percolation threshold. 
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Figure 2: Critical temperature of the NbO/Nb composite 
in the Cooper limit of the proximity effect vs. the volume 

fraction x = vS/(vN+vS) of the S component (Nb). 
 
It should be noted that as soon as the Nb of the 

composite forms a continuous superconducting path, the 
NbO of the composite fragments into normal conducting 
defects of small size. Hence it provides the small 
condensation nuclei needed for the entry of magnetic flux, 
as described before, already at a very small RF magnetic 
field B. 

However, as long as the Nb in the composite does not 
create a superconducting path, the entire composite itself 
represents a normal conducting defect of so large a size 
that the entry of magnetic flux is prohibited up to large B. 

Percolation thresholds of composites were extensively 
studied in recent years. For example, the “void 
percolation threshold” for continuum percolation, as it is 
called in the literature, was investigated for a distribution 
of overlapping spheres (N) with equal radius and voids 
(S) in between [8]. The threshold was computed to lie at a 
volume fraction of vS/(vN+vS) = 0.0301±0.0003. Above 
this threshold the voids are connected. 

Applied to the preceding example, we identify the 
spheres with the NbO part of the composite (N), and we 
identify the voids with the Nb part of the composite (S). 
We would therefore expect a continuous path of Nb (S) to 
exist, if vS/(vN+vS) > 0.0301. Inspecting Fig. 2, this 
situation corresponds to a transition from superconducting 
to normal of the NbO in the composite at T > T’ = 2.015 
K, which we call percolation temperature. 

In conclusion, only for temperatures T > T’, magnetic 
flux will enter and make the condensation volume Vc 
grow under the action of B, as described by eq. 8. 

Hence Rs
nl will vanish below T’. For a constant number 

of defects becoming normal conducting in every 
temperature interval, the effective defect volume density 
nd(T) increases linearly with T. Hence, for T > T’, and nd0 
being the defect volume density at Tc of niobium, 
 

 . (21) 
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For temperatures T < T’ = 2.015 K, the normal 

conducting NbO will contribute to the residual surface 
resistance. We take into account these considerations by 
the term Rres’ in eq. 16. 

 
Table 2: Fit parameters obtained by χ2 minimization 

Parameter Error interval*) Parameter Error interval 

� [nm]� (86, 89) �	kBTc� (1.68, 1.73) 

RRR (480, 530) Bc [mT] (190, 220) 

�� < 0.95 Rres [nΩ] (1.2, 2.0) 

Rres’ [nΩ] (19, 28) L [J/m2] < 5·10-12 

w [K] < 0.03 T’ [K] (2.01, 2.12) 

Tc [K] (8.8, 10.2) nd0 [m-3] (0.6,  1.1)·1024 

ε’’d [m] (0.17 ... 0.35)·10-12 k (1.740, 1.745) 

l (0.98, 1.01) m < 1.1 

n (1.58,  1.60) *) error defined for  χ2< 1300 

 
Other Contributions to the Surface Resistance  

Per definition the residual surface resistance is taken as 
constant, 

 
 .   (22)  

 
It will predominantly originate from trapped magnetic 
flux. 

The surface resistance describing dielectric losses is 
described by 

 
 ,  (23) 

 
with ’’ the dissipation factor, E/B the ratio of electrical 
and magnetic field, and d the thickness of the dielectric 
layer. 

In summary, the total surface resistance is composed of 
the sum of eqs. 4, 16, 17, 22 and 23. 

Determination of it arameters 
In Table 2 the fitted values of the relevant parameters 

are compiled. Although the error is relatively large, as 
expected from the large variety of sample cavities, a 
consistency with accepted values can generally be stated. 

Figure 3 shows the Q vs. B curves, obtained with the 
fitted parameters, for different helium bath temperatures 
and 704 MHz. 

Data from the individual tests that set up the collective 
data can also be well reproduced by similar fits with 

individual parameter sets.  

Conclusion 
A quantitative relation for the total surface resistance Rs 

is established including the Q-slope/Q-drop often 
observed in superconducting cavities. It is based on the 
entry of magnetic flux, by the action of the RF magnetic 
field B, starting at normal conducting “defects” at the 
surface (nucleation centers) and increasing the normal 
conducting charge carrier density and consequently the 
surface resistance. A fit without free parameters of the 
large sample of collective cavity data allows the 
determination of the model-relevant physical parameters, 
which agree with accepted values. 

 

 
Figure 3: Typical Q vs. B curves, for an elliptical 

velocity of light accelerating structure at 704 MHz and 
1.5, 2.5, 3.5 and 4.5 K (from above). 
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MANIPULATING THE INTRINSIC QUALITY FACTOR BY THERMAL
CYCLING AND MAGNETIC FIELDS

O. Kugeler, A. Neumann, S. Voronenko, W. Anders, J. Knobloch, M. Schuster,
A. Frahm, S. Klauke, D. Pflückhahn, S. Rotterdam,

Helmholtz-Zentrum für Materialien und Energie, Berlin, Germany

Abstract

For CW applications of superconducting cavities, ob-
taining a high quality factor is an important issue: Since
the required cryogenic power drops inversely proportional
to 𝑄0, a higher quality factor of the cavities implies lower
investment- and operational costs of the cryo-plant. 𝑄0 is
limited by BCS-losses and residual losses from impurities,
grain boundaries and trapped magnetic flux. In TESLA 9-
cell cavities typical values of 2⋅1010 are being achieved at
1.8 K with sufficient magnetic shielding. We have observed
a significant increase in the 𝑄0 value of up to 50% when
subjecting the cavity to an additional cryogenic cooling cy-
cle to intermediate temperatures above T𝑐. In a second set
of experiment, the flux trapping was monitored by cool-
ing the cavity down to 1.8 K at different ambient magnetic
fields and results were compared with theoretical values.

THERMAL CYCLING: IMPACT ON
ACHIEVED 𝑸0 VALUES

𝑄0 measurements have been performed inside the
HoBiCaT test facility on a horizontally positioned TESLA
type cavity (BE-001) equipped with a TTF-III coupler.
The BE-001 cavity had been cleaned with BCP and heat
treated at 1400 ∘C. All measurements were performed at
or very near to critical coupling which was achieved by ad-
justing the radial position of the antenna tip in the cavity
and by including a three-stub-tuner in the waveguide be-
tween coupler and circulator. In contrast to the original
TTF-III coupler for pulsed operation, a distance holder had
been mounted between cavity and the coupler cold flange
thereby shifting the coupler tip away from the cavity by an
offset of 27 mm.
Electrodynamic 𝑄0 measurements have been crosschecked
with thermodynamical values that were gained by measur-
ing the 1.8 K helium consumption of the cryo-plant under
equilibrium conditions. A direct comparison yielded an er-
ror margin of less than 20%.
Immediately after the first cool-down, 𝑄0 values of typ-
ically 2⋅1010 are being achieved. We have observed that
by heating the cavity briefly above T𝑐 and cooling down
to 1.8 K again, the quality factor can be reproducibly in-
creased to 3⋅1010, see Fig. 1.

Several hypotheses for the increase in 𝑄0 including ther-
mocurrents due to temperature gradients were checked.
However, attempts to artificially create thermocurrents with
a heater attached to the tuner side of the cavity which im-
poses a temperature gradient over the cavity length during
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Figure 1: 𝑄0 values measured before (yellow) and after
thermal cycling (blue). Further cooling increases 𝑄0 indi-
cating that the cavity is still in the BCS limit.

cool-down, failed: No 𝑄0 deviations were observed with
this method. This proves, that if thermocurrents are in-
volved, they are not acting on a macroscopic scale, but
rather on a microscopic scale at the phase front of the su-
perconducting transition. Unfortunately this was not acces-
sible with our experimental methods. However, we favor a
much simpler explanation as the most plausible one:
Mumetal shields are manufactured for a specific operating
temperature range at which the used material exhibits the
highest permeability. In HoBiCaT the outer shield at the
inner cryostat wall is made for room temperature, while
two different types of inner shields for the Helium vessel
are available: One shield is optimized for 77 K the other
one for 4 K. Characterization of the shields at room tem-
perature shows a shielding efficiency of better than 99%
(Fig. 2).

At small ambient magnetic fields up to 300 𝜇T, 100% of
the field is trapped inside the superconductor [1]. However,
only the magnetic field at the exact instance of the super-
conducting transition is relevant for flux trapping. Once in
the Meissner (Shubnikov) state, the superconductor rejects
magnetic fields up to the critical flux H𝑐1. Since trapped
flux leads to a degradation of the cavity performance, it is
important to have the mumetal shield at the right tempera-
ture when the cavity reaches the transition temperature.
The regular cool-down scheme at HoBiCaT involves a fast
cooling step in order to avoid hydrogen diffusion in the nio-
bium which leads to Q-disease. The mumetal is not con-
nected to the two-phase flow pipe of the cavity and cools
down slower than the cavity. In the showcase example in
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Figure 2: Magnetic shielding inside HoBiCaT measured at
room temperature.

Fig. 3 the cavity becomes superconducting more than 12
hours before the mumetal is at its optimum temperature of
77 K (or 4 K). Thus, the shield is by 50 K (or 120 K) too
warm which results in a significantly lowered permeability
and performance (see inset in Fig. 4).
An easy solution to circumvent this problem is to let all
components inside HoBiCaT reach equilibrium tempera-
tures, then heat up the cavity slightly above 10 K by shut-
ting off the Helium supply and evaporating Helium from
the cavity with a heater (Fig. 4). This temporary return to
normal conducting state removes frozen flux from the cav-
ity walls. Due to the shield’s high thermal inertia, which
led to the discrepancy in the first place, it is not affected
by this procedure. Utilizing this method we have been able
to reproducibly increase measured quality factors by 50% -
now typically reaching 𝑄0=3⋅1010 and well over 1⋅1010 at
20 MV/m gradient.
However, even at such high 𝑄0 values the surface resis-
tance is still BCS dominated: This was demonstrated by
cooling down the cavity to even lower temperatures and
measuring 𝑄0 again. The total surface resistance is com-
posed of a temperature dependent part due to BCS-theory
and a temperature independent residual part due to mate-
rials impurities, grain boundaries and frozen magnetic flux
inside the material:

𝑅s = 𝑅BCS(𝑇 ) +𝑅res (1)

The temperature dependence of the BCS part is due to the
increase of the number of Cooper pairs upon temperature
decrease. The residual losses are caused by normal con-
ducting areas to which BCS theory does not apply and
which are thus temperature independent (or at least they
don’t show a strong temperature dependence). A satura-
tion of 𝑄0 towards lower temperatures would have indi-
cated a predominant residual resistance. Yet, no saturation
of 𝑄0 was observed down to HoBiCaT’s minimum achiev-
able He pressures of 5 mbar (corresponding to 1.5 K). Un-
der these conditions, we have measured, to our knowledge,

the maximum 𝑄0 value so far achieved in a horizontal test
stand of 𝑄0=6⋅1010 or Rs=4.6 nΩ (Fig. 1). Thus, despite
the better rf-performance of the cavity after the thermal cy-
cling, there is still room for improvement of the 𝑄0 value,
either by further improving the magnetic shielding, or by
post manufacture-treatment of the niobium material itself
(for example with a 120 ∘C bake).
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Figure 3: Temperature difference between mumetal and
cavity upon primary cooling route. The cooling of the
mumetal lags behind. In the instance of the superconduct-
ing transition of the cavity the mumetal is too warm, thus
providing too little magnetic shielding [2]. Hence, the op-
timum 𝑄0 is not achieved.

Figure 4: Thermal cycling routine: After closing the Joule-
Thompson valve of the cryo-plant, liquid Helium is boiled
off from the cavity tank with a 20 W heater. An entire cycle
takes approximately five hours.

MAGNETIC DEPENDENCE OF THE
SURFACE RESISTANCE

In order to better understand and quantify the effect of an
ambient magnetic field on the cavity performance during
superconducting transition, we have measured the intrinsic
quality factor 𝑄0 after cooling the cavity under an exter-
nal magnetic field. For generating this field, a long copper
wire was wound around the Helium tank along the entire
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length of the cavity, forming a solenoid underneath the in-
ner mumetal shield (Fig. 5). This solenoid could be sup-
plied with currents up to 8 A before ohmic heating kicked
in. The resulting field on the cavity surface was calcu-

solenoid

solenoid + shield

open µ metal

shielding solenoid

tank

Figure 5: Setup for generating ambient magnetic fields
inside the cavity: A solenoid is placed underneath the
mumetal shield which acts as a yoke and increases the
effect of the solenoid alone. This non-linearity has been
taken into account in the field calculations.

lated with the Mathematica package Radia[3] taking into
account the influence of the mumetal. The influences of
cavity and titanium tank on the field could be safely ne-
glected due to their paramagnetic nature above 𝑇𝑐. Prior
to the superconducting transition, magnetic field lines are
penetrating the cavity at all conceivable angles. For the
frozen flux, we have used the absolute values of the cal-
culated field vectors with the simple reasoning, that in the
case of flux penetration in a type II superconductor, the ex-
act opposite of the Meissner transition is happening to a
magnetic field line: namely an orientation perpendicular
to the cavity surface instead of parallel. From the result-
ing field distribution, a spatially resolved surface resistance
was calculated according to [4]

𝑅𝑚𝑎𝑔(�⃗�) = 0.3[nΩ]𝐻𝑒𝑥𝑡(�⃗�)[mOe]
√

𝑓 [GHz] (2)

where the factor 0.3 is an empirical value for Nb with
RRR=300. In combination with the H field distribution at
the cavity walls, integration over the cavity surface yields
an average contribution of the field to the surface resistance
according to

𝑅𝑚𝑎𝑔 =

∫
𝑆
𝑅𝑚𝑎𝑔(�⃗�)∣𝐻(�⃗�)∣2𝑑𝑠
∫
𝑆
∣𝐻(�⃗�)∣2𝑑𝑠 (3)

BCS losses can be obtained from the measured 𝑄0 at zero
magnetic field. They add up to the total quality factor under
an external field according to

𝑄0 =
𝐺

𝑅𝐵𝐶𝑆 +𝑅𝑚𝑎𝑔

(4)

𝑄0 curves have been recorded with different mag-
netic fields applied during the superconducting transition
(Fig. 6). These values have been compared to the calcu-
lated values. In Fig. 7 the solenoid current that was used
in the cool-down cycle is plotted against the obtained 𝑄0

value. For illustration purposes, a second vertical axis con-
taining the maximum magnetic field obtained anywhere on
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Figure 6: 𝑄0 values measured under different ambient
magnetic fields generated by solenoid currents.

the cavity surface has been plotted. It turns out that our
measured 𝑄0 values were twice as high as the theoreti-
cally expected. A possible resolve to this contradiction is
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Figure 7: Comparison between experimental (blue) and
theoretical (red)𝑄0 values due to an external magnetic field
during cool-down of the cavity. Experiment yields higher
𝑄0 values for a given field than predicted by theory.

to postulate a modification of the empirical factor that re-
lates magnetic field to surface resistance in Equation 2. The
data fits best if 0.23 instead of 0.3 is used. This correction
would imply, that the effect of a frozen magnetic field on
the 𝑄0 degradation of a cavity is smaller than anticipated.
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Abstract 

Superconducting cavities have been developed for 
realizing the high current future ERLs. Along with high 
accelerating gradient of 15~20 MV/m, strong HOM 
damping is important issue for the ERL main linac. We 
designed an HOM damped 9-cell cavity and fabricated a 
niobium 9-cell proto-type cavity. After a series of surface 
treatments, vertical tests were performed. At present, the 
accelerating gradient is limited to 15-17 MV/m due to 
field emissions. A rotating X-ray mapping system was 
developed and observed some X-ray traces. We report on 
these activities. 

I TRODUCTIO  
At the ERL, stable operations are required for the 

superconducting cavities, with CW high current beam. 
This leads to stringent requirement against HOMs. 
Required features are following: 

• Frequency 1.3 GHz 
• Accelerating gradient 15~20 MV/m 
• CW high current beam operation (> 100 mA) 
• Energy recovery should work 

   Higher accelerating gradient may be generally desirable. 
In the case of ERL, however, higher gradient leads to 
more enormous cryogenic heat loss, since the loss 
increases with square of the gradient. It is considered that 
around 15 MV/m is adequate for the main linac. 

   There are two requirements against HOMs. One is 
suppression for the dipole and quadrupole HOMs. They 
can induce BBU and quadrupole BBU instabilities, which 
cause the current limit and/or emittance growth. Another 
is requirement for monopole HOMs. They lead to heat 
loss at the HOM absorbers. In order to achieve strong 
HOM damping, we decided to use beampipe HOM 
damper with RF absorber, as shown in Figure 1. These 
HOM absorbers are located inside cryomodule, at 
temperature of 80 K. Frequencies of monopole HOMs 
should be selected not to be close to the integral multiples 
of beam frequency. 

KEK-ERL MODEL-2 CAVITY 

Figure 1 :  Schematic view of the KEK-ERL model-2 
cavity. 

As mentioned above, sufficient HOM suppression is 
required for the ERL main linac. To meet such conditions, 
we optimized cavity cell shapes and designed KEK-ERL 

model-2 cavity [1], whose schematic view is shown in 
Figure 1. Points of design are following. 

(1) Cell shapes were optimized to HOM suppression. 
Diameter of iris was chosen to be 80 mm. The 
HOMs can easily propagate between cells. 

(2) Diameters of beampipes were selected to be 100 
and 120 mm. All monopole and dipole HOMs can 
propagate to beampipes and are damped by RF 
absorber. 

(3) EFB (Eccentric fluted beampipe) was applied, in 
order to damp quadrupole HOMs. The EFB acts as 
mode converter from quadrupole to dipole mode, 
due to its asymmetric structure [2]. 

Figure 2 : Spectrum of the dipole HOMs. Details seen in 
ref [1]. 

As a result, impedances of HOMs can be enough 
damped, while keeping 9-cell structure. Figure 2 shows 
spectrum of dipole HOMs. Vertical axis is (Rt/Q)Qext/f 
[Ω/cm2/GHz], which is a measure of BBU instability 
threshold. There is enough margin for 100 mA operation. 
Current threshold against BBU instability is estimated to 
be several 100 mA from computer calculations [3]. 

Main parameters are listed in Table 1. Cell-to-cell 
coupling becomes large due to large iris diameter. This is 
a merit to keep field profile. It is less sensitive to variation 
of cell frequencies. The value Rsh/Q becomes around 900 
Ω. A demerit is increase of Epeak/Eacc, which is 3.0. 
Enough suppression of field emissions is experimental 
issue. 

Table 1 : Parameters for KEK-ERL model-2 cavity 
Frequency 1.3GHz Coupling 3.8 % 
Rsh/Q 897 Ω Geom.Fac. 289 Ω 
Epeak/Eacc 3.0 Hpeak/Eacc 42.5Oe/(MV/m)

In order to verify this cavity design, two types of 
single-cell cavities were fabricated. One is the “C-single” 
cavity, whose cell shape is same as that of center-cells. 
Another is the “E-single” cavity, which is a combination 
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of the both end-cells with complicated beampipe 
structures [4]. After confirming their characteristics, a 
proto-type of 9-cell KEK-ERL model-2 cavity was 
manufactured. It is shown in Figure 3. No stiffening rings 
were mounted at iris part. Both flanges at the cavity ends 
were niobium. Vacuum seal was done using indium seal. 
Electron-beam-welded equator and iris parts were buffed 
with #400, in order to remove welding defects. 

After receiving, the cavity was electro-polished 
(130μm) and annealed at 750 degree. Field flatness of 
98 % was achieved by the pre-tuning procedure. Then, it 
was followed by final-EP (20 μm), hot bath rinsing, HPR, 
assembly and baking. 

Figure 3 : Proto-type of KEK-ERL model-2 cavity for 
main linac. 

EXPERIME TAL SETUP 

 Figure  4 : Installing 9-cell cavity to cryostat
. 

 Vertical tests have been performed at KEK-STF 
vertical test area. Figure 4 shows the installation of the 9-
cell cavity to the cryostat. An input coupler was mounted 
on the upper flange of the cavity. Its coupling is variable. 
It can obtain matching condition while cooling down 
from 4K to 2K and also for all TM010 pass-band 
measurements. 

Figure 5 : (Left) Layout of Si PIN diodes for the rotating 
mapping system. (Right) Mapping system mounted on the 
cavity. 

For the cavity diagnostics, many carbon resisters and Si 
PIN diodes are used to monitor temperature and X-rays. 
Left picture of Figure 5 show the layout of the rotating 
mapping system and right picture shows a part of it. Array 
of Si PIN diodes rotates 360 degree around the cavity 
surface and observes X-ray traces. Total of 82 Si PIN 
diodes are mounted for monitoring nine cells. One data 
can be taken with a few minutes. 
Table 2 : History of vertical tests and surface treatments 

 Surface 
treatment 

Maximum 
gradient 

Comment 

Before 
vertical 
tests 

EP(130 μm), 
Annealing, 
EP2(20 μm), 
HPR, Baking 

--- --- 

1st test --- 15 MV/m Field emission 
Many heat spot

2nd test Baking 15 MV/m Field emission 
Many heat spot

3rd test HPR, Baking 15 MV/m Field emission 
Many heat spot

4th test EP2(50 μm), 
HPR, Baking 

17 MV/m Field emission 
A few heat spot

5th test Nothing 16 MV/m Field emission 
A few heat spot
(same with 4th) 

Table 2 shows the history of vertical tests and surface 
treatments. Total of five vertical tests have been 
performed. The first test was aimed to check the vertical 
test system. After the first test, only baking was done and 
the second test was performed. Additional HPR was 
applied after the second test. After the third measurement, 
field flatness was checked and it was kept about 95 %. 
Thus, we did not apply re-tuning. Before the fourth test, 
additional EP was applied and removed 50 μm of surface. 
Hot bath rinsing, HPR, assembly and baking were done. 
After the fourth test, nothing was done, since aim of the 
fifth test was to obtain detailed X-ray mapping data. 

Fixed mapping system was used from the first to third 
vertical tests, and the rotating mapping system was used 
for the fourth and fifth tests. 

RESULTS OF VERTICAL TESTS 

Figure 6 : Results of vertical tests for KEK-ERL model-2 
cavity. 

 The results of vertical tests are shown in Figure 6. The 
Q0-Eacc curves are plotted for 2K and 4K measurements. 
Generally speaking, at all vertical tests, field emission 
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started around Eacc = 10 MV/m and fields were limited at 
15~17 MV/m. The reason of field limitation was heating 
due to field emissions. 

Figure 7 shows the Rs-1/T curve, taken during cooling 
down from 4K to 2K. Residual resistances were estimated 
as to be 15~20 nΩ from the fitting results. 

Figure 7 : Rs-1/T curve for KEK-ERL model-2 cavity. 
The Q0-Eacc curves, shown in Figure 6, seem almost 

same for all measurements. However, it is noted that 
details of emission and temperature rise are much 
different each other, if looking at additional data, such as, 
X-ray signals, place of temperature rise and results for 
pass-band measurements. Only the fifth test was well 
reproduced the details of the fourth vertical test. 

RESULTS OF X-RAY MAPPI G 
Figure 8 shows an example of X-ray mapping. This 

data was taken at Eacc = 13.9 MV/m at fourth test. In the 
figure, “1 cell” is the cell which is close to the input port 
and “9 cell” is opposite side. The X-ray signal is strong at 
around iris parts. There are two characteristic signals. One 
is a very strong and sharp peak, observed at 330 degree at 
iris between 8-cell and 9-cell. Looking at the details, clear 
X-ray trace can be seen. Another is a broad signals, 
observed at around 150 degree, opposite side of sharp 
peak, at irises from 1-cell to 6-cell. These signals 
appeared at the same time around Eacc = 10 MV/m. 
Larger the accelerating gradient, these signals became 
stronger. 

Figure 8 : Observed X-ray mapping at Eacc = 13.9 MV/m 
at the fourth vertical test. 

The X-ray mapping data was observed also for TM010 
pass-band modes. Same sharp signal, at 330 degree of iris 
between 8-cell and 9-cell, could be seen for 8π/9, 7π/9, 
6π/9 modes. The broad signals at irises around 1 to 6-cells 

were not seen this time. Probably, this was caused from 
the difference of the field patterns. For some other modes, 
X-ray signals appeared at different positions. Observed X-
ray pattern changed depending on the measured modes. 

After the fifth measurement, inner surface of the cavity 
was observed using an inspection camera, so called Kyoto 
camera system [5]. A big tip was found, as shown in 
Figure 9, at 150 degree at the iris between 8-cell and 9-
cell. Its size is several hundred μm diameter and several 
ten μm height. The surface inspection was also done after 
the third vertical test, but no such tip was observed. No 
such tips or dips were found at any other areas. 

It is very interesting that the tip was observed at just 
opposite side of the sharp X-ray peak observed on 
mapping. Most probably, this tip was the source of the 
field emission for the fourth and fifth vertical tests. 

This tip will be removed by grinding. Then cavity will 
be electro-polished again and performed vertical testing. 

Figure 9 : Inspection of cavity inner surface. A tip was 
found at iris between 8-cell and 9-cell. 

CRYOMODULE DEVELOPME T 
Peripheral equipments, such as the input coupler [6] and 

the HOM absorber [7], have been also developed. The 
input coupler is designed to pass through maximum of 20 
kW power, at accelerating gradient of 20 MV/m, 
considering the detuning due to microphonics. It has cold 
and warm windows. For ceramic window, HA997 is 
selected to lower the dynamic loss. Coupling is variable, 
between the ranges of Qext from 5x106 to 2x107. To 
verify the components, such as ceramic windows and 
bellows, a test stand was constructed at JAEA and high 
power tests have been performed. The proto-type of 
windows and high power test stand are shown in Figure 
10. 

Figure 10 : (Left) proto-type of warm and cold windows. 
(Right) High power test stand constructed at JAEA. 

The HOM absorber will be installed inside the 
cryomodule and used at 80 K. RF absorbers, used for 
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HOM damping, should have enough absorption capability, 
at 80 K, for broadband frequency range. Temperature 
dependence of complex permeability and permittivity 
were measured for around 10 RF absorber samples. 

Left plot of figure 11 shows temperature dependences 
of μ” of ferrite IB004, for the frequency range from 2 to 6 
GHz. It seems that IB004 can be used at 80K, at least up 
to around 10 GHz.  

The development of the HOM absorber is in progress. 
The thickness, length and location of the ferrite were 
carefully optimized. Right of Figure 11 shows the 
schematic view of the HOM absorber. Ferrite IB004 is 
HIP bonded to Cu beampipes. Inner side of bellows is 
covered with Comb-type RF bridge. The proto-type of it 
is now under construction. 

Design of the cryomodule is now under discussion. 
First module will incluse two 9-cell cavities, for the 
Compact ERL project at KEK [8]. 

 
Figure 11 : (Left) Temperature dependence of ferrite 

IB004.  (Right) Schematic view of the HOM absorber. 

SUMMARY 
The HOM damped 1.3 GHz superconducting cavity 

was designed for the ERL main linac. Niobium 9-cell 
proto-type cavity was fabricated and vertical tests were 
performed after a series of surface treatments. At present, 
accelerating gradient is limited by field emissions. The 

rotating X-ray mapping system was constructed and 
worked well. Clear X-ray traces were observed. After 
vertical tests, the cavity surface was inspected and a tip 
was found. It is probably the source of field emission. We 
will try to improve cavity performance by removing this 
tip and re-cleaning the cavity surface. Design of the 
cryomodule is ongoing for the Compact ERL project. The 
input coupler and HOM absorber are also being 
developed. 
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SC CAVITY SYSTEM FOR ERL INJECTOR AT KEK 

K. Watanabe#, S. Noguchi, E. Kako, T. Shishido, Y. Yamamoto, K. Umemori, M. Sato 
 KEK, Tsukuba, Japan

Abstract 
Development of a Superconducting Cavity Injector 

Cryomodule for the compact ERL (cERL) is being 
continued at KEK since 2006. Design of a cryomodule 
containing three 2-cell 1.3-GHz cavities is almost 
completed and will be ordered soon. Status of R&D and 
design details are reported.  

SC CAVITY SYSTEM FOR COMPACT 
ERL INJECTOR AT KEK 

An injector for cERL is required to accelerate a CW 
electron beam of 100mA to 10MeV [1]. In this 
application, critical hardware components are not cavities 
but RF input couplers and HOM dampers. Several 
combinations of number of cavity and cells per cavity 
were examined, and a three 2-cell cavity system was 
chosen for cERL. Each cavity is drove by two input 
couplers to reduce   required power handling capacity and 
also to compensate coupler kick. HOM coupler scheme 
was chosen for HOM damping, and 4 or 5 HOM couplers 
are put on beam pipes of each cavity. Because of 
simplicity cavities are cooled by jacket scheme. Figure 1 
is the drawings of the cyomodule system for the injector 
part. Basic parameters of the cavity are summarized in 
Table 1.  

Table 1: Basic Cavity Parameters 

Frequency 1.3 GHz 
Number of cell 2  

R / Q 205 Ω 
Operating Gradient 14.5 MV / m 

Number of Input Coupler 2  
Coupler Power 167 kW 

Coupler Coupling Q 3.3 x 105  
Number of HOM coupler 4 or 5  
Operating Temperature ２ k 

Cavity  
 Two fully equipped proto-type 2-cell cavities (#01 and 
#02) were fabricated in 2007 and 2008. The cavities are 
shown in Figure 2 and 3. They have a TESLA-like cell 
shape and larger beam pipe aperture of 88 mm. The 1st 
vertical test of proto-type 2-cell cavity #01 with regular 
HOM pick-up antennae was carried out in April 2009 at 
STF (Superconducting rf Test Facility) in KEK. The 
vertical test of proto-type 2-cell cavity #02 will be done 
December 2009. 

 
Figure 1: Cryomodule system for injector part.  

 
Figure 2: Proto-type 2-cell cavity #01 (Four HOM 
couplers).  

 
Figure 3: Proto-type 2-cell cavity #02 (Five loop type 
HOM couplers).  

Input Coupler 
RF input coupler is the most critical component in the 

high power application of the superconducting cavity. The 
most powerful CW coupler under operation is the KEK-B 
couplers, which has a coaxial disk type window 
developed for TRISTAN SC cavities [2]. We made scaled 
models to 1.3 GHz, as shown in Figure 4. Impedance of 

coaxial parts is 41 Ω, and the outer diameter is 82 mm.  
 Couplers will be assembled to cavity in the clean room 
before installation to a cryostat. Then thermal intercept 

___________________________________________   
#kenw@post.kek.jp 
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becomes difficult, and requires the 5 K and 80 K anchors 
at outer conductors. Inner conductors and the windows 
are cooled by water. High power test at room temperature 
is scheduled in November 2009.  

 
Figure 4: Proto-type input coupler for injector cavity 

HOM Coupler  
We decided to use HOM couplers instead of beam pipe 

HOM absorbers to damp HOMs, because absorbers are 
not well established in cold and they need extra drift 
space. TESLA HOM couplers are considered as the best 
choice, but it is well known that thermal instability 
appears above 10 MV/m in the CW operation. It is also 
well know that heating happens at pick-up antennae of 
HOM couplers, but it is not yet understood why niobium 
antenna becomes normal conducting. One may expect 
that if the current density at antennae is reduced then the 
threshold of gradient increases. TESLA style HOM 
couplers are modified to add the second stub and a boss to 
reduce the load of the accelerating mode. Two type HOM 
couplers are designed for CW operation, one is loop-type 
coupler and two is antenna-type coupler as can be seen in 
Figure 5. Figure 6 shows the distribution of H-field of the 
modified HOM couplers. Table 2 is calculation result of 
current density of HOM pick-up probe tip at each gradient. 
The current density of probe tip is reduced by a half to 
2000 A/m at 15 MV/m [3, 4].  

Table 2: Calculation result of current density of HOM 
pick-up probe tip at each gradient.  

Eacc: Current of heating of probe 4000 
A/m 

Model 

15 MV/m 20 MV/m 25 MV/m 
Antenna 1340 A/m 1800 A/m 2250 A/m 
Loop 2080 A/m 2780 A/m 3350 A/m 
STF BL 
(TESLA 
like) 

4250 A/m 
Heating 

5600 A/m 7200 A/m 

 
Figure 5: Two stub HOM couplers 

 
Figure 6: H-field distribution of HOM couplers 

Frequency Tuner System 
 We will use Slide Jack tuners [5, 6] which are used in 
STF cavities. This tuner system has one piezo in series 
with a slide jack tuner. Stroke of the tuner is listed in 
Table 3.  

Table 3: Stroke of tuner system 

 Type Stroke Δf 

Mechanical Tuner Slide Jack 1 mm 1.3 MHz 
Fine Tuner Piezo 4 μm 2.6 kHz 

 

MEASUREMENT OF THE PROTO-TYPE 
2-CELL CAVITY #01 

The result of the low level rf measurement and the 
vertical test with the proto-type 2-cell cavity #01 (ERL 2-
cell #01) is described in this section. The ERL 2-cell #01 
cavity has four HOM couplers (equipped two loop type 
HOM couplers and two antenna type HOM couplers) to 
measure gradient when occur a heating of HOM pick-up 
probe tip at each models. The procedure of cavity test are 
shown as following,  
(a) Inspection of inner surface of cavity at “As received”,  
(b) Measurement of the accelerating mode and HOMs, 
(c) Measurement of the Qin by using dummy couplers, 
(d) CP process (20 μm) at Nomura plating company,  
(e) Anneal process, 
(f) Inspection after anneal process,  
(g) Final EP process (100 μm), H2O2 rinsing, hot bath 
rinsing, HPR, assembly and mild baking at STF,  
(h) HOM coupler tuning for accelerating mode in vertical 
test stand, 
(i) Vertical test with regular HOM pick-up probe (probe 
material is Niobium.) and T-mapping (temperature 
mapping),  
(j) Inspection after vertical test with T-map results.  
 
 Figure 7 is EBW (Electron Beam Welding) seams at 
equator and iris part inspected by Kyoto camera system 
[7] at “As received”. The EBW seam of this cavity was 
uniform around one lap, and iris part was also uniform 
around one lap.  
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Figure 7: EBW seam of proto-type 2-cell cavity #01 at 
“As received”.   

Low Level RF Measurement 
 The frequency and field flatness of accelerating mode at 
“As received” were 1299.369 MHz and 99.8 % at room 
temperature. Therefore, rf measurements were done 
without pre-tuning. Figure 8 shows the field distribution 
of TM010 passband.  

 
Figure 8: Field distribution of TM010 passband.  

 The target of Qin value with one coupler is 3.3x105 when 
location of coupler tip is 34 mm from beam axis. This 
target was calculated by HFSS. Figure 9 is the setup of 
Qin measurement. Measured Qin value by dummy input 
couplers was 5.0x105 at room temperature. Result of 
calculation value and measured Qin value at each location 
is shown in Figure 10.  To achieve the target value, the 
location of the coupler tip needs to change 30mm from 
beam axis.  

 
Figure 9: Setup of Qin measurement.  

 
Figure 10: Result of measured Qin value at each location.  

Measured QL value and frequency of major HOMs at 
4.2 K summarised in Table 4. Performance of HOM Qext 
at each HOM couplers shows Figure 11. Qext of TE111 
and TM110 was obtained strong dumping, but TM011 was 
weaker due to antenna-type HOM coupler does not work 
for TM011 mode.  
 The injector cryomodule system does not have the BPM 
(Beam position monitor) in vacuum bessel. To measure 
the beam position in cryomodule, dipole mode is useful 
mode to use a cavity BPM. The polarize angle of doublet 
of TM110 passband was measured by bead perturbation 
method. The material of bead is ceramics ball (diameter is 
6 mm.) to detect only E-field, where scan position is 
30mm off-center from beam axis. The distribution of 
polarize angle and field distribution is shown in Figure 12. 
The angle between X-dipole and Y-dipole of TM110 
passband was about 90 degree.  

Table 4: Summary of measured QL value of major HOMs 
at 4.2 K 

Mode Frequency R/Q 
(Calc.) 

Measured QL 

1.557 GHz 
1.563 GHz 

0.59 Ω/cm2 750 
350 

TE111 

1.578 GHz 
1.589 GHz 

1.8 Ω/cm2 440 
300 

1.629 GHz 
1.639 GHz 

4.0 Ω/cm2 1260 
1190 

TM110 

1.784 GHz 
1.801 GHz 

1.9 Ω/cm2 850 
5130 

2.281 GHz 64 Ω 6000 TM011 

2.309 GHz 12 Ω 5040 

2.67 GHz 0.4 Ω － TM020 

2.69 GHz 31 Ω － 
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Figure 11: Measured Qext of each HOM couplers at 4.2 K. 

 

   
 

 
Figure 12: Result of polarize angle of TM110 mode and the 
field distribution of each location.  

Vertical Test 
 The 1st vertical test of ERL 2-cell #01was carried out in 
April 2009. The thermo-sensors attached the cell equator 
and HOM couplers. Total number of thermo-sensor is 33 
(8 sensors per cell equator, and 4 sensors per HOM 
coupler). The sensor location of HOM feed through 
(Kyocera-type) is important to detect a heating at HOM 
pick-up antennae. The setup of thermo sensors in vertical 
test is shown Figure 13. The cavity gradient reached 
30MV/m with small electron loading (Figure 14). The 
reason of low Q value is due to losses at beam pipe 
flanges made of stainless steel. During the test, we 
observed some thermal instability (blue dots in Figure 14), 

where both Q and gradient decrease slowly. It is well 
known due to the heating of pick-up antennae of HOM 
couplers. Heating of one HOM coupler (A2) was detected 
by thermometer at around 16 MV/m. Other three HOM 
couplers and cell equator were not observed a heating in 
processing.  

 
Figure 13: Setup of thermo sensors in vertical test. 

 
Figure 14: Q0 – Eacc curve and Rres. 

 
Figure 15: Processing history in vertical test. 
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Figure 16: History of the long run operation after high 
field processing.  

 
Figure 17: Liq. He level when occurred a heating A1 
feed-through.  

 
Figure 18: EBW seam of proto-type 2-cell cavity #02 at 
“As received”. 

Figure 15 is history of processing and thermo sensor of 
HOM feed through in vertical test. To make the high filed 

processing, the field was raised as the highest as possible 
before the heating happens. After high field processing, 
the field could be kept 16.3 MV/m at long time, and long 
run CW operation at 16 MV/m was carried out for 11 
hours at ~ 2K, until liq. He was used up (to assume 
cryomodule test). The history of the long run operation 
shows in Figure 16.  

Finally in this test, the A1 feed through was heating 
when A1 HOM coupler (and rf cable) was not dipped on 
liq. He level, then the field and Q0 value was decreased 
(Not A2 feed through, beam pipes and cell). Figure 17 is 
image of He level when occurred a heating A1 feed-
through. 

SUMMARY  AND FUTURE PLAN 
Two fully equipped proto-type 2-cell cavities (#01 and 
#02) and two input couplers were fabricated at 2007 and 
2008. The cavity #01 was achieved the operation gradient 
in vertical test (CW, long run operation). The Max field 
was achieved over 30 MV/m at short time. The field was 

limited by one HOM pick-up probe. The 2nd vertical test 
of #01will be equipped the thermal anchor to obtain a 
good cooling for HOM pick-up antennae to assume the 
cryomodule operation. 

At present, the initial surface treatment and low power 
test of proto-type 2-cell cavity #02 was carried out. Figure 
18 is improved EBW seam of ERL-2cell #02 at “As 
received”. The first vertical test of this cavity will be done 
December 2009. The high power test of the input couplers 
will be done from November 2009.  
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RECENT RESULTS OF VERTICAL TEST FOR S1-GLOBAL PROJECT AT
KEK-STF

Y. Yamamoto, H. Hayano, E. Kako, S. Noguchi, H. Sakai, M. Satoh, T. Shishido, K. Umemori, K. Watanabe, KEK

Abstract

A new vertical test (VT) facility was built in KEK-STF
(Superconducting rf Test Facility) and in operation since
July/2008. Vertical test for S1-Global project is regularly
done using MHI#5-#9 cavities, which were newly fabri-
cated in Japan in 2008-2009. In this paper, we report the
recent results of vertical test and discuss on cause of field
limitation in these tests. For identifying the cause of the
filed limitation, it is crucial to check the correlation be-
tween pass-band mode measurement and T-mapping. In
the pass-band mode measurement, the achievable gradient
for each cell is obtained by using seven pass-band modes
from π to 3π/9. MHI#5 cavity achieved 27.1 MV/m at third
VT and was limited by the thermal quenching due to de-
fect or contamination. Although MHI#6 cavity had almost
same results as MHI#5 in first and second VT, third VT
was not completed due to cable breakdown. On May/2009,
Electro-Polishing acid was exchanged for new one. After
that, many brown stains were observed in the interior sur-
face of MHI#6, #7 and #8 cavities. Such a phenomenon
appeared for the first time at STF and the investigation for
it is thoroughly being done at present.

CONTRIBUTION NOT
RECEIVED
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THE CHALLENGE  OF MONTE CARLO METHOD
 IN TWO SIDED MULTIPACTOR

M. Mostajeran*, M. Lamehi Rachti
Institute for Studies in Theoretical Physics and Mathematics (IPM), Tehran, Iran

Abstract

Superconducting RF cavities have been used in modern
accelerators. SRF cavities have the limitation on maximum
RF voltage and maximum delivered RF power. The ma-
jor limitation comes from Multipacting in the cavity and
waveguide. To design a Multipacting-free RF structure,
numerical tracing calculations are required. Here, Monte
Carlo method within a plane parallel model is employed
using a wide range of parameters. For more accurate pre-
dictions, a long history of electron trajectories between two
parallel plats is investigated. Simulations give us fast con-
vergence when we are far from the avalanche threshold.
However it is very difficult to get such convergence when
we are close to the avalanche threshold. In the present
work, we demonstrate how we can cope with this difficulty.

INTRODUCTION

Resonance secondary electron emission or Multipactor
can occur when a free electron caught in an RF field,
impact with a solid at sufficient energies to release more
than one secondary electron at a phase where the RF filed
can accelerate these secondary electrons. As this proce-
dure is repeated the MP effect will create an exponential
growth of number of electrons [1]. MP is normally an
unwanted phenomenon in vacuum operated microwave
device. It could cause electric noise, detune microwave
cavities, reflecting cavity power, heat the component and
in the worst case cause permanent physical damage for
the component [2]. In Ref. [3] MP inside a rectangular
waveguide was numerically studied with the concept of
MP resonance. Vdovicheva et al.in[5] employed both
analytical approach and numerical simulations to study
the MP inside a rectangular waveguide. It was shown
when the waveguide height is much smaller than its width;
the parallel planes model can be used to stimulate the
Multipactor . In this case, conventional resonance theory
was used for the MP threshold. The vacuum waveguide
part of CESR RF system is the case where paralle plate
can be used for simulating MP inside of the waveguide.
A new statistical method has been exploited in [4] which
theoretical approach was taken to provide exact solution
for the arbitrary electrode separations. The initial velocity
has the Maxwellian distribution. However, particular
calculation was performed in Ref. [5] with the assumption
that the velocity distribution depends on the electron
ejected angel. They presented the results of numerical
simulation for both angular and energy distribution.

∗mostajeran@ipm.ir

In all works introduced above, the ultimate goal was to
investigate conditions under which the MP appears. In the
other words, the threshold for the appearance of secondary
emission discharge was systematically studied. All these
works have one thing in common that is they have kept a
short history of the particle trajectory. Now the question is
that, have one a fair estimation of the strength of multipact-
ing yield by keeping a short history of the trajectory? In
order to answer, this question we start investigating the MP
effect by keeping longer histories. knowing the strength of
Multipacting yield is essential to decide the effectiveness of
the techniques and models used to suppress the MP. Here in
this work we report on a convergence problem that we en-
countered by keeping long histories. It will be shown that
a limited number of odd events appears that shifts the av-
erage value of the observables dramatically. How to over-
come the convergence problem will be discussed as well.
In this study, dimensions of the vacuum waveguide part of
CESR RF system, and its operational frequency are used as
a real numerical example [6].

EQUATION OF MOTION

In this section we write the equation of motion for an elec-
tron under the action of high frequency electric field be-
tween two metalic parallel plates separated by distance L.
Equation of motion, for an electron in the gap is:

ẍ =
eU

mω
sin(ωt), (1)

where the coordinate x, is measured from the surface of
one of the electrodes. U is the voltage amplitude across the
gap L, ω = 2πf , where f is the oscillation frequency and
t is the time. We rewrite this equation in the normalized
form:

λ′′ = ξ sin θ, (2)

where λ = x
L , ξ = U

U0
, U0 = mω2L2/e and θ = ωt.

Primes denote derivations with respect to θ while dots in-
dicate derivatives with respect to t.

Electron velocity and trajectory are described by the fol-
lowing formulas respectively [6]:

λ′ = ξ(cosθ1 − cosθ) + β1,

λ = ξ(θ − θ1)cosθ1 + ξ(sinθ1 − sinθ) + β1(θ − θ1) (3)

where θ1 is the phase at which the electron enters the gap,
and β1 = v/ωL is the dimensionless normal component of
the initial velocity of the secondary electron.
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Equation 1implies

1 = ξ(θ2−θ1)cosθ1+ξ(sinθ1−sinθ2)+β1(θ2−θ1) (4)

where θ2 is the phase at which the electron reaches the sec-
ond electrodes at λ = 1. The condition for the electron
to ”resonantly” cross the gap is that the transit time should
be equal to an odd multiple of half periods of the RF field.
That means θ2−θ1 = (2n−1)π. Here n is called the order
of MP. From (4) we can get:

ξ =
1 − (2n − 1)πβ1

(2n − 1)πβ1 + 2sinθ1
(5)

The value of β1 in (5) is given by: β1 = v⊥
ωL = 2

3
v

ωL =
2
3

√
2Us

U0
, where Us is the voltage corresponding to the

mean velocity of the secondary electrons.

MONTE CARLO METHOD

It is emphasized that in the actual situation, the ini-
tial ejected velocity and angular of an electron and ini-
tial RF phase are random quantities. To illustrate the ef-
fect of random emission velocity on the Multipactor dis-
charge, we assume it follows Maxwellian distribution with
mean value corresponding to 2ev. The angular distribution
of the secondary is assumed to be proportional to cos ϕ ,
where ϕ is the angle with the normal to the surface, and
the dependence of the secondary emission yield is given by
Vaughan’s formula [1]

σ = σm. [ε exp(1 − ε)]ν(ε) (6)

where ε = Wi/Wm, ν = 0.62 if ε < 1 , ν = 0.25 if ε >
1. Wi denotes impact electron energy, σm is the maximum
value of the secondary emission yield, and Wm is the im-
pact energy corresponding to this maximum. Because of
complexity of the electron motion in plane parallel plate,
the problem was studied by numerical simulations [5]. In
our simulation, we consider MP process can be also formed
by those secondary electron that return back to their birth
plate. Typically, Monte Carlo method is one of the numer-
ical simulations of the Multipacting process. This method
is applied to study Multipactor within parallel plate model.
Nevertheless, even the use of a Monte Carlo code requires
tremendous computing time when it is necessary to carry
out the simulation within a wide range of parameter. Basi-
cally, numerical simulations are very often carried out with
a reduced number of electron trajectories and reliability of
the simulation results depends on the method chosen for
this reduction. Considering short history of the electrons,
e.g. 15 gap crossings, is one way of reducing the num-
ber of electron trajectories in which the calculation of the
threshold value of secondary electron emission is obtained.
In this case, the initial number of electron required for get-
ting reliable result will be relatively decreased. However,
it may be questionable why 15 gap crossings are sufficient.
The answer might be, for calculation of threshold value, the

rate of number of initial electrons in the system is impor-
tant. The latter case can be clearly defined with even 10-15
gap crossings. In this work, the average yield of secondary
electrons per trial electron is called Multipacting yield. The
word average means that it is convergent statistically. In all
simulations the RF frequency and the gap size are taken
500 MHz and 4′′ respectively, the optimal impact energy
and optimal secondary emission yield are Wm = 400 eV
and σm = 2.2 respectively. Multipacting yield, MY, for
each run of the code is calculated and recorded.

RESULTS OF NUMERICAL SIMULATION

In our results, each run of n trial electrons yields
a mean value of the total secondary electrons which are
produced within defined crossing gap. Let us assume, 15
gap crossings for the particle in our simulation. In the
following Figs.1-8 will be presented in which power=178
KW is considered as the RF power waveguide.
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trial electrons

25

30

35

40

45

50

M
Y

Figure 1: the MY values are shown for different runs of
n = 15 × 105 trial electrons, where 15 gap crossings are
considered

We can see in Fig.1, MY over n = 30 − 350 × 104 of
trial electrons is roughly constant so it has been achieved
one clue of getting convergent results. That means MY in
n = 30 − 350 × 104 is a good estimation of Multipacting
yield.

Another way to know that those trial electrons are suffi-
cient to achieve desired accuracy is to make different mea-
surements useing a different sequences of random num-
bers. The left plot of Fig.1 also implies 3 × 105 of trial
electrons can give us the desired accuracy. To get a more
complete picture of MP process, it is necessary to have a
look at the particles for a longer history. In this respect,
e.g. 30 gap crossings for the particles are assumed.

As it is seen Fig.3, some rare events are observed in
our simulated Multipacting yield for some special trail
electrons. We see special trial electron can produce huge
amount of MY after 30 gap crossings and its contribution
has a significant weight on the total production.

this has been observed once after every few thousand
trial electrons. That means the probability of these events
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Figure 2: The MY values are shown for different measure-
ments uses a sequence random number with n = 15 × 105

trial electrons, where 15 gap crossings are considered.
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Figure 3: the MY values are shown for different runs of
n = 15 × 105 trial electrons where 30 gap crossings are
considered.

are very low but they carry out large value of MY. In the
other word, our results are dominated by these rare events.
As we can see this kind of rare events makes some difficul-
ties in fast convergence of Monte Carlo simulation. This
is because of being near to the avalanche threshold. Fig.4
shows the probability of each value of secondary electrons
when 15×105 trial electrons and 30 gap crossings are cho-
sen. As we can see e.g, the secondary electron with 107

value is only once observed and the probability close to
1 indicates that values of most secondary electron are be-
tween 1000 - 10000. To realize the contribution of these
rare events in total value of MY, first of all we will show the
MY value by considering all probabilities then we exclude
those events which their probability are less than 1E-6 and
then exclude those events that their probability are less
than 1E-5 and continue this process until 1E-1. The Fig.5
presents, considering all probabilities, MY value is 387 if
we exclude the events with the probability less than 1E-6,
MY value becomes 22 and continuously it goes down. we
can also present MY with considering only indicated prob-
ability. It is shown in Figs.7-8 for 3o and 15 gap crossings.
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Figure 4: MY values is shown for different measurements
use a sequence random number with n = 25 × 105 trial
electrons where 30 gap crossings are considered.
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Figure 5: the evaluation of MY values with excluding indi-
cate probability is shown, where 15 gap crossings are con-
sidered.

To better understand the role of these rare events, fig.6
shows the probability plot in which we consider only 15
gap crossings when we have convergent results. It is seen
in Fig.6 even by excluding those events with low probabil-
ity e.g, 1E-6, 1E-7, the total result, MY, will not change. So
when 30 gap crossings are considered, those events which
have low probability produce some big jumps in our re-
sults. In fact, obviously, it is necessary to take into account
all events to have a fair estimation of Multipacting yield.
Therefore we have to know more details about the reason
of existence of these rare events.

”Plausible” argument to explain the existence of the kind
of statistical noise is the definition of MP. In the other
words, MP is narrow phenomenon which can happen at a
special RF phase and special conditions. If one concen-
trate on the characteristic of these points, it can be found
that resonance conditions are located in these lucky points,
the points with large value of MY. Hence it is important to
recognize that observing such kind of big jumps is due to
intrinsic of MP property. Typically, it is expected that one
can get meaningful statistical convergent results with suffi-
cient trial electrons. But in our case, even by making addi-
tional run of trial electrons we couldn’t get the convergent
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Figure 6: MY values are shown by increasing the number
of trial electrons until n = 25 × 105 trial electrons where
30 gap crossings are considered.
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Figure 7: the evaluation of MY values with excluding indi-
cate probability is shown, where 30 gap crossings are con-
sidered.
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Figure 8: the evaluation of MY values with excluding indi-
cate probability is shown, where 15 gap crossings are con-
sidered.
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Figure 9: Y values where they are achieved by taking an av-
erage over different values of eight different measurements
with their error calculation.
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Figure 10: MY values where they are achieved by taken an
average over different values of twelve different measure-
ments with their error calculation.

result, Fig.7. Even with taking different measurements us-
ing the different sequence of random, we observe statistical
noise for each measurment, Fig.8.

Here the question is What would be MY in reality? Is it
the one with the heights priority? Or is it basically correct
to exclude the rare events from total results?

From the results of different measurements, we obtain
different MY values for each run of n trial electrons. If
we take an average over these different values of MY, for
each run of n trial electrons. As we can see, relatively, the
rare events decreases. Reducing rare events, effectively, is
arguably the most important point that is offered by this
method. To obtain an estimate for the error, we make a cal-
culation of standard deviation of each n trial electrons from
the average value which given through our method. The
solution that we offer is to take an average value of differ-
ent seeds for each group of trial electrons as shown in Fig.
26. We expect that we can reduce the error as small as we
wish by either increasing the number of trial electrons or
by increasing our measurements and thereby reducing the
standard deviation. Here we did both method mentioned
above, but errors become larger than previous results,Fig.
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18-27. This happens because of more observing rare events
in this case. Then for getting reliable results we should take
more different seeds depending on how much accurate we
need. This method is intuitive and gives us a reasonable
estimation of the MY.

CONCLUSION

Recently, several analytical models has been pre-
sented in order to suppress the Multipactor effect. To ver-
ify these models through simulation code, it is necessary to
know an estimation of the magnitude of strength of Mulipa-
cor within the system we are interested in . The main pur-
pose of this work, in contrast to most previous studies, is to
achieve a fair estimate of the strength of two sided Multi-
pactor within rectangular waveguide. In order to obtain re-
liable prediction, long history of particle motion in our sim-
ulation is proposed to achieve not only the strength of Mul-
tipacting yield, but also for getting more complete picture
of Multipactor process. This approach causes some prob-
lems in getting convergent results where the rare events are
observed and they make dramatic effect on other results.
The solution that we offer is averaging over different mea-
surements for each run of n trial electrons. In this way, as
the results confirm, the effect of rare events weakens.
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GRADIENT LIMITING DEFECTS IN 9-CELL CAVITIES EP PROCESSED 
AND RF TESTED AT JEFFERSON LAB* 
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Abstract 
    Several 9-cell cavities processed by electropolishing 
(EP) and RF tested at Jefferson Lab are found to be 
quench-limited. Pass-band mode excitation measurements 
provide the first clue of candidate cells responsible for the 
limit. A second RF test with thermometers attached to the 
equator region of candidate cells (typically only 2 
candidates) reveals a hot spot caused by excessive heating 
of the operational defect and hence determines its 
location. High resolution optical tools inspect the RF 
surface corresponding to the hot spot to image and 
document the defect. All defects in cavities quench 
limited < 21 MV/m are sub-mm sized irregularities near 
but outside of the equator EBW. In contrast, no 
observable irregularities are found in some other cavities 
that are quench-limited ~ 30 MV/m. These two types of 
quench limited cavities have different response to a 
second EP processing. In this paper, we will give a 
summary of the test results and attempt to catalog the 
observed defects. An equation for quench gradient is 
given.      

INTRODUCTION 
A major focus of today’s ILC cavity gradient R&D 

program is to improve the gradient yield. With the 
successful application of post-EP cleaning and advanced 
EP procedures as well as improved cavity assembly 
practices, field emission due to contaminants from 
processing chemistry and particulates from cavity 
handling is much reduced. As a result, for the gradient 
level up to 35 MV/m, 9-cell cavity limitation due to field 
emission is significantly reduced. Now, it is possible to 
observe and understand the impact of gradient limitation 
due to quench in 9-cell cavities.  

Increasing number of new 9-cell cavities processed and 
RF tested in the past several years allows plotting some 
preliminary gradient yield curves. Examples based on 9-
cell cavities processed and tested at JLab can be found in 
[1][2]. An outstanding feature of the yield curve is a 
significant (> 15%) yield drop at ~ 20 MV/m, due to 
quench limitation. Similar observation can be made from 
curves based on independent data set from DESY.       

Quench is not a new phenomenon at all. Many cases 
studied previously were found to be triggered by resistive 
heating of local normal-conducting defects (hence the 
breakdown threshold is proportional to H2). The 

documented defects responsible for H2-driven thermal 
breakdown at gradient levels of 5-10 MV/m include 
chemical stains and foreign particles etc. Local repair 
methods and tools were already developed for successful 
defect removal and gradient improvement. Raising the 
RRR value of the bulk niobium has the benefit of 
delaying the breakdown threshold by thermally stabilizing 
the operational defects [3]. 

There are also documented examples of quench-causing 
defects in which no foreign material is found [4]. 
Examples include pits, pin-holes or weld spatters. In these 
cases, there exists a model that quench is triggered by a 
phase transition from superconducting state to the normal 
conducting state as a result of the local surface magnetic 
field exceeding the critical field (hence the breakdown 
threshold is proportional to H). The exact nature of the 
critical field in case of RF (Hcrit,RF) is not yet fully 
clarified.  Nonetheless experimental results established a 
highest peak surface magnetic field of > 200 mT in a 1300 
MHz single-cell niobium cavity [5]. 

There are two possible scenarios as illustrated in Fig. 1 
to bring about the H-driven breakdown: 

1. Local magnetic field enhancement model. In this 
model the local surface magnetic field is 
enhanced due to grain boundary edges, 
protrusions or pits [6]. 

2. Local critical field depression model. In this 
model, the critical field within the penetration 
depth is locally depressed due to impurities, 
lattice imperfections etc.   

 

 
 

Figure 1: The local magnetic field enhancement model 
and the local critical field depression model for H-driven 
thermal breakdown.  

METHODES OF QUENCH STUDIES  
A 9-cell cavity first goes through the regular 

qualification processing and testing steps. For those 
cavities that are clearly quench limited, pass-band mode 
excitation measurements are performed. This provides the 
first clue of candidate cells responsible for the quench 
limit. A second RF test with thermometers [7][8] attached 
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to the equator region of candidate pair of cells (as it 
turned out typically only 2 essential candidate cells) 
reveals hot spots caused by excessive heating of the 
operational defect and hence determines their locations. 
Precursor heating provides additional information about 
the nature of the defect. High resolution optical tools [9] 
inspect the RF surface corresponding to the hot spot to 
image and document the defect. Some cavities are re-
processed and tested again for further understanding of 
the nature of responsible defects. 

QUENCH AT GRADIENTS < 20 MV/m 
AES1 & AES3 – Insensitivity to Repeated EP  

AES1 is the first 9-cell cavity EP processed and RF 
tested at JLab with a quench limit of 16-18 MV/m [10]. 
Four RF tests were performed, each after a light EP 
processing of 16-26 μm. Nevertheless, the quench limit 
remained unchanged by repeated processing. Pass-band 
measurements were carried out during the 1st, 2nd and 4th 
RF test. It was shown that the cells #3 & #7 (cell number 
counted from the input coupler port side) were 
consistently candidate limiting cells. Later on, cell #3 was 
singled out to be responsible during RF tests with 
thermometry at FNAL. Two hot spots were detected at a 
distance of 7-10 mm from the seam of the equator EBW 
[7]. Ultimately, AES1 cell #3 RF surface was inspected at 
KEK using the inspection tool developed by Kyoto 
University/KEK collaboration [11]. At the location 
corresponding to hot spots, three circular defects (bumps) 
(Fig. 2 shows two of them) were observed with a diameter 
in the range of 400-800 μm and an estimated height of 40-
100 μm. It should be noted that AES1 gradient was 
improved from 16 to 22 MV/m by a 20 μm EP processing 
at KEK. Nevertheless, the defects in cell #3 remained 
responsible for the gradient limit and there seemed little 
changes to their sizes/shapes [12]. This along with 
previous observation of insensitivity to repeated EP 
indicates the permanent nature of the responsible defects. 

AES3 was quench-limited at 18-21 MV/m despite 
repeated EP (three times at 23 μm step). Pass-band 
measurements pointed to cells #4 & #6. RF tests with 
thermometry determined the quench location to be near 
but outside the equator EBW of cell #4. AES3 was 
ultimately inspected at KEK. Within 10 mm distance from 
the quench location determined by thermometry, a circular 
defect (probably a bump) with an estimated diameter of 
600 μm was observed (Fig. 2).   

 
Figure 2: Defects observed near quench site of AES1(L) 
& AES3(R), limited at 16 & 21 MV/m, respectively. 
These circular defects have a diameter of ~ 600 μm and 
are outside the equator EBW (5-10 mm from weld seam).    

A15- Limited by Only one Sub-mm Size Defect  
A15 was quench-limited at 17-19 MV/m. Pass-band 

measurements indicated that cells #3 & #7 were candidate 
limiting cells and all other cells reached already a peak 
surface magnetic field of 120-150 mT (equivalent to 28-36 
MV/m). A second test with two sets of thermometry 
boards attached to equator regions of cells #3 & #7 
determined the quench location to be only one spot near 
the equator weld of cell #3 (Fig. 3a). Precursor heating at 
sensor location (23,7) indicated a drastically increased 
(still quadratic) heating starting at Bpk 55 mT, followed by 
a departure from quadratic heating at 71 mT (Fig. 3b). It 
was also noticed that during quench the hottest spot was 
at sensor location (23,8). Optical inspection with our 
long-distance-microscope revealed an outstanding circular 
defect on the RF surface of cell #3 within a distance of 
20mm from the quench location predicted by the T-
mapping test. The defect has a diameter of 350 μm and is 
roughly 8 mm from the EBW seam. There is evidence to 
show that the defect is a pit with an estimated depth of 
about 170 μm. Fig. 3c gives the image of the defect. 

 
Figure 3: (a) Hot spot in A15 cell #3 just below quench 
field; (b) Quadratic heating is significantly accelerated at 
55 mT followed by a departure from quadratic heating at 
71 mT at sensor location (23,7); (c) Defect (indicated by 
arrow) observed on RF surface within 20 mm distance 
from the quench site predicted by T-mapping.   

AES5 – Again Limited by Only One Defect Limits   
AES5 was quench-limited at 20-21 MV/m. Pass-band 

measurements indicated cells #3 & #7 were candidate 
limiting cells and all other cells reached already a peak 
surface magnetic field of 136-187 mT (equivalent to 32-44 
MV/m). T-mapping test with thermal sensors attached to 
equator regions of cells #3 & #7 determined the quench 
location to be only one spot near the equator weld of cell 
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#3 (Fig. 4a). Sudden temperature rise occurs at Bpk 77 mT 
followed by non-quadratic heating at sensor location 
(18,9) (Fig. 3b). For comparison, quadratic heating at 
sensor location (18,2) in cell #7 is clearly shown also in 
Fig. 3b.  Optical inspection revealed an outstanding 
circular defect on the RF surface of cell #3 within a 
distance of 10 mm from the quench location predicted by 
T-mapping. The defect has a diameter of 700 μm and is 
roughly 8 mm from the EBW seam. The profile of the 
defect is unclear. Fig. 3c gives the image of the defect. 

 

 
Figure 4: (a) Hot spot in AES5 cell #3 during quench; (b) 
Sudden temperature rise at Bpk 77 mT followed by non-
quadratic heating at sensor location (18,9). Quadratic 
heating at sensor location (18,2) in cell #7 is evident; (c) 
Defect (indicated by arrow) observed on RF surface 
within 10 mm from quench site predicted by T-mapping. 
Full width of the weld is shown in lower portion.  

AES6 – Yet Again Limited by Only One Defect   
AES6 was quench-limited at 14-15 MV/m. Pass-band 

measurements indicated cell #5 was the limiting cell and 
all other cells reached already a peak surface magnetic 
field of 136-187 mT (equivalent to 32-44 MV/m). T-
mapping determined the quench location to be only one 
spot near the equator weld of cell #5 (Fig. 5a). Initial 
quadratic heating at sensor location (6,4) was accelerated 
by a factor of 1.6 at a turning field of 47 mT (Fig. 5b). 

Optical inspection revealed outstanding twin defects on 
the RF surface of cell #5 within a distance of 10mm from 
the quench location predicted by T-mapping. The defect 
has a diameter of 300 μm and 500 μm respectively (Fig. 
5c) and is roughly 8 mm from the EBW seam. The profile 
of the defect is unclear. 
 

 
Figure 5: (a) Hot spot in AES6 cell #5 just below quench; 
(b) Initial quadratic heating at sensor location (6,4) is 
accelerated at 47 mT Bpk; (c) Twin defects observed on 
RF surface with 10 mm distance from the quench location 
predicted by T-mapping.   

QUENCH AT GRADIENTS > 30 MV/m 

A12  
A12 initially reached a maximum gradient of 37 MV/m 

following the first light EP. During the subsequent 
handling in preparation for shipping to FNAL, oxide rings 
were resulted at the high electric field regions of the end 
cell due to the HPR machine malfunctioning. Oxide rings 
were successfully removed by immersing the affected 
area in HF acid. But the cavity performance was only 
partially recovered and was quench-limited at 32 MV/m 
(Fig. 6).  

 
Figure 6: A12 performance and processing history. 

 
Pass-band measurements indicated that cells #3 & #7 

are the candidate limiting cells. T-mapping test identified 
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hot spots below quench field in cell #7 at the sensor 
location (4,5) and (11,4). The latter, whose location is near 
the equator EBW, has the highest temperature rise during 
quench. However, no unusual feature was observed on the 
RF surface at the location predicted by T-mapping. An 
extended view of the inspected region is shown in Fig. 7. 
Finally, A12 was re-processed by 25 μm EP. This 
recovered and improved the cavity performance to a 
maximum gradient of 40 MV/m (Fig. 6). This suggests 
the impermanent nature of the previous limiting defect 
(probably caused by the HF vapor which is unavoidable 
during the partial HR immersion for oxide ring removal). 

 
Figure 7: Image of the RF surface at equator region of 
A12 near quench site. No unusual feature is observable 
despite the appearance of a quench-correlated hot spot by 
T-mapping. The quench field was raised from 32 MV/m 
to 40 MV/m by a light EP processing of 25 μm.  

LG1  
LG1 is a large-grain 9-cell Nb cavity built by JLab. It 

was previously tested to a quench limit of 21 MV/m 
following BCP surface treatment. A light EP of 35 μm 
was then applied. This raised the quench gradient to 30 
MV/m. Pass-band measurements indicated the center cell 
to be the strongest candidate limiting cell (most remaining 
cells already reaching a peak surface magnetic field of 
140-150 mT). T-mapping of cells #5 & #8 identified the 
cell #5 quench site to be at the sensor location of (31,8). A 
departure from quadratic heating at 110 mT is apparent at 
the quench location (Fig. 8). For comparison, outside the 
quench site, at the sensor location of (31,2) in cell #8, a 
clear quadratic heating is evident throughout the field 
range, despite a much higher absolute temperature rise.   

It turns out the quench site coincides with a weld repair 
performed during fabrication (the last equator EBW). Fig. 
9 gives the image of the RF surface at the quench location 
predicted by T-mapping. It should be noted that similar 
weld repair was necessary for the equator weld of cell #1. 
This cell, nonetheless, reached a peak surface magnetic 
field of 150 mT, inferred from pass-band measurements. 
There is a possibility that the weld repair in cell #1 was 
mechanically polished; whereas weld repair in cell #5 was 
left untouched due to lack of access [13]. A reasonable 
magnetic field enhancement factor of 1.8 is required to 
bring about an H-driven thermal breakdown, according 
the local magnetic field enhancement model.   

 
Figure 8: Heating at quench site of LG1 (center cell) 
departs from quadratic dependence at 110 mT Bpk. 
Outside the quench site, quadratic heating is evident. 

 

 
Figure 9: LG1 center cell equator EBW weld repair 
(boxed region). The quench limit of 30 MV/m is 
originated from this region, likely brought about by a 
local magnetic field enhancement effect. 

DISCUSSION  
As pointed out in [14], the maximum gradient is 

reduced from the ultimate gradient Hcrit,RF/(Hpk/Eacc), 
which is solely determined by the intrinsic material 
property and cavity geometry, by two effects, namely the 
local magnetic field enhancement and local critical field 
depression (H-driven breakdown). As suggested by the 
precursor heating data shown previously, breakdown does 
not occur spontaneously at the onset field of local phase 
transition from superconducting to normal-conducting 
state, because of thermal stabilization. Taking into account 
the local magnetic field enhancement effect, local critical 
field depression effect and thermal stabilization effect, the 
quench gradient is expressed in the following equation, 

                    
)/(

,max

accpkMAG

RFcrit
acc EH

Hr
dE

β
⋅

⋅=          (1)            

Here Hcrit,RF is the intrinsic RF critical field of 
superconducting material, r is a dimensionless factor 
representing the reduction of the local critical field within 
the penetration depth, due to impurity or lattice 
imperfection (r≤1). βMAG is a dimensionless factor 
representing the magnetic field enhancement effect due to 
local geometry (βMAG ≥1). Hpk/Eacc is the peak surface 
magnetic field to accelerating gradient ratio, determined 
by cavity shape. d is a dimensionless factor representing 
the thermal stabilization effect. An improved local 
thermal conductivity of bulk material in superconducting 
state increases d and the breakdown field is delayed 
beyond the onset of local phase transition on the RF 
surface from superconducting to normal conducting. 
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    It is well known that EP smoothes surfaces by 
preferentially attacking sharp features. As a result, severe 
protrusions or sharp grain boundaries are unlikely. We 
estimated a βMAG of 1.8 from the LG1 data. This value is 
not far away from the calculated value of 1.5 for a semi-
sphere [6], so it seems to be reasonable to use it as a 
reference enhancement factor on electropolished surfaces. 
Using the A15, AES5 and AES6 data, we estimated a 
βMAG value of 3.6, 2.6 and 4.3, respectively. Compared to 
the value of 1.8 from LG1, these values are too high 
(despite the fact that it is feasible based on calculations in 
[6]). It seems necessary to invoke also the local critical 
field depression effect. As a reference, we estimated a 
depression factor r of 0.7 from the A12 data (in which 
case, local magnetic field enhancement effect is ruled out 
for lacking of features at quench site).             

SUMMARY  
Five cavities (AES1, AES3, A15, AES5 and AES6) EP 

processed at JLab are quench-limited below 21 MV/m. 
Major facts are summarized here: 

• Outstanding defects, more or less of circular 
shape with a diameter of 0.3-1 mm, are observed 
within 10-20 mm distance from the quench 
location predicted by thermometry. 

• There is evidence to show that a defect is a pit 
(A15) or bump (AES1 & AES3) with a 
depth/height of < 100 µm. Profiles of defects in 
AES5 & AES6 are not known.  

• Defects are near but outside the complete melted 
region of the equator EBW. They are not 
correlated to the overlap of the equator weld. 
They are 5-10mm distance from the equator weld 
seam, coinciding with the heat affected zone. 

• Repeated EP has little/finite effect on the quench 
limit (AES1, AES3 and AES6).   

• Only one defect in one cell limits the entire 
cavity in A15, AES5 and AES6. Other cells 
already reached a high Eacc of 28-44 MV/m.   

We also studied cavities quench limited at > 30 MV/m. 
One cavity (A12) has no apparent defect at quench site 
and a light EP cures the limit. One cavity (LG1) is 
correlated to the center-cell equator weld repair. 

We analyzed quench field data based on the H-driven 
thermal breakdown mechanism. An equation for limiting 
gradient is proposed to reflect three major effects: (1) 
local magnetic field enhancement; (2) local critical field 
depression; (3) thermal stabilization. It is suggested that 
the local magnetic field enhancement effect alone is not 
sufficient to explain some quench limits < 20 MV/m and 
it is necessary to invoke the local critical field depression 
effect. An improvement in thermal conductivity of bulk 
material at 2-9K (hence phonon peak effect matters) near 
quench site would delay the quench field.     

Presently it is still premature to draw definitive 
conclusions with regard to the origin of the observed 
defects responsible for quench limit < 20 MV/m. It is 
unclear whether there is any reason why cell #3 is more 

favorably involved. Microscopic and analytical studies are 
necessary, even at the cost of sacrificing 9-cell cavities 
(the chance of having a same defect in 1-cell cavity is 
much reduced owing to the statistical nature of defect 
generation). Nevertheless, in recognition of the fact that 
many cavities are only limited by one sub-mm defect in 
only one cell with the other cells already reaching very 
high gradients, a local repair method for defect removal, 
such as the local electron–beam re-melting method 
explored at JLab [15], would be an efficient way for 
performance improvement of these expensive cavities.  
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MEDIUM FIELD Q-SLOPE STUDIES IN QUARTER WAVE CAVITIES 

A. Grassellino, K. Fong, R.E. Laxdal, B. Waraich, V. Zvyagintsev (TRIUMF, Vancouver)

Abstract 
The quality factor of superconducting radio-frequency 

niobium cavities decreases with the applied RF field in 
the medium field range. The medium field Q-slope effect 
has been investigated by many authors but models, most 
commonly including thermal feedback, do not fully 
explain experimental evidence. In this contribution we 
analyze medium field Q-slope data measured on ISAC-II 
low beta quarter wave cavities. The investigation takes 
the direction of testing the thermal dependence of the 
medium field Q-slope. Two surface heaters are added on 
the LHe side of the cavity in the high magnetic field 
region and Q-curves are acquired at different heater 
power levels. The data is then compared with a model 
that, in addition to thermal feedback of the surface 
temperature, takes into account the reduction of the 
critical temperature with the applied magnetic field. We 
then draw conclusions concerning the thermal feedback 
mechanism and on the relationship between the critical 
temperature field dependence and the Q-slope. 

INTRODUCTION 
A typical plot of a cavity quality factor as a function of 
the peak magnetic field Bp shows a degradation in the 
range 20 – 100 mT known as  ‘Medium field Q-slope’. 
Understanding the origin of this phenomenon is 
important, in particular to future CW applications where 
cryogenic costs dictate the permissible cavity power and 
the Q-value determines the gradient.  Previous studies on 
medium field Q-slope have been conducted by many 
authors, and models include hysteresis losses due to 
‘‘strong-links’’ formed on the niobium surface during 
oxidation [1], energy gap decreasing due to superfluid 
motion [2], and mainly “global thermal instability”[3], 
[4], [5]. Here the heat created at the interior surface of the 
cavity, if not efficiently conducted to the low temperature 
bath, can increase the temperature of the rf surface. The 
surface resistance, which depends exponentially on the 
temperature, will rise increasing the power deposition 
leading to a further increase of the surface temperature. 
This effect strongly depends on the properties of the 
niobium and of the interface to the He bath, usually 
modelled through the RF surface resistance Rs, thermal 
conductivity k and kapitza conductance Hk. Medium field 
Q slope can be, in this thermal instability case, 
represented by a dimensionless parameter � introduced by 
Halbritter [3], defined via an expansion of the surface 
resistance Rs in even powers of the peak surface magnetic 
field B: 
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Here Bc is the thermodynamic critical field of niobium 
and Rso is the surface resistance at small magnetic fields. 
However, for our (and many other real) cavities a power 
series of Rs also contains odd powers of B, as we will 
discuss later. While medium field Q-slope studies have 
mainly been conducted for cavities operating at bath 
temperatures below 2.18K, in this paper we explore the 
effect for 141 MHz quarter wave cavities, at 4.2K. First 
we present ISAC-II quarter wave characterization curves. 
Then, experimentally we add two small resistive heaters 
on the cavity surface in contact with the 4.2K bath, in 
different peak magnetic field regions. This experiment 
aims to correlate an enhanced thermal feedback to the 
resulting Q slope, to test the thermodynamic limiting 
magnetic field and to study the effect of the Nb-He 
interface in the nucleate pool boiling regime. The 
experiment is done at 4.2K and 2K, and on different 
cavities. A model based on combination of thermal 
feedback and reduction of critical temperature with the 
RF field is then introduced. The temperature increase of 
the RF surface due to the heater power is directly 
measured using a test niobium chamber. The 
experimental results are then compared to the previously 
presented numerical model. 

CHARACTERIZATION CURVES FITTING 
WITH HALBRITTER MODEL 

From equation (1) we obtain the following expression for 
the decrease of the quality factor in terms of medium 
field Q slope: 
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Fig. 1 shows characterization an example of Q-curves for 
three different 141 MHz TRIUMF BCP treated quarter 
wave cavities and the relative best fitting curves based on 
(2). A linear fit of the Q curves is also shown, which 
hints to the presence of a odd power term of Rs(B) in 
addition to a quadratic. These results are consistent 
among the other ISAC-II quarter wave cavities. 
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Figure 1: TRIUMF quarter wave cavities characterization 
curves and relative fit using Halbritter quadratic model 
and linear fit.  
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HEATERS TEST 
To investigate the thermal dependence of the medium 
field Q-slope, we place two resistive heaters on the cavity 
surface in contact with the He bath. The heaters are 
placed in different peak magnetic field regions, one on the 
top of the inner conductor (maximum peak field) and one 
20 cm down.  They are both Polymide resistive heaters, of 
values 75� and radii 20mm. The Nb wall thickness is 2 
mm in each case. Initial checks are done by powering the 
resistors and monitoring He flow through a gas meter. 
These calibration curves are used to estimate the 
percentage of power going to the bath versus the one 
going actually into the Nb since the time constants are 
different. A low field (Hp=20mT) is established in the 
cavity and the heater power is increased. Several 
characterization curves at different heater power levels 
are then taken.  
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Figure 3: Example of Q curves at different heater power 
levels. The heater is placed on the top of the inner 
conductor surface of ISAC-II cavity 5, in contact with the 
He bath. Cavity wall is 2 mm thick.  

The results shown in figure 3 are for a heater placed on 
the top part of the inner conductor; as expected, an 
increase in the heater power reduces the quench field 
points; however only as the heater value increases to 25 
W the Q-slope is slightly increased. For the heater placed 
in lower magnetic field region (about half of the peak 
value) the quench points still decrease with the power, 
however all the curves overlap, so no significant change 
in Q-slope is found. The same result occurs for both top 
and bottom heater cases if the test is run at 2K.  
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Figure 4: Q curves at 4.2 and 2K for ISAC-II cavity 15. Q 
curves at increasing heater power levels show early 
quenches but slope stays unchanged. 
 
 

It is interesting though to compare the two Q-curves at 2K 
and 4.2K. As shown in figure 4, the two curves overlap at 
low field, meaning that the Q is dominated by a high 
residual resistance. However, the curves start separating 
at high field. This shows that the component of the 
surface resistance which carries the field dependence is 
the one that carries also the temperature dependence, 
likely the BCS component. 
It is interesting then to plot and investigate the quench 
points due to different heater power levels. Quench points 
for top and bottom heater, at 4.2K and 2K are plot in the 
following graphs.  
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Figure 5a: Quench points at different power levels at 
4.2K for heaters placed in different peak magnetic field 
regions of the inner conductor. 
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Figure 5b: Quench points at different power levels at 
4.2K and 2K for heater placed on top part of the inner 
conductor. 

THERMAL MODEL AND NUMERICAL 
SOLUTION 

The idea behind our test is to enhance thermal feedback 
and correlate it to an eventually enhanced slope. Let’s 
then approach the problem from the thermal point of 
view, and try to prove the theory right or wrong. 
Considering the cavity wall as an infinite flat slab of Nb 
of thickness d, the heat transmission problem becomes 
one-dimensional. The heat equation is: 

dz

dT
TAP )(/ κ−=    (3) 

where at the Rf surface: 
2)(

2

1
/ HTRsAP =    (4) 

and at the Nb-He interface Td=Tbath+�T, where �T involves 
the interface Kapitza conductance Hk. Expressions for Hk 
can be found in [6]. As we will discuss later, we also 
build a niobium test chamber to try to measure the 
temperature drop at the interface He-metal at 4.2K. The 
niobium slab can be divided into a series of small layers 
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producing a set of finite-difference equations.  An 
important step is the choice of the surface resistance to 
use in equation (4).  

Surface Resistance and Critical Temperature 
 

A review of models of the RF surface resistance in high 
gradient Nb cavities can be found in [7]. There are several 
field dependent contributions to Rs, but for now we will 
simply consider the main components: 

)()( TRRoTRs BCS+=       (5) 

where Ro is the residual resistance due to impurities. RBCS 
is due to the motion of normal electrons near the RF 
surface and can be calculated from the BCS theory of 
superconductivity, but has a rather complicated form.  We 
will use a Pippard approximation: 
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Now, another key step is including or not the field 
dependence of the critical temperature Tc: 

( )Hc
HHTc −= 12.9)(   (8) 

which takes into account, from the thermodynamic model, 
that the critical temperature is lowered in the presence of 
a RF field. Substituting (8) in (7) leads to a field 
dependence of the BCS resistance from the applied RF 
field. 

Geometry of the Problem 
 

We treat our problem considering a niobium disk of 
height equal to the thickness of the wall and radius given 
by that of the heater, as shown in Fig. 5. We assume that 
the edge of the disk is fixed at the bath temperature. The 
heat flows radially outward through the lateral surface of 
the disk, and the problem become one-dimensional, a fair 
approximation since the radius of the heater is 10 times 
larger than the thickness of the wall. 

 

 
Figure 6: Schematic of the model. Heat coming from the 
Rf power and from the heater power flows across the 
lateral surface of the niobium disk. The edge of the disk 
is assumed at 4.2K. 

 We then divide the heater-sized disk into n disks and 
solve for the equilibrium temperature T(r). The heat flow 
transport is brought into a finite difference equation, with 

two sources of heat: the heater power entering the metal, 
which is uniformly distributed across the disk and RF 
power, which is not uniform since disks with smaller radii 
will be at a higher temperature, therefore higher Rs. The 
temperature at every disk is then computed as: 
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where d is the thickness of the wall, Δr is the radial extent 
of a ring, k is the thermal conductivity of Nb, α is the 
fraction of heater power entering the Nb and a is the 
radius of the heater.  

NIOBIUM TEST CHAMBER 
In order to check our thermal model and also to get input 
parameters for the model (like heater power fraction 
going to Nb, temperature drop at the interface metal-
Helium, etc…) we build a little Nb test chamber. The 
chamber hosts two Nb plates, each of thickness 2 mm 
BCP RRR=300 Niobium. The chamber inner surface is in 
He bath, and the outer in vacuum. On one side we place a 
heater in contact with the He bath and temperature 
sensors on the vacuum side and viceversa on the other 
side. This way we can achieve a direct measurement of 
the temperature increase of the surface due to the heater, 
and make a direct comparison with the values predicted 
by our model. The other side (heater in vacuum and T 
sensor in He bath) helps us investigating RF heating, and 
get measurements of the temperature drop at the interface 
He-metal. Experimentally this is a difficult measurement, 
as Hk is large at 4.2K and therefore ΔT is very small and 
difficult to measure accurately. A picture of the chamber 
and some results from the test are shown below. 
 

 
Figure 7: Niobium test chamber. The temperature sensors 
shown are for direct measurement of temperature increase 
due to the heater placed on the other side of the 2 mm 
thick Nb plate. 
 
 

T=4.2
K T=T(r) 

Prf 

Pheater 

Proceedings of SRF2009, Berlin, Germany TUPPO062

05 Cavity performance limiting mechanisms

377



Figure 8: Measurement of T increase across 2mm thick 
Nb plate at different heater power levels. 
 

EXPLAINING THE DATA 
The quench condition corresponds to the field where the 
central temperature of the disk reaches Tc. Fig. 9 shows a 
plot of the heater power versus the quench field, 
comparing the experimental data with that of the model. 
The percentage of heater power entering the metal is used 
as a fitting parameter and it turns in close agreement with 
the transient analysis using the helium boil-off in the 
initial calibration and the Niobium chamber test. Several 
curves are shown. A result considering only RF thermal 
feedback, which means not taking into account (8), does 
not agree. Two other curves give reasonable agreement, 
one considering only the thermodynamic reduction of Tc 
with the applied field - which means simply looking at 
when T(r=0) reaches the reduced critical temperature (8) 
- and another the thermodynamic model plus thermal 
feedback – which is looking for the quench computed 
taking into account thermal feedback with Rbcs=f(H) 
through (8). The difference between those last two is 
small. The results seem to indicate a situation where the 
surface temperature does not increase unstably but rather 
exceeds the local critical temperature reduced by the RF 
field. Consequently, medium field Q slope might be 
dictated, more than by a RF driven thermal feedback, by 
the reduction of the critical temperature at increasing RF 
fields. And the small difference between thermodynamic 
model and thermodynamic plus thermal feedback is in 
agreement with the results of medium field Q-slopes not 
being enhanced at increasing heater power. These results 
are consistent for the bottom heater and 2K tests. 

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8 9 10

Pheater

Equench

experimental quench points

thermodynamic plus thermal
feedback
thermodynamic model only

thermal feedback only

 

Figure 9: Comparison of experimental quench point at 
different heater power and the ones predicted by the 
model. 
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Figure 10: Good fit of the quench points is achieved for 
the top and bottom heater case taking into account the 
reduction of the critical temperature due to the presence 
of RF field. 

CONCLUSIONS 
The medium field Q-slope has been investigated for 
ISAC-II 141MHz quarter wave cavities. Characterization 
curves show both a linear and quadratic dependence on 
the peak magnetic field in the medium field range. 
Results of a heater test and comparison with a simplified 
heat transfer model seem to suggest a strong correlation 
between medium field Q slope and reduction of Nb 
critical Tc with the applied RF field. Comparison of Q 
curves at 2K and 4.2K shows that the temperature 
dependent component of the surface resistance is the one 
that carries the field dependence. From these conclusions, 
we are working on formulating a model for field 
dependent BCS resistance and compare it with Q curves 
of several cavities, operating at different frequencies and 
temperatures. 
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COMPARISON OF BUFFERED CHEMICAL POLISHED AND 
ELECTROPOLISHED 3.9 GHz CAVITIES* 

H. Edwards#, C.A. Cooper, M. Ge, I.V. Gonin, E.R. Harms, T. N. Khabiboulline, N. Solyak
Fermilab, Batavia IL, USA

Abstract 
Five 3.9 GHz 9 cell cavities have been measured for the 

DESY FLASH module. These cavities were BCP 
processed and reached gradients of typically about 25 
MV/m with Q drop starting at about 20 MV/m. Recently a 
few one cell cavities have been processed with EP and at 
least one has tested to a gradient of 30 MV/m with Q drop 
starting at about 25 MV/m. We will compare the results 
and give an update to the thermal analysis in relation to 
global thermal breakdown at 3.9 GHz. 

INTRODUCTION 
The FNAL 3.9GHz cavity program for a module to be 

installed at DESY in FLASH is reported at this and prior 
conferences [1,2]. A number of 9cell 3.9GHz cavities 
have now been measured in vertical dewar tests and data 
can be compared. These cavities were prepared by the 
BCP process. More recently single cell cavities reported 
here have been used in the development at Fermilab of a 
small EP system that is presently being used at a local 
vendor. [3]. Vertical tests of one of these cavities is 
presented.  

The test results from the two processing methods can 
be compared. In addition results can be compared with 
global thermal models and with what might be expected 
for medium field Q slope and high field Q drop. The 
question arises as to whether the measured data is or is 
not consistent with global thermal predictions or with 
medium field Q slope and high field Q drop.  

CAVITY PARAMETERS 
The 3.9GHz 9 cell cavities were designed and built for 

use in the DESY FLASH-FEL. A module of four 9 cell 
cavities has been shipped to DESY and will be installed at 
the end of the FLASH injector this winter. They will be 
used for bunch energy linearization in conjunction with 
bunch compression in order to control bunch pulse length 
and intensity uniformity. These cavities have input 
coupler ports and high order mode (HOM) couplers 
similar in design to those of TESLA. 

The one cell cavities do not have coupler ports or 
HOMs. Because they are “end cell” design they have 
slightly different cavity parameters with a high ratio of 
surface magnetic field to accelerating gradient.  

The cavity parameters of the two types are given in 
Table 1. 

Table 1: 9 Cell and 1 Cell  3.9GHz Cavity Parameters 
Parameter 3.9 GHz 9 cell 3.9 GHz 1 cell 
Ep/Eacc 2.26 1.99 
Bp/Eacc(mT/MV/m) 4.86 5.86 
G1 (ohm) (=Rs*Q) 275 317 
Active length (m) 0.346 0.0384 
R/Q (ohm) 750 50.5 
Input coupler port & 
HOMs 

yes no 

Wall thickness (mm) 2.6 2.6 

PREPARATION PROCEEDURE 
The 9 Cell Cavities 

The general cavity preparation steps after fabrication up 
through vertical testing were: 

• A light (20micron) outside BCP etch followed by 
ultra sound-UPW rinse.

•  A heavy (100 micron) inside BPC etch followed by 
UPW rinse.

• A 800C vacuum bake held for two hours.
• A light (20 micron) inside BCP etch followed by 

ultra sound-ultra pure water (UPW) rinse and high 
pressure rinsed (HPR) for ~ 4 hours.

• The cavity was then dried by slow vacuum pumping.
• And mounted on the vertical test stand.
If additional vertical tests were necessary the cavity 

was usually just re-rinsed and HPRed again. Further BCP 
was usually not done as there was worry over the 
thickness of the HOM cans. 

The One Cell Cavity 
The cavity preparation steps were: 
• No outside etch, a UPW rinse. 
• A heavy (125 micron) inside EP process, initial rinse 

in de-ionized (DI) water, followed by a ultra sound-
UPW rinse. 

• A 800C vacuum bake held for two hours.
• A light (20 micron) inside EP process, initial DI 

water rinse, followed by a ultra sound-UPW rinse 
and HPR for ~ 4 hours.

• The cavity was then dried by slow vacuum pumping.
• And mounted on the vertical test stand.
As before, for the cavity reported here (1c#2), 

preparation for further vertical tests was just re-rinsing 
and HPR. After the 2nd test the cavity was baked at 120C 
for 48 hours. 

No special treatment was carried out to ameliorate 
sulphur contamination. 

__________________ 
*Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy. 
#hedwards@fnal.gov 
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CAVITY RESULTS 
9 Cell Cavity Vertical Test Results 

The 9 cell vertical dewar tests are shown in Figures 1 
and 2. 

Figure 1: 3.9 GHz 9 cell cavity #3 vertical dewar tests 
showing reproducibility of results. 

Figure 2: 3.9 GHz 9cell vertical dewar tests at 1.8 and 2K. 
Data from cavities #3,#5, #7, #8. 

The tests that are displayed are for measurements taken 
without HOM pickup antennae installed. Figure 1 shows 
the reproducibility of a number of tests on cavity 3, 
Figure 2 shows the reproducibility between different 
cavities at 1.8 K and 2.0 K. The Q is very flat up to about 
90mT (18.5 MV/m). There is not a big difference between 
end points at 1.8 K and 2.0 K.   

1 Cell Cavity Vertical Test Results 
The 1 cell vertical dewar tests are shown in Figures 3 

and 4.  
The tests shown are of only one cavity. A second cavity 

(#1) has been tested but its residual resistance is very high 
It was used of the first attempt at EP and the temperature 
got very high during processing. It will not be discussed 
here.  

The test reproducibility at 1.8 K is good and the field 
extends much higher than for the 9 cell cavities. A low 

Figure 3: 3.9GHz one cell cavity tests at 1.8K. 

Figure 4: 3.9GHz one cell cavity tests at 1.6, 1.8, 2.0 K. 

temperature bake was preformed between tests 2 and 3.
The data as a function of temperature shows a very 
similar field end point for all three temperatures. The lack 
of significant Q improvement at 1.6 K is probably due to 
residual resistance. 

CALCULATIONAL MODEL 
The Model 

Thermal models have been developed over the years. 
Some of these models go far beyond what is done here 
and incorporate local hot spots and defects [4,5]. 
Discussions of “medium field Q slope” following basic 
thermal models are given in [6,7,8]. The goal here is to 
have a simple calculation of heating from basic “global” 
thermal properties and rf surface resistance to try to 
compare with the measured Q vs BPeak data. The steps of 
the calculation proceed from the helium bath to the inner 
Nb rf surface in a simple static one dimensional model as 
a function of heat flux transported in a range up to 0.1 
W/cm2. The parameters of particular interest are the 
Kapitza conductance at the helium-niobium interface, 
hKap, the thermal conductivity of the niobium, k, and the rf 
surface resistance Rs=RBCS(T)+Rres. All are functions of 
temperature. The two conductance numbers are properties 
of the specific niobium material and processing 
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preparation and are not well known. The basic steps in the 
calculation are: 

• Starting from the helium bath temperature and heat 
flux (power/cm2) find the temperature of the outside 
cavity wall using a particular hKap model. 

• Using a model for k, find the temperature at the rf 
surface and the surface resistance Rs. 

• Form this one can compute Q and  
• From the power and the Rs one obtains B for that 

power level. 

Kapitza Conductance 
Measurements of the Kapitza conductance are limited. 

A simple scaling of h with T3 given by  

hKap

W
cm2 K

= 0.05T 3
Bath

is a typical assumption [2] but we believe it does not fit 
our data well. 

Instead we use two measurement references here, 
Mittag [9] and Amrit et al [10]. Mittag gives two sample 
measurements, Amrit gives four. We select the Mittag 
measurement of annealed and etched reactor grade Nb 
(Nb2), and the Amrit measurements #1 and #3 for etched 
RRR 178 (#1), and then annealed to RRR 647 and etched 
(#3).   

The measured data has been characterized in the form  

hKap

W
cm2 K

= A Tbath K( )
B

f

Mittag uses a correction form factor, f given by  

f
T

Tbath

= 1+ 3
2

T
Tbath

+
T

Tbath

2

+
1
4

T
Tbath

3

where T is the temperature difference between the bath 
and the cavity outer surface. The three sets of  
measurement parameters are given in Table 2. 

Table 2: Kapitza Conductance Parameters Used Here 
 identify A B 

Mittag anneal Nb2 Mittag ann 0.020 4.65 
Amrit etch #1 Amrit#1 0.0935 3.55 
Amrit anneal, etch #3 Amrit#3 0.062 3.95 

These three values of hKap are plotted in Figure 5 as a 
function of bath temperature. The predicted Nb outer 
surface temperature as a function of heat flux is shown in 
Figure 6. The form factor “f” produces a nonlinear slope 
of the curves (e.g. Mit_ann at 1.6K) and had a significant 
effect on the T drop. For the higher conductivities it is 
less significant as can be seen by comparing the 2nd and 
3rd curves at each temperature. (For the 1.6 K case this is 
about a 0.5 degree correction to a 2.5 K T drop at 0.1 
W/cm2.) In the Q vs B calculations presented below this 
term has not been included but probably should be in 
further work. 

Figure 5: Kapitza conductance based on references [9,10 ]. 

Figure 6: The outer surface temperature of the niobium as 
a function of helium temperature and Kapitza 
conductance model. From top to bottom for each 
temperature are: “Mittag_ann*f term”, “Amrit#3”, 
“Amrit#3*f term”, “Amr#1”. 

Thermal Conductivity 
Considerable effort has gone into measuring thermal 

conductivity of niobium material used in cavities [11]. 
The thermal conductivity assumed for these calculations 
is for two values of k, 0.3 and 0.5 W/cm-K. Constant 
temperature dependence has been assumed for the range 
of temperatures predicted by the calculation. The constant 
k approximation would be consistent with some phonon 
peak as might be expected with cavities baked at 800C. 
These rather high values were chosen for annealed 
cavities and to make the model most consistent with the 
observed measurements. 

Surface Resistance 
The rf surface resistance is represented approximately 

by

Rs[nohm] = A
1
T

exp (B / T )( ) + Rres

where A= 1.35*105 and B=17.67 are the coefficients in 
reference PKH [12] equation 4.43. A possibly better fit to 
our 9 cell data over a wide temperature range would have  
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Figure 7: 9 cell cavity measured surface resistance as a 
function of Tc/T. BCS PKH 4.43 is from reference [12].  

A=1.96*105 and B=18.3.  The 9 cell data and fits are 
shown in Figure 7. 

Numerical Results 
Q vs Bpeak at different bath temperatures have been 

calculated for the parameters of the 1 cell cavity (G1, Rs). 
The curves would only be slightly different with 9cell 
parameters. For two different residual resistance values, 7 
and 30 nOhm, three curves are calculated. The one with 
the highest Bpeak uses h=Amrit#1 and k=0.5 W/cm-K. 
The lower two curves use k=0.3 W/cm-K, the middle for 
Amrit#3 and the lowest for Mittag_ann. 

Figure 8: 1.6 K Helium bath calculation. The two curve 
families are for Rr=7 ohm (upper) and Rr=30 ohm 
(lower). In each family the Kapitza (h [W/cm2-K}) and 
thermal (k [W/cm-K]) conductance is varied. From 
highest to lowest curve: h=Amrit#1, k=0.5;h=Amrit#3, k 
0.3; h=Mittag ann, k=0.3. See text for h and k 
discussions. 

COMPARISON OF DATA AND MODEL 
Discussion of the Data 

There is risk in trying to compare the 9 cell and one cell 
cavities and draw too strong conclusions. The cavities are 
different in shape and have different end configurations. 
Only results from one 1 cell cavity are reported here. The 

Figure 9: 1.8 K Helium bath calculation. See Figure 8 
for curve parameters. 

Figure 10: 2.0 K Helium bath calculation. . See Figure 8 
for curve parameters. 

correct calibration constants are a constant worry. Even so 
we report the apparent differences. 

The 1 cell EP processed cavity shows dramatic 
improvement in Bpeak over the 9 cell BCP cavities. The 
gain is of order 40 mT.  

Both 1 cell and 9cell data show flat or almost flat 
“midfield slope” followed by a knee or break in the slope 
where apparent “high field Q drop” seems to take over. 
This is at about 100 mT for the BCP cavities and 140mT 
for the EP cavity. 

This behavior was unexpected as we had been 
assuming the 9 cell cavities were operating near a “global 
thermal limit”. The observed behavior is much like what 
is seen at lower frequency (1.3GHz) where global thermal 
heating is not expected to limit cavity behavior.  

There was no strong dependence of end point field with 
helium bath temperature in either the 9 cell-BCP or the 1 
cell-EP. 

A low temperature bake (120C) did not significantly 
change the measurement results, but it may not have been 
done for sufficient time. 

In general for the 9 cell cavities there was some field 
emission at the higher gradients.  
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The Data and the Model 
Measurements are compared with the model in Figures 

11, 12, and 13. The 1 cell 1.6K data agrees well with the 
Amrit#3 h and k=0.3. High residual resistance, 30 nOhm, 
is necessary to explain the low Q. The Q slope is greater 
in the model. The 1 cell 1.8 K data agrees well with the 
highest curve, but the 9 cell does not, indicating an other 
reason for the Q drop. The 2K data does not agree with 
the models.  

Figure 11: Comparison of the 1.6 K 1 cell data with the 
model for 30 ohm residual resistance, Amrit#3 h, and 0.3 
k. 

Figure 12: Comparison of the 1.8 K, 9 cell and 1 cell data 
with models for 7 ohm residual resistance. The two 
extremes, Amrit#1,h=0.5 and Mittag, h=0.3 of the model 
are plotted. 

One of the first things one observes is that much the 
data does not show the strong quadratic slope behavior of 
the calculation, though in the 1 cell 1.6 and 1.8 K cases 
the agreement is quite good. The comparison would be 
even worse if a model with “nonlinear field dependent 
BCS resistance” were used [7,8].  

Inclusion of the function f in the h, if appropriate, 
would tend to flatten the Q slope on the model and extend 
the end point of B.  

Figure 13: Comparison of the 2.0 K 9 cell and 1 cell data 
with models for 7 ohm residual resistance. The two 
extremes of the model as in Figure 12 are plotted. 

SUMMARY 
An EP 1 cell cavity has been measured to higher Bpeak 

fields than BCP 9 cell cavities. The difference is similar 
to that seen for 1.3 GHz cavities. 

Thermal models with high Kapitza and thermal 
conductivity indicate the potential for reaching high 
Bpeak in 3.9 GHz cavities.  

There is some indication that the thermal model has 
greater Q slope than the measured cavities. 

More EP data and a direct cavity comparison with BCP  
and outside surface preparation is necessary. 

Better thermal property data for the specific cavity 
material used is needed. 

The thermal model needs refinement. Is the one 
dimensional model a reasonable one? 

The 3.9 GHz cavities lend themselves to interesting 
study in thermal transport as well as RF surface 
properties. 
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AUGMENTATION OF CAVITY OPTICAL INSPECTION BY REPLICAS 
WITHOUT PERFORMANCE DEGRADATION 

M. Ge, G. Wu, D. Burk, D. Hicks, C. Thompson, and L.D. Cooley, Fermilab, Batavia IL, U.S.A. 

Abstract 
Although cavity optical inspection systems provide a 

huge amount of qualitative information about surface 
features, the amount of quantitative topographic informa-
tion is limited.  Here, we report the use of silicone-based 
RTV for replicas and moldings that provide increased 
details of topographic data associated with the optical 
cavity images.  Profilometry scans of the molds yield mi-
crometer-scale details associated with equator weld struc-
tures and weld pits.   This confirms at least two different 
types of pits, one which is bowl-shaped, and one which 
has a small peak at the bottom. The contour information 
extracted from profilometry can be used to evaluate 
mechanisms by which pits and other features limit RF 
performance.  We present calculations based on a con-
formal transformation of the profiles above.  We also 
show that application of the replica followed by rinsing 
does not adversely affect the cavity performance. 

INTRODUCTION 
Optical inspection systems have transformed the ability 

to obtain useful information about the internal surface 
features of superconducting radio-frequency (SRF) cavi-
ties [a].  Many features, such as weld structure, pits, grain 
boundaries, oxidation, scratches and cracks, and so on are 
revealed with vivid clarity compared to previous ap-
proaches.  Pits located at the edge of the heat affected 
zone of equator welds have received particular attention, 
due to the somewhat high rate of correlation between their 
location and the location of hot spots in temperature maps 
[b,c].  Adjustments of the illumination of the optical in-
spection systems provided some clues to the contour of 
pits [d], but the amount of detail is not sufficient to pro-
vide detailed understanding why a particular pit quenches 
a cavity at a given field. 

In this work, we combine optical inspection with a rep-
lica technique to extract the detailed topography of pits. 
The replica allows us to duplicate the cavity surface with 
micrometer accuracy. Scanning profilometry applied to a 
mold of the replica then reproduces the 3-D profile of 
cavity surface. This contour information can be used to 
evaluate mechanisms by which pits and other features 
limit RF performance.  Also, the greater detail provided 
by replicas and profilometry allows more quantitative 
comparisons to be made between different surface etching 
techniques.  Importantly, we measured cavity perform-
ance before and after application of the silicone replica 
and found no degradation.  Replica techniques, therefore, 
appear to be a viable means to greatly improve the 
amount of detail of cavity surface analyses. 

REPLICA TECHNIQUE 
Replica techniques are not new; the original idea of ap-

plying replica technique to SRF cavities is from S. Berry, 
C. Antoine, et al. [3]. The main concerns are the accuracy 
of preserving the surface details and a lack of any effect 
on cavity RF performance.  New compounds permit repli-
cas while accommodating these concerns.  A two-
component translucent silicone RTV compound (Freeman 
Mfg., Inc. V3040) was used to make the replicas.  This 
material was chosen because no release agent is neces-
sary. The silicon rubber must be outgassed in vacuum 
before pouring into the cavity.  It cures at room tempera-
ture over about 18 hours after mixing without the need for 
baking.  Moldings of the replica were then made using a 
second RTV compound (Momentive RTV630) that is 
specially formulated to maintain dimensions at 1 μm ac-
curacy.  Alternately, a low-temperature 5-minute epoxy 
was also used to make moldings of small areas of replicas 
with good accuracy (see Fig. 1). 

 

  
                    (a)                                        (b) 

Figure 1: (a) Image of a pit in a Nb coupon, (b) image of 
the replica using an epoxy mold. 
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(b) 

Figure 2: (a) Profile of a pit on the Nb coupon, (b) Profile 
of the pit’s replica. 

 
Fig. 1 shows the image comparison of a deliberate pit 

made on Nb coupon and its positive replica.  Fig. 2 shows 
the profile comparison of that pit and replica. 

60 μm 60 μm 
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This pit was made by a simple punch tool, about 125 
μm deep and 300 μm in diameter. The replica preserves 
the most details of the pits, including the contour informa-
tion and the surface morphology around the pit. The accu-
racy of the replica with epoxy mold is about 2 μm, which 
is good enough for analyzing pits inside SRF cavities, 
since many are typically 250 μm in diameter and at least 
15 μm in depth. 

CAVITY PITS 
We then extended the replica technique to real pits ob-

served in the heat affected zone of equator welds for 1.3 
GHz single-cell SRF cavities.  Two candidates were iden-
tified by Fermilab’s cavity optical inspection system, as 
depicted in Fig. 3.  Pit A was observed in cavity 
TE1AES004 and Pit B was observed in TE1ACC003.  

 

 
                   (a) Pit A in TE1AES004 

 
                    (b) Pit B in TE1ACC003 
 

Figure 3: (a) image of Pit A t in 1.3GHz single-cell cavity 
TE1AES004, (b) image of Pit B in 1.3GHz single-cell 
cavity TE1ACC003. 

 
Replicas were obtained for these cavities and castings 

made from the replicas.  Profilometry scans, shown in Fig. 
4, reveal rich detail of surface information, including 
grain-boundary contours and other surface variations in 
addition to the pits. Fig. 5 shows the profile from left to 
right across the center of either pit, which is a direction 
perpendicular to the weld path and parallel to that of the 
applied magnetic field when the cavity is operating. 

   The diameter of Pit A is about 1300 μm and its depth 
is 60 μm with a 15 μm tiny bump in the center.  Pit B, on 
the other hand, is ~260 μm in diameter with depth of 
about 15 μm.  Its shape is hemispherical.   Also, a curva-
ture ratio r/R for field enhancement was estimated using 
the edge radius r and the hemispherical radius R. The r/R 
of Pit A is 0.88, and that of Pit B is 0.69. 

 
 

  
 

(a)  Pit A  
The scan covers 5 x 5 mm2 with total height of 300 μm. 
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(b) Pit B.   

The scan covers 1 x 1 mm2 with total height of 20 μm  

Figure 4: Profilometry scans of castings made from the 
replica moldings of Pit A and Pit B.   

CAVITY RF PERFORMANCE 
The application of the replica followed by high-

pressure rinsing does not adversely affect the cavity per-
formance. Vertical tests of the two cavities are compared 
in Figs 6 and 7, with test data shown for before and after 
molding in each plot.  The RF performance before and 
after molding remains within the test-to-test variation of 
similar single-cell cavities.  It is interesting to see that, in 
the case of cavity TE1AES004, there is actually some-
what higher Q after molding than before.  
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(a) Profile of Pit A.  Vertical full scale is 100 μm, hori-

zontal full scale is 1.5 mm. 
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(b) Profile of Pit B.  Vertical full scale is 20 μm, and 

horizontal full scale is 300 μm. 
Figure 5: profiles of Pit A and Pit B.  These profiles were 
used to estimate the field enhancement using the radius of 
curvature at the rim, as described in the text. 

TE1AES004 - Q vs E
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Figure 6: Cavity TE1AES004 RF performance compari-
son before (red, lower curve) and after (green, upper 
curve) applying moulding material. 

 

TE1ACC003 - Q vs E
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Figure 7: Cavity TE1ACC003 RF performance before 
(green diamond) and after (blue square) applying replica 
material. 

FIELD ENHANCEMENT ANALYSIS 
 
 Large pits near the equator of the cavities are known to 

reduce performance.  Here, although we cannot yet di-
rectly correlate the limitation of performance with the 
location of pit A, pit B indeed was correlated with a loca-
tion of temperature rise.  We suppose that either pit re-
duced the performance from ~50 MV/m to 39 (for pit A) 
and 36 (for pit B) MV/m.  These values correspond to 
surface magnetic fields of 170 and 157 mT respectively.  
If we assume the critical magnetic RF field of Nb is 180 
mT, then the field enhancement factor h can be calculated 
following the method in [1], where h = (r/R)-0.28.  In our 
case, enhancement factors of 1.06 (pit A) and 1.15 (pit B) 
are therefore needed.  This corresponds to r/R values 
higher than 0.5 and approaching 1.0.  This is summarized 
in Table 1. 

The replicas provide direct profiles to test field en-
hancement models, an ability that is not conferred by cav-
ity optical inspection alone. Indeed, we find that both pits 
have high values of r/R and therefore minimal field en-
hancement because the rim is rather blunt.  Moreover, Pit 
A is approximately 5 times the size of Pit B, yet the simi-
larity in performance is retained.  This supports the edge 
enhancement model.  

 

Table 1: ield enhancement factors 

Pit r/R h meas. h simulation 
A 0.69 1.06 ~ 1.11 
B 0.88 1.15 ~ 1.04 

 

CONCLUSION 
We have applied replica techniques in concert with cav-

ity optical inspection to increase the amount of detailed 
information about the cavity surface.  The replicas were 
shown to not degrade performance within error bars when 
rinsing was applied before testing. The replica technique 
has high accuracy, revealing micrometer features of the 
surface. We used profiles taken from moldings of the rep-
licas to calculate magnetic field enhancement factors, 
which were consistent with performance seen in cavity 
tests. 
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OXYGEN DIFFUSION IN RRR NIOBIUM DURING HIGH TEMPERATURE 
BAKING* 

G. Wu, M. Ge, Fermilab, Batavia, IL 60510, U.S.A.

Abstract 
Past oxygen diffusion measurements were mostly 

conducted with commercial grade niobium. RRR 
measurement of furnace treated niobium samples showed 
the oxygen diffusion rate in high purity niobium can be 
much different from past measurements. Samples were 
baked in furnace at various conditions and subsequently 
etched incrementally before RRR measurement. 
Compared to the oxygen concentration of reference 
niobium sample, a new O diffusion constant can be 
obtained by the RRR method. 

INTRODUCTION 
The hydrogen concentration in SRF cavities can be 

elevated during the chemical processing. Such hydrogen 
concentration can cause dramatic degradation for RF 
performance during horizontal operation. High 
temperature baking in ultra high vacuum can release the 
hydrogen from bulk niobium. Typical baking takes 10 
hour soaking at 600 °C or 2 hour soaking at 800 °C.  Such 
baking requires high vacuum furnace. During the 
evaluation of Fermilab furnaces, the high background 
vacuum pressure caused niobium samples to have 
significantly degraded residual resistivity ratio (RRR). 
Calculation showed the RRR degradation is very high and 
inconsistent compared to previously measured oxygen 
diffusion constant in niobium [1,2]. Niobium RRR 
improvement after progressive acid etching can be one 
way to measure niobium oxygen diffusion in baking 
temperature (600°C). In a separate experiment, titanium 
shield was used to reduce the oxygen partial pressure 
while RRR niobium sample was baked. The change of 
niobium RRR indicated the oxygen diffusion constant is 
consistent with that of niobium sample without titanium 
shield.  

EXPERIMENTAL METHOD 
RRR of Niobium samples (1/8 x 1/8 x 3 in3) were 

measured before the baking. Niobium samples were all 
etched by BCP for 15 minutes with niobium wires 
attached. Samples were rinsed in de-ionized water in an 
ultrasonic container. Niobium wires were used to suspend 
the niobium samples in the furnace without the sample 
contacting any surfaces. Their RRR were measured again 
after the baking. In the case of Titanium shield, samples 
were also analyzed with SEM/EDS. No other elements 
were detected within SEM/EDS sensitivity.  

Table 1 lists the RRR results of niobium samples baked 
in the furnace without titanium shield. The oxygen partial 

pressure was at 9x10-8 Torr during the baking. The RRR 
degraded dramatically. BCP etching removed 80 μm from 
sample P. It recovered its RRR to 183. All BCP etching was 
conducted under cold solution (10-12 °C) to avoid hydrogen 
migration. 

 

Tabl e1 : RRR Measured fo r Sample s Baked  
 Shield, RRR = R (300K) /R (10K).  50  nV noise corresponds
 to ±30 in RRR error bar.  

Sample Before 
bake 

Baked 650 °C 
10 h 

BCP removal 
of 80 μm 

Sample P 400 165 183 

 

For the second test, a small titanium tube was used as 
shield as shown in Figure 1. RRR degradation shown in 
Table 2 was less significant compared to those in Table 1. 
The oxygen partial pressure decreased to 2.6x10-8 Torr 
during the 600 C soaking as shown in Figure 2. Yet the 
RRR still degrades as shown in Table 2. Most likely it 
would be due to the overwhelming size of the furnace 
(φ36”x150”) compared to the smaller Ti tube (φ6”x8”). 
The open port of the tube can not be fully effective to 
prevent residual oxygen to travel to the sample. 

The third test in a series was conducted using mostly 
enclosed large Ti tube (φ10”x20”). Its vacuum was shown 
in Figure 3. The oxygen partial pressure was decreased 
further to minimum 1.1x10-8 Torr. The samples showed 
smallest RRR degradation as shown in table 3.  

 

 

Figure 1: Sample suspended into the Ti tube. 

___________________________________________  

*Work supported by U.S. Department of Energy under contract # DE-
AC02-07CH11359.  
#genfa@fnal.gov 
 

  Without  Titanium
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Figure 2: Partial pressure during the 600 C 10 hour 
baking with open titanium tube. 

 

Table 2: RRR Measured for Samples Baked Inside an Open 
Ti Tube, RRR = R (300K) /R (10K).  50 nV noise 
corresponds to ±30 in RRR error bar 

Sample Before bake Baked 650 °C 10 h 

Sample 1 370 271 

Sample 2 301 227 
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Figure 3: Partial pressure during the 600 C 10 hour 
baking with large enclosed Titanium tube. 

 

Table 3: RRR Measured for Samples Baked with Single 

noise corresponds to ±30 in RRR error bar 

Sample Before bake Baked 650 C 10 h 

Sample D 401 387 
Sample F 314* 313 

*Sample F was previously baked in different furnace. 
 

OXYGEN DIFFUSION CONSTANT 
For samples that see high oxygen content in furnace, 

the bulk oxygen density variation was negligible 
compared to the oxygen diffused into the polluted layer. 
This simplifies the calculation, for one does not need to 
consider the initial oxygen density distribution in 
diffusion process other than assuming an initial constant 
φ0. Deep in the bulk, when the oxygen density is close to 
the initial amount, the RRR should remain high, so the 
error would be minimal. Certainly this initial O density 
will be considered in future effort.  

Thus the density should be  
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To calculate φ0(0), the starting density at the niobium 

boundary [3] at time of zero, one assumes the certain ratio 
(S) of O2 molecules that impact the niobium surface will 
be absorbed and diffuse into the first polluted layer. The 
ratio S is usually called sticking coefficient, which we 
will assume it is 0.5. The influx of O2 molecules can be 
expressed as: 

mkT

P
F

π2
=

, 
where P is O2 partial pressure, m is O2 mass, k is 

boltzman constant and T is temperature. 
 
So the initial boundary density φ0(0), after baking time 

period t0 can be obtained as: 
 

0

0
0

2
)0(

Dt

SFt
=φ

, 

where 02 Dt
 is the diffusion distance. It is assumed to 

be constant during the baking. In the following 
calculation the D was arbitrarily assumed to be 3.34x10-12 
m2/s. Later we will see this number closely matched the 
experimentally measured data.  

In a typical high oxygen pressure of 1x10-7 Torr, Figure 
4 shows the polluted layer is around 100 μm with highest 
O concentration at 1300 ppm. Most of the niobium 
sample maintains low O concentration after the polluted 
layer. 

Total resistivity of niobium at 10 K would be [4] 
 

)(),()10(),( otherR
dC

dR
trCRtrR

o
oT ++=

, 

where 
),(),( txtrCo φ=

, R(10) is resistivity at 10 K,  
 
Co is O weight ppm, dR/dC0 is the resistivity coefficient 

for O impurities and R(other) is resistivity caused by all 
other impurities at 10 K. 

Cell Titanium Shield, RRR = R (300K) /R (10K).  50 nV 
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Figure 4: The polluted layer is around 100 μm with O 
concentration around 1300 weight ppm.  4 ppm initial O 
concentration is assumed and sticking coefficient is at 0.5. 

 
Assuming other major impurities are N (2 ppm), C (1 

ppm) and Ta (50 ppm), Niobium RRR can be calculated 
[2] shown in Figure 5. 
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Figure 5: Niobium RRR decreases with increased uniform 
O concentration. 

 
Since the O concentration is not uniform as shown in 

Figure 4, the RRR will depend on the sample size and its 
dimensions of polluted layer.  

Through a simplified geometry of niobium RRR 
samples (Figure 6), if voltage drop in an L meter long 
niobium stick is V, the current flow through the entire 
section of niobium sample is: 

 

∫= rdr
LtrR

V
I

T

π2
),(

 
 

Sample resistivity by effectiveness is: 

∫
=

R

T

e

trR

rdr

R
R

0

2

),(

2π
π

, 
  

where t=t0 and R is sample size. 
 

              
Figure 6: A simplified round wire to represent the square 
pieces of Niobium samples. 

 
RRR calculation can be expressed as  

eR

R
RRR

)300(=
, 

where R(300) is resistivity at 300 K. 
 
Assuming the general parameters discussed previously, 

one obtains the RRR degradation as seen in Figure 7. 
Table 4 listed those RRR measured after exposed to 

different oxygen partial pressure during baking. Those 
data were plotted together with the calculated RRR. 
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Figure 7: RRR degradation as function of O2 partial 
pressure (Torr). 
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Table 4: RRR After Baking and Their Dependence on  

Sample Before 
bake 

Baked 650 °C 
10 h 

O2 partial 
pressure [Torr] 

Sample P 400 165 9.0×10-8 

Sample 1 370 271 2.6×10-8 
Sample D 401 387 ~1.1×10-8 
 
Further calculation using this set of parameters 

predicted the material removal of 80 μm will recover the 
RRR of niobium sample P from 165 to 181, which closely 
matched the measured data listed in Table 1. 

DISCUSSION AND CONCLUSION 
Niobium RRR depends on various interstitial 

impurities. The set of impurity levels were referenced 
from modern day niobium material for SRF applications 
[5]. From the residual gas analyzer data, it is believed that 
the partial pressure of oxygen was the single variable 
affected by the titanium shield. During the sample baking 
process, Hydrogen and Oxygen would be the two 
elements that will change their concentration greatly in 
niobium. There is reason to believe the further deceasing 
of already low initial hydrogen concentration in niobium 
sample does not affect the overall RRR very much. It is 
safe to conclude the RRR degradation was dominantly 
due to the Oxygen diffusion in niobium.  

The matching of calculated RRR and measurement data 
suggested the oxygen diffusion constant for niobium at 
650 °C would be around 3.34x10-12 m2/s. which is in 
between the previous measured data.  

Future work will continue the progressive etching of 
the niobium sample and conduct the surface elemental 
analysis to improve the knowledge of the interstitial 
impurities for more accurate diffusion constant 
measurement.  
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Abstract 
We report single-step vacuum growth of stoichiometric 

superconducting thin films of MgB2, using AASC’s 
cathodic arc deposition process. Energetic condensation 
using cathodic arcs produces non-equilibrium fast ions 
(~50-100eV) that allow growth modes on relatively low 
temperature substrates. We have demonstrated MgB2 
films with Tc of 34K by depositing at 275 °C in a single 
step, from a stoichiometric, solid MgB2 source. In a 
subsequent experiment, the single-step coated samples (on 
c-plane sapphire) were sealed into small stainless steel 
containers prior to ex-situ annealing, to create a small 
volume that would quickly achieve a high partial pressure 
of Mg vapor upon heating to minimize loss of Mg from 
the films. Post-deposition anneal steps varied in 
temperature from 825–900K with duration of 15 minutes. 
This annealed films also showed a transition at 30K. 
Subsequently, an MgB2 film was successfully deposited 
over a 50mm diameter circular area on a 63mm Buffered 
Chemically Polished (BCP) Niobium substrate for future 
RF evaluation in a cavity. The depositions spanned a 
range of substrate temperatures from 550-675 K. The 
films began to change in appearance form silver to black 
as substrate temperature was increased, indicating a 
decrease in magnesium content in the films. Future plans 
are to reduce oxygen contamination and to use our filtered 
cathodic arc to deposit smoother films. 

INTRODUCTION 
Most RF particle accelerators worldwide utilize RF 

cavities made from a conventional conductor such as 
copper to accelerate the particle beam. A few large 
research accelerators such as the Continuous Electron 
Beam Accelerator Facility (CEBAF) at Thomas Jefferson 
National Accelerator Facility (Jefferson Lab, or JLab) and 
the Spallation Neutron Source (SNS) use superconducting 
radio frequency (SRF) accelerating cavities. SRF cavities 
consume less power than conventional cavities to produce 
a given accelerating gradient, even when the additional 
energy cost of the cryogenics system is taken into 
account.[1,2] However the cryogenics system costs do 
represent a significant portion of the operating expense of 
SRF accelerators. Operation at higher temperature would 
naturally reduce those costs. Niobium, the only presently 
accepted superconductor for SRF accelerators, has a 
transition temperature Tc of 9.3K, but a practical 
operating temperature of 2K at the typically used 1.3–1.5 

GHz RF frequencies. Operation below Tc is required to 
minimize surface resistance and maximize critical 
magnetic field. The cavities are typically made of niobium 
metal which becomes superconducting when cooled to a 
few degrees above absolute zero. Increasing the operating 
temperature of the accelerator from 2K to 4.5K could cut 
the cryogenics system costs in half [1,2] but would 
require use of an alternative superconductor with an 
operating temperature of 10K or higher. Since the RF 
(London) penetration depth on the cavity surface is only 
~30nm, it is of interest to develop thin film coatings on 
the nano-scale (~100nm) for particle accelerators. 
Pioneering work [3-5] on Cu cavities coated with Nb thin 
film has been done at the European Organization for 
Nuclear Research, known as CERN. By 1998, 272 copper 
352 MHz cavities, Nb thin film coated via magnetron 
sputtering, were deployed for the Large Electron-Positron 
Collider (LEP) project. The circular LEP collider, with a 
circumference of 27 kilometers, was one of the largest 
particle accelerators ever constructed and has recently 
been replaced by the Large Hadron Collider (LHC). 
Future accelerator facilities, such as the proposed 
International Linear Collider (ILC), require high 
accelerating field ~35 MV/m and Q≥1010. It was reported 
[5,6] that at 1.7K the Nb thin film cavities for LEP had Q-
drop to below 1010 at ≈15MV/m and to below 5×109 at 
≈20 MV/m. Thus there is a motivation to better 
understand these limits and to improve Nb thin films’ 
performance for future SRF accelerator cavities. There is 
also strong motivation to understand and develop SRF 
cavities with higher temperature superconductors, 
including the A-15 candidates [7,8]. 

In a recent article in Nature, Eric Hand [9] states that 
the superconducting cavities that drive most of the 
world’s particle accelerators are running out of room for 
improvement. But new theoretical work suggests that 
overlooked superconducting materials could be used to 
make cavities that accelerate particles to higher energies 
over shorter distances - thereby doing the job more 
cheaply. Still, it would take years to develop and test new 
accelerator components made of materials such as 
triniobium tin. For decades, researchers have worked to 
improve the performance of superconducting cavities.  

After more than 40 years of SRF research, there isn’t a 
clear replacement for Nb. At first glance, MgB2 (Tc~40K) 
appears to be a good candidate. However MgB2 
superconductivity was discovered only in 2001 by 
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Nagamatsu et al [10] so its RF properties are not as well 
characterized as those of Nb or other potential 
replacement superconductors such as Nb3Sn. Furthermore 
MgB2 is brittle when fabricated from a powder through 
sintering or hot isostatic pressing (HIP) – the two 
preferred methods for fabricating MgB2 structures. Due to 
its brittleness, formation and mechanical tuning of a bulk 
MgB2 cavity would be impractical. Coating tunable 
structures made of Nb or Cu with a thin film of MgB2 

appears to be the only approach to taking advantage of 
MgB2 as a superconductor for SRF accelerators.  

Catelani and Sethna [11] assert that the peak gradient 
for triniobium tin is 120 MeV/m and MgB2 could reach 
200 MeV/m. These gradients are to be contrasted with the 
best measured fields of about 60MeV/m in single Nb 
cavities. In practice, multiple cavities such as are required 
for a large accelerator are limited today, to fields 
~20MeV/m. Thus the promise of an order-of-magnitude 
higher field in an MgB2 cavity is tantalizing. Although a 
distant goal, achieving such gradients could result in huge 
savings for future accelerators. For example, the US$7-
billion International Linear Collider (ILC) will use 
thousands of cavities, stretching along a tunnel 31 km 
long, to help it produce energies of 500 GeV. To do this, 
the ILC’s Nb cavities must reach challenging gradients of 
>30 MeV/m. Ramping up the gradients to a theoretically 
possible peak of 200 MeV/m (in MgB2) could 
significantly reduce the length of the ILC, therefore also 
reducing the costs of most of its physical parts such as 
tunnels and beam-lines. 

There is a second approach to reducing SRF accelerator 
costs: to replace the expensive, bulk Nb (~$300/lb) 
cavities with a Nb thin film deposited on a less expensive 
material, such as Cu (~$3/lb) or better yet, Al (~$1/lb). 
The added advantage of Al over Cu is that the cavity can 
be cast instead of being machined, which is more 
expensive. 

The payoff of higher temperature SRF cavities and 
cavities made out of thin-film coated Cu or Al has 
motivated a multi-year research program at Alameda 
Applied Sciences Corporation (AASC).   

 EXPERIMENTAL CONFIGURATION 
Two thin-film coating chambers are at use at AASC, as 

shown schematically in Figs. 1 and 2. The experimental 
configuration for the CEDTM chamber is shown in Fig. 1.   

 

Figure 1: Illustration of the CEDTM system.

The arc is formed between an on-axis cathode (1-cm 
diameter and 60-cm long) and a mesh anode (45-cm in 
length) at 1-cm radius. The arc is sustained by a 
PowerTen, Inc. power supply (100V, 200A).  The 
repetition rate of the arc is 0.5Hz, limited at present by 
SCR switches, but may be increased by using IGBT 
switches to more rapidly turn off the arc between pulses. 
The arc is triggered by a proprietary trigger system.  The 
substrate is placed outside the anode.  The entire assembly 
is enclosed in a 25-cm dia. CF vacuum spool.  The 
vacuum spool is double walled with a solenoid wound on 
the outside wall of the vacuum chamber.  The solenoid is 
capable of producing a peak magnetic field of 10mT in 
either the z+ or z- direction.  

The arc current is controlled by adjusting a ballast 
resistor in series with the cathode. Figure 2 shows the 
direct cathodic arc deposition source. In this source, 
plasma from the source (shown as Nb3Sn in this example) 
impinges directly upon a heated substrate located a few 
cm above the cathode. The substrate assembly is also 
designed to allow pulsed biasing of the substrate as 
shown. 

  
Figure 2: Photographs of the direct deposition cathodic arc 
system. 

MgB2 DEPOSITIONS 
Deposition of MgB2 utilizing both sources (Figs. 1 and 

2) is now described. This work is believed to be the first 
attempt to utilize cathodic arc processes to deposit thin 
films of this material in a single step, without ex-situ 
annealing. The films were found to adhere well to A-
plane and C-plane sapphire as well as to polished OFHC 
copper. 

The Mg:B ratio in the film can be varied dramatically 
by heating the substrate. The substrate temperature was 
varied from 25-400 ºC which yielded films containing 
essentially no Mg at 400 °C to films of composition 
MgB0.17 at 25 °C as determined by EDX.  The EDX was 
calibrated against a measurement of sintered cathode 
material. Mg and B travel to the substrate from the MgB2 
cathode source as energetic ions. Since Mg and B 
vaporize at dramatically different temperatures, the 
transported material does not necessarily preserve the 
stoichiometry of source. When the substrate remains at 
room temperature, the sticking coefficients of both 
materials are large and the deposited thin films from an 

MgB2 source 
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MgB2 source have a similar appearance to Mg thin films. 
Likewise room temperature (300K) deposition produces 
Mg rich films for PLD and magnetron sputtering from 
MgB2 targets [12,13]. In the case of AASC’s cathodic arc 
deposition, the ratio of Mg to B was 5:1 for room 
temperature deposition. To drive the Mg:B ratio to 1:2, 
substrate heating was required. With increasing 
temperature the sticking coefficient of Mg decreases more 
rapidly than that for B [14]. The sticking coefficient of 
Mg must change by 10 fold relative to that for B between 
300 and 550 K.  As the substrate was heated in excess of 
550K, the films became B rich with respect to MgB2.  At 
675K, Mg was absent from the films.   

This strong relationship between substrate temperature 
and Mg sticking coefficient has driven the development of 
many annealing methods used in conjunction with other 
thin film deposition methods.  As previously discussed, 
Mg rich films are deposited by PLD, magnetron 
sputtering and evaporation methods and then annealed in-
situ to produce superconducting MgB2.  The excess Mg 
becomes the Mg vapor necessary to form superconducting 
MgB2 

Preferential removal of Mg from the cathode surface 
may cause the MgB2 target to “age” over time as the 
surface becomes significantly Mg depleted. One possible 
way to compensate for this aging is to start with non-
stoichiometric cathodes, which is easy to do as the 
cathodes are sintered from powdered mixtures.  

Superconductivity in CEDTM 

Superconducting transitions were observed for several 
films deposited using CEDTM with substrates heated to 
250-275ºC. Fig. 3 shows the transitions (close to the ideal 
38K value) measured in the raw MgB2 cathodes as 
sintered. Transitions were observed at approximately 26K 
for films deposited at both 250ºC and 275ºC. The 
thickness of these films was measured to be 
approximately 1µm. One sample with approximately 2µm 
thickness deposited with a substrate temperature of 550K 
was shown to have Tc of 34K, see Fig. 4. The Mg:B ratio 
was very close to 1:2. 

Film Thickness and Purity 
Thickness measurements were made by profilometry. 

However, these depositions were performed with no 
macro-particle filtering and hence yielded films with 
RMS roughness several times greater than the film 
thickness. Hence the film thickness values quoted are 
approximate. The transitions observed were weak. Upon 
cooling the sample the resistivity dropped significantly at 
the transition temperature, but remained unacceptably 
high. This could be caused by insufficient connectivity 
between grains of MgB2 as well as the presence of oxides 
in the films leading to resistance at the grain boundaries. 
No fundamental limit to film thickness was observed. 
Films as thick as 10 µm have routinely been deposited 
using our CEDTM apparatus. The deposition of thicker 
MgB2 films requires only an increase in the number of 
pulses during the deposition. 

 

Figure 3: Superconducting transition in native sintered 
MgB2 cathode. 

 

Figure 4: Superconducting transition (34K) in a 2µm, thick 
MgB 2 film deposited on C-plane sapphire at 550K.  

The films were shown to contain oxygen through both 
EDX and XPS analysis. Sufficient reduction of oxygen 
content was not possible within the present deposition 
sources, because a major oxygen source initially was the 
sintered cathode material itself. The density of sintered 
MgB2 was significantly below the ideal value. The voids 
responsible for the reduced density can trap ambient 
gasses and the powdered precursor material that is 
sintered is known to contain an oxide skin. As shown in 
Fig. 5 (left), contamination (white MgO flakes) at the 
grain boundaries was present in the sintered MgB2 
cathode material despite the measured Tc of 38K. 

Figure 5: Comparison of MgB2 material from traditional 
(left) and improved (right) sintering process. 

 
The Applied Superconductivity Center at Florida State 

(ASC) has developed a new method to purify the cathode 
material prior to sintering (see Fig. 5 (right)) [15]  

Deposited Films 
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Superconductivity in Direct  

  With this improved target material, a new set of 
depositions was carried out in the direct deposition 
apparatus (Fig. 2). Several factors motivated the 
expectation of better results: (1) the purity of the raw 
MgB2 target was superior to that used earlier with the 
CEDTM apparatus; (2) the initial vacuum in the direct 
deposition apparatus was better (~10-9 Torr vs. ~10-8 Torr; 
(3) the rep-rate was higher, hence the interval between 
pulses was shorter and thus less oxygen contamination 
was expected between pulses from residual water vapor in 
the chamber. 

However, the coated samples did not show 
superconducting transitions in the as-coated state! 
Possible reasons are offered in the discussion section 
later. The coated samples were annealed ex-situ and 
resistivity and SQUID measurements were performed for 
the annealed films. Figure 6 shows one such resistivity 
measurement and Fig. 7 the associated SQUID data. 

 
Figure 6: Resistivity vs. temperature of MgB2 (after ex-
situ annealing). 

 
Figure 7: Resistivity vs. temperature of MgB2 (after ex-
situ annealing). 

A Tc of approximately 30K is apparent from both the 
SQUID data in Fig. 7 (left) and the resistivity data in Fig. 
8. Although this is below the ideal value of 39K, Fig. 7 
(right) shows no offset in the peak of M indicating that the 
MgB2 grains are well-connected with no MgO or other 
contaminants between the grains interrupting current 
flow. SEM imaging of the film surface after annealing 
revealed a dense, granular film that resembled high-
quality bulk samples. 

Even at the best deposition conditions, some authors 
claim that achieving a film Tc as high as the theoretical 39 
K value may be impossible without a post-deposition 
anneal step. The annealing step is used to reorganize film 
atoms to create the correct crystal structure and reduce the 

internal energy in the film. Annealing is different from 
heating during deposition because there is no incident ion 
flux from the cathode so this heating does not affect the 
sticking coefficient. However above approximately 450°C 
magnesium evaporates from the film. For this reason 
precursor films that will undergo in situ anneal steps are 
often magnesium rich. For the CEDTM process this can be 
readily achieved by depositing the pre-cursor film at a low 
temperature. Also temperature can vary throughout the 
pre-anneal deposition to create variations in the Mg to B 
ratio throughout the film thickness that can be designed in 
such a way as to counteract any variations caused by Mg 
depletion from the film surface during anneal. Most likely 
this will involve a Mg rich “cap” on a film that is itself 
somewhat enriched compared to MgB2. Successful anneal 
steps spanning a wide range of heating/cooling times, 
temperatures and pressures are described in the literature. 

Coating of RF Cavity Structures 
A 2.2 GHz copper RF cavity half-cell was coated to 

demonstrate the feasibility of utilizing the CEDTM process 
for this purpose. Figure 8 shows the coated half cell (left) 
together with an uncoated, identical half-cell (right) for 
comparison. No analysis was performed on the cavity to 
characterize the film. One observes that no un-coated 
regions or macroscopic defects are visible and the film 
appears well-adhered. 

 
Figure 8: Copper RF cavity half-cell deposited using the 
CEDTM p r o c e s s  (left) and uncoated half-cell for 
comparison (right). 

Along with Superconductivity characteristics such as Tc 
and RRR, there are mechanical characteristics necessary 
to producing a functional SRF cavity from MgB2 coated 
Cu. Notably the film surface must be very smooth, with 
RMS roughness below approximately 150nm. SRF 
cavities drive large accelerating gradients as large as 200 
MV/m. In these large electric fields, electron generation at 
the surface of the cavity is a formidable problem. 
Cathodic arc deposition methods such as CEDTM produce 
macro-particles which are μm scale droplets of material 
produced from the cathode surface. At the cathode, arc 
current is focused into tiny (10-100µm2), short lived 
(10ns-1μs) regions called cathode spots. Current densities 
in cathode spots are in excess of 1A/µm2. Cathode 
material leaves the cathode spot as a mixture of plasma 
and macro-particles. The ratio of plasma to macro-
particles is a strong function of the thermodynamic 

-deposited Films 
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properties of the cathode and the local current density. In 
the 1970’s Daalder studied many cathode materials 
ranging from low melting point metals to refractory 
metals. The basic trend was that the fraction of the mass 
leaving the cathode as plasma increased with increased 
melting point of the cathode material. Daalder showed 
that the relative rate of macro-particle production 
(expressed as mass/coulomb) can be significantly reduced 
by reducing arc current. However it does so at the expense 
of deposition rate as less plasma is produced at lower arc 
currents. Thus a balance must be established between the 
large deposition rates desired to maintain low relative flux 
of impurities at the substrate surface and the low arc 
currents desired to reduce macro-particle production. 

Likewise depositions can be performed at varying 
levels of applied axial B-field. It has been shown that 
increasing the cathode spot velocity causes a decrease in 
the production of macro-particles. Cathodic arc-spot 
velocity increases with increasing axial B-field. 

DISCUSSION 
Superconducting RF cavities enable research particle 

accelerators to achieve higher beam energies at lower 
operating powers. Superconducting cavities are made 
from niobium which is expensive and difficult to 
manufacture. Coating copper cavities with a thin film of a 
different superconductor with a higher transition 
temperature would save on both fabrication and operation 
costs and allow enhanced accelerator operation. This 
paper presents the first measurements of 
superconductivity in a thin-film of MgB2 that was 
deposited in a single-step process using heated substrates 
and solid MgB2 targets, in our CEDTM energetic 
condensation apparatus. Subsequent depositions in our 
direct deposition apparatus, aimed at reducing oxygen 
contamination and starting with a higher purity (lower 
oxygen) MgB2 target, showed a surprising lack of 
superconductivity in the as-grown films. Only after ex-
situ annealing did we see a transition, then too, at a lower 
temperature than had been measured in the CEDTM coated 
samples. One possible reason for this is that the film 
might have been too thin. In the earlier CEDTM films, it 
was observed that thicker films exhibit higher Tc and 
sharper transitions. This negative result highlights the 
complex interplay between grain structure, film thickness, 
deposition conditions, film stoichiometry and vacuum 
pre-bake conditions, in determining a good 
superconducting compound film such as MgB2. Future 
work will further study the morphology of the film using 
SEM, EBSD, XRD and other tools, followed by RF tests 
in a superconducting impedance cavity (SIC) at Jlab.  
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Abstract 

AASC, Jefferson Lab and NSU conduct research into 
new SRF thin-film coatings by first characterizing the 
materials properties such as morphology, grain size, 
crystalline structure, defects, and impurities, then 
measuring properties such as Tc and RRR and following 
this with ‘in-cavity’ RF measurements of the Surface 
Impedance of the films at cryogenic temperatures. These 
progressive steps are essential to the eventual design of 
SRF accelerator structures and to measure Q-slope and 
other performance parameters at high fields. We have 
recently produced Nb superconducting thin-films with 
crystal grain sizes in the range of 50µm using our 
proprietary CEDTM cathodic arc technique. RRR of ~129 
at Tc of 9.2K was measured in a film grown on a-plane 
sapphire heated to 400oC. At 20oC, the RRR dropped to 
~4. Energetic condensation using cathodic arcs produces 
non-equilibrium fast ions (~50-100eV). These ion 
energies are much higher than typical sputtering energies. 
When such energetic condensation is complemented by 
substrate biasing (to ~200-300eV) the incident ion energy 
is further increased, allowing growth modes that would 
otherwise require much higher substrate temperatures. 
Data are presented for pure Nb films using SEM, EBSD, 
XRD and a Surface Impedance Characterization RF 
cavity. 

INTRODUCTION 
Most RF particle accelerators worldwide utilize RF 

cavities made from a conventional conductor such as 
copper to accelerate the particle beam. A few large 
research accelerators such as the Continuous Electron 
Beam Accelerator Facility (CEBAF) at Thomas Jefferson 
National Accelerator Facility (Jefferson Lab, or JLab) and 
the Spallation Neutron Source (SNS) use superconducting 
radio frequency (SRF) accelerating cavities. SRF cavities 
consume less power than conventional cavities to produce 
a given accelerating gradient, even when the additional 
energy cost of the cryogenics system is taken into account 
[1, 2]. However the cryogenics system costs do represent 
a significant portion of the operating expense of SRF 
accelerators. Operation at higher temperature would 
naturally reduce those costs. Niobium, the only presently 
accepted superconductor for SRF accelerators, has a 
transition temperature Tc of 9.3K, but a practical 
operating temperature of 2K at the typically used 1.3–1.5 
GHz RF frequencies. Operation below Tc is required to 
minimize surface resistance and maximize critical 
magnetic field. The cavities are typically made of niobium 

metal which becomes superconducting when cooled to a 
few degrees above absolute zero. Increasing the operating 
temperature of the accelerator from 2K to 4.5K could cut 
the cryogenics system costs in half [1, 2] but would 
require use of an alternative superconductor with an 
operating temperature of 10K or higher. Since the RF 
(London) penetration depth on the cavity surface is only 
~30nm, it is of interest to develop thin film coatings on 
the nano-scale (~100nm) for particle accelerators. One 
approach to reducing SRF accelerator costs is to replace 
the expensive, bulk Nb (~$300/lb) cavities with a Nb thin 
film deposited on a less expensive material, such as Cu 
(~$3/lb) or better yet, Al (~$1/lb). The added advantage 
of Al [3] over Cu is that the cavity can be cast instead of 
being machined, which is more expensive. 

Pioneering work [4-6] on Cu cavities coated with Nb 
thin film has been done at the European Organization for 
Nuclear Research, known as CERN. By 1998, 272 copper 
352 MHz cavities, Nb thin film coated via magnetron 
sputtering, were deployed for the Large Electron-Positron 
Collider (LEP) project. The circular LEP collider, with a 
circumference of 27 kilometers, was one of the largest 
particle accelerators ever constructed and has recently 
been replaced by the Large Hadron Collider (LHC). 
Future accelerator facilities, such as the proposed 
International Linear Collider (ILC), require high 
accelerating field ~35 MV/m and Q≥1010. It was reported 
[6, 7] that at 1.7K the Nb thin film cavities for LEP had 
Q-drop to below 1010 at ≈15MV/m and to below 5×109 at 
≈20 MV/m. Thus there is a motivation to better 
understand these limits and to improve Nb thin films’ 
performance for future SRF accelerator cavities.  

The payoff of higher temperature SRF cavities and 
cavities made out of thin-film coated Cu or Al has 
motivated a multi-year research program at Alameda 
Applied Sciences Corporation (AASC). The goal is to 
utilize energetic condensation to produce Nb-on-Cu films 
of sufficient quality to determine if the thin film RF 
properties are adequate for high power SRF applications 
such as particle accelerators. Thorough characterization of 
the surface morphology and RF properties of Nb-on-Cu is 
a necessary first step toward qualifying Nb coated Cu 
SRF cavities. Given the high-cost (>$100M) and 
infrequent occurrence of large SRF accelerator upgrades 
and construction, it is difficult to imagine acceptance of 
an alternative superconductor in SRF accelerators without 
demonstrated performance equivalent to (or better than) 
that of bulk Nb (2K). Implementation of Nb-on-Cu coated 
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cavities into commercial accelerators, our long-term goal, 
is likely to follow reliable operation on large accelerators. 

 EXPERIMENTAL CONFIGURATION 
The experimental configuration for the CEDTM chamber 

is shown in Fig. 1. The arc is formed between an on-axis 
cathode (1-cm diameter and 60-cm long) and a coaxial 
mesh anode (45-cm in length) at 1-cm radius. The arc is 
sustained by a PowerTen, Inc. power supply (100V, 
200A).  The repetition rate of the arc is 0.5Hz, limited at 
present by SCR switches, but may be increased by using 
IGBT switches to more rapidly turn off the arc between 
pulses. 

The arc is triggered by a proprietary trigger system.  
The substrate is placed outside the anode. The entire 
assembly is enclosed in a 25-cm dia. CF vacuum spool.  
The vacuum spool is double-walled with a solenoid 
wound on the outside. The solenoid is capable of 
producing a peak magnetic field of 10mT in either the z+ 
or z- direction. The arc current is controlled by adjusting a 
ballast resistor in series with the cathode. Fig. 2 shows a 
photograph of the CEDTM apparatus with a 2.2 GHz 
copper RF cavity adjacent to it. 

 

Figure 1: Illustration of the CEDTM system. 

 

Figure 2: Photograph of the CEDTM system, showing a 2.2 
GHz copper RF cavity for scale. 

AASC’s CEDTM energetic plasma condensation 
deposition apparatus allows deposition of 
superconducting Nb thin films on Cu substrates heated to 
temperatures in the 300-450C range. This system is 

equipped with a substrate heater and temperature control 
system that is capable of operation up to 1200 ºC.  The 
key process variables are substrate temperature, degree of 
annealing, substrate bias, deposition rate, and base 
pressure. Base pressures of ~5x10-9 Torr are possible 
within this chamber and are measured and monitored 
using a SRS200 residual gas analyzer (RGA). In addition 
to substrate temperature control, the substrate can also be 
biased. 

Energetic condensation occurs from a high-current arc 
(>10A) between the source material (cathode) and an 
anode, typically a robust refractory material, SS304 or 
OFHC Cu. The cathode material is ionized by the arc in 
localized regions of high current density (>105A/cm2) 
called cathode spots. Fully ionized plasma and droplets of 
cathode material, commonly referred to as macro-
particles, form a highly energetic plume. The macro-
particles must be filtered from the plasma, but several 
filtering techniques are mature and commonly available 
[8].  Energetic condensation methods are known to 
produce compounds at high deposition rates (~50 Å/s) and 
reduced substrate temperatures compared to lower energy 
deposition methods such as magnetron sputtering, due to 
the population of non-equilibrium fast ions in cathodic arc 
plasmas. [8] It is important to control film microstructure 
at the grain level. Even if the films deposited are highly 
pure with proper stoichiometry, the grain size and grain 
connectivity are important. Deposition techniques with 
low ad-atom energy produce amorphous films and 
typically, high substrate temperatures and ex-situ anneal 
steps are required to form the large, highly connected 
grains necessary for high superconductivity. These 
techniques are incompatible with a Cu substrate as Cu 
cavities tend to get distorted if one uses temperatures that 
are higher than 4000C, if the cavity is under vacuum. 
Therefore, annealing steps must be done at still lower 
temperatures. The CEDTM energetic condensation process 
deposits from high-energy, non-equilibrium plasmas, 
enabling control of ion energy and relatively low (<400C) 
substrate temperature to tailor the film structure. A DC 
supply is available to bias heated substrates to ±1500V. 
Growth modes are realized that would otherwise require 
higher substrate temperatures with no bias. For example, 
with the substrate biased to ~1-2kV, sapphire can be 
grown at a temperature that is 200°C below that required 
using energetic condensation alone. [9] 

When energetic condensation is augmented by pulsed 
substrate biasing (to several kV in (~1-10µs pulses)), 
incident ion energies are further increased, allowing 
further tailoring of film structure. 

Deposition rates for cathodic arc process are high, even 
considering the inherent transmission efficiency of a 
macro-particle filter. Deposition rates of 5-20 nm/s are 
commonly reported. [10] The deposition rate is easily 
controlled since the mass liberated from the cathode is 
directly related to the total charge transferred by the arc. 
The charge transfer increases by increasing the magnitude 
and/or the duration of the current. 
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Nb DEPOSITIONS 
Nb thin-film depositions were carried out in the CEDTM 

apparatus on a-plane sapphire and Cu substrates. The 
sapphire coatings allowed measurements of RRR to be 
made, whilst the Cu coatings were used to study the 
influence of substrate temperature on film quality. Several 
tools were used to characterize the films: SEM, XRD and 
EBSD. In addition, RRR was measured by measuring the 
resistivity vs. temperature. 

PROPERTIES OF Nb THIN-FILMS 

Superconductivity in CEDTM Deposited Films 
Figures 3 and 4 show RRR measurements made on 

sapphire coated films that were deposited at 300oC 
(sample AASC-126-015) and 400oC (sample AASC-126-
022) . 

 
Figure 3: Superconducting transition (inset) and RRR in 
Nb thin-film coated on a-plane sapphire at 300oC. 

The inset in Figure 3 shows the superconducting 
transition at 9.3K. The RRR (defined as the ratio of 
resistivity at 300K to that at 10K, is ≈50 in this case. A 
coating applied at room temperature showed RRR≈5.  

Figure 4 shows the same data but for a coating that was 
applied at 400oC. 

 
Figure 4: Superconducting transition (inset) and RRR in 
Nb thin-film coated on a-plane sapphire at 400oC. 

Whereas the transition is not that much sharper in this 
case than at 300oC, the RRR ≈129 is much higher. The 

depositions. 
is ~300, so  the  thin-film  value  of  129  is  an 
encouraging result. Over a range of deposition conditions, 
it was observed that the RRR increased with film 
thickness up to about 2µm thickness, then leveled off. 
Thus the measured value might be higher still in a thicker 
film.  

XRD of Thin-films 
Figure 5 shows the XRD spectrum measured on Nb 

films coated on sapphire at 300oC. The x-ray peaks from 
bare sapphire (Al2O3) are also shown. The scans  

 

Figure 5: XRD spectrum of Nb on a-plane sapphire. 

examined the orientation of planes that are parallel to the 
substrate surface, as well as any microstructural 
differences such as lattice constant and strain, between the 
Nb films and sapphire substrates. All of the intense x-ray 
diffraction peaks could be systematically indexed as the 
body center cubic (bcc) phase of niobium. No other 
impurity phase was observed in the x-ray study.  

Figure 6 shows an expanded region of this spectrum, 
and also includes spectra from films coated at room 
temperature, at 300oC and at 400oC.  

 
Figure 6: Expanded XRD spectrum, to reveal shape of 
peaks from films coated at different temperatures. 

typical film  thickness was ~0.4 µm for both  
 Typical   RRR  for  Nb  cavity material 
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The dashed line in the figure shows the expected location 
of the peak for pure, bulk Nb (2θ=38.61o). As the 
substrate temperature is increased from room temperature, 
the location of the peak shifts closer to the bulk Nb 
location, suggesting that the 400oC coated film has almost 
bulk like structure, as least as indicated by the XRD 
spectrum. The broadening of the peak as one goes from 
300oC to 400oC might be related to crystal grain 
orientation and not to structural defects per se. The peak is 
significantly broadened and also shifted as compared to 
the bulk niobium peak. Both the lattice parameter and the 
grain size may be estimated from this (110) peak. The 
former was calculated using Bragg’s law, whereas the 
latter was found using the Debye-Scherrer formula [11].  
A significant increase in the lattice parameter is observed 
in comparison with the bulk value (a=3.30Å). Such an 
increase in lattice parameter with decrease in grain size 
has been reported earlier for very thick films [12]. 

EBSD of Nb Thin-films 
  Figure 7 shows data obtained from EBSD on the Nb 

film that was coated at 300oC. 

 
Figure 7: EBSD images from Nb film coated at 300oC. 

The left portion shows the EBSD image with a 100µm 
bar for scale. The black dots indicate regions where the 
C.I. index was below an acceptance threshold. The 
triangle at right shows the color code for the crystal 
orientation. The fairly uniform green color across the 
entire field of view indicates a single orientation [110]. 
The Kikuchi pattern at top right (taken from a single spot) 
is sharp, consistent with the uniform orientation and the 
narrow XRD peak (blue curve) in Fig. 6. 

Figure 8 shows similar data obtained from a film coated 
at 400oC. In addition to the EBSD data, Fig. 8 also shows 
an SEM image (left) at the same magnification (see 
200µm bar) as was used for the EBSD image. Here we 
observe that the crystal orientation [110] is uniform over a 

1mm x 0.6mm region on the film. The film thickness was 
only ≈0.4µm. Again a sharp Kikuchi pattern is observed. 
The SEM and EBSD images show typical crystal 
orientation cubes for reference. 

 
Figure 8: EBSD images from Nb film coated at 400oC. 

COATING OF RF CAVITY STRUCTURES 
A 2.2 GHz copper RF cavity half-cell was coated to 

demonstrate the feasibility of utilizing the CEDTM process 
for this purpose. Figure 9 shows the coated half cell. No 
analysis was performed on the cavity to characterize the 
film. One observes that no un-coated regions or 
macroscopic defects are visible and the film appears well-
adhered. 

 
Figure 9: 2.2 GHz Copper RF cavity half-cell coated 
with Nb using the CEDTM process. 

Along with Superconductivity characteristics such as Tc 
and RRR, there are mechanical characteristics necessary 
to produce a functional SRF cavity from Nb coated Cu. 
Notably the film surface must be very smooth, with RMS 
roughness below approximately 150nm. SRF cavities 
drive accelerating gradients as large as 200 MV/m. At 
such large electric fields, electron generation at the 
surface of the cavity is a formidable problem. Electrons 
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produced at the cavity surface can scatter the accelerated 
beam, or result in multipacting, where electrons impact 
the cavity surface and release more electrons, which in-
turn can cause beam scattering or still more multipacting. 
Field emission and multipacting cause heating of the 
cavity and can lead to a cryogenic quench. Thus 
roughness must be minimized. Cathodic arc deposition 
methods such as CEDTM produce macro-particles which 
are μm scale droplets of material produced from the 
cathode surface. Cathode material leaves the cathode spot 
as a mixture of plasma and macro-particles. The ratio of 
plasma to macro-particles is a strong function of the 
thermodynamic properties of the cathode and the local 
current density. In the 1970’s Daalder studied many 
cathode materials ranging from low melting point metals 
to refractory metals. The basic trend was that the fraction 
of the mass leaving the cathode as plasma increased with 
increased melting point of the cathode material. Daalder 
showed that the relative rate of macro-particle production 
(expressed as mass/coulomb) can be significantly reduced 
by reducing arc current. However it does so at the expense 
of deposition rate as less plasma is produced at lower arc 
currents. Thus a balance must be established between the 
large deposition rates desired to maintain low relative flux 
of impurities at the substrate surface and the low arc 
currents desired to reduce macro-particle production. 

Likewise depositions can be performed at varying 
levels of applied axial B-field. It has been shown that 
increasing the cathode spot velocity causes a decrease in 
the production of macro-particles. Cathodic arc-spot 
velocity increases with increasing axial B-field. 

DISCUSSION 
Superconducting RF cavities enable research particle 

accelerators to achieve higher beam energies at lower 
operating powers. Superconducting cavities are made 
from niobium which is expensive and difficult to 
manufacture. Coating copper cavities with a thin film of 
Nb would save on both fabrication and operation costs 
and allows enhanced accelerator operation. This paper has 
described the use of energetic condensation using our 
CEDTM process, to deposit thin-films of Nb on sapphire 
and Cu samples. The sapphire coated films allowed 
measurements of sharp superconducting transitions and 
RRR as a function of film thickness and substrate coating 
temperature. A dramatic increase in RRR with substrate 
temperature, from ~5 at room temperature to 50 at 300oC 
and 129 at 400oC was measured. The RRR was also 
observed to increase with film thickness up to 2µm. 
Hence the measured value of 129 for a 0.5µm film is a 
lower bound. These measurements were complemented 
by measurements of surface properties using SEM, XRD 
and EBSD. EBSD images showed uniform crystal 
orientation [110] over fairly large fields of view (~1mm x 
0.5mm), across the 0.5µm thick Nb  film. XRD spectra 
showed that the thin-film Nb crystal peaks approached the 
2θ angular position of bulk Nb as the substrate 
temperature was increased to 400oC. 

In general, there is a complex interplay between 
vacuum pre-bake conditions and deposition conditions 
that determines grain structure, film thickness and good 
superconductivity in such Nb thin-films. Future work will 
further study the morphology of the film using SEM, 
EBSD, XRD and other tools, optimize the pre-bake and 
deposition conditions, followed by RF tests in a 
superconducting impedance cavity (SIC) at Jlab.  
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Abstract 
Best RF bulk niobium accelerating cavities have nearly 

reached their ultimate limits at rf equatorial magnetic 
field H ≈ 200 mT close to the thermodynamic critical 
field Hc. In 2006 Gurevich proposed to use nanoscale 
layers of superconducting materials with high values of 
Hc > Hc

Nb for magnetic shielding of bulk niobium to 
increase the breakdown magnetic field inside SC RF 
cavities [1].  

Depositing good quality layers inside a whole cavity is 
rather difficult but we have sputtered high quality samples 
by applying the technique used for the preparation of 
superconducting electronics circuits and characterized 
these samples by X-ray reflectivity, dc resistivity (PPMS) 
and dc magnetization (SQUID). Dc magnetization curves 
of a 250 nm thick Nb film have been measured, with and 
without a magnetron sputtered coating of a single or 
multiple stack of 15 nm MgO and 25 nm NbN layers. The 
Nb samples with/without the coating clearly exhibit 
different behaviors. Because SQUID measurements are 
influenced by edge and shape effects we propose to 
develop a specific local magnetic measurement of HC1 
based on ac third harmonic analysis in order to reveal the 
screening effect of multilayers. 

INTRODUCTION 
Bulk niobium cavities have proven to provide the 

highest accelerating gradients in superconducting RF 
cavities for particle accelerator application with values 
around 40 MV/m. When the accelerating field reaches 
this value, the magnetic component near the equator is 
close to the thermodynamic critical field Hc ≈ 200 mT 
where niobium ceases to be superconducting. 

There are several evidences that the dissipation 
observed at high field has a magnetic origin because of 
the BCS term in the surface resistance at high field. As 
HRF approaches HC, the normal electrons density and 
RBCS increase due to the effect of current pair-breaking 
on thermal activation which in turn increases heating, 
making RBCS nonlinear at high field. So far this 
nonlinear rf response has only been evaluated for type II 
superconductors in the clean limit and at low frequency. It 
shows that at high field the non linear correction increases 
exponentially with field and temperature, and can give 
rise to thermal runaway [2, 3]. 

This model can in particular explain the hot spots 
observed on cavities where bundles of trapped vortices 
can produce localized dissipative regions from which heat 
spreads over several tens of mm. The magnetic/vortex 
origin of the hot spots have been recently demonstrated 
[4]. 

High field non linear dissipation could explain the 
monopoly of niobium in SRF applications since Nb has 
the highest HC1 value (180 mT at 0 K) among all 
superconductors: high HC1 material is mandatory to 
prevent early vortex penetration on surface defects 
(asperities, grains boundaries…). Attempts to use higher 
TC and HC2 superconductors have failed so far, probably 
due to their low HC1, that allows early penetration of 
magnetic vortices resulting in high surface dissipation (for 
a recent review on that topic see [5]).  

MULTILAYERS 
A. Gurevich proposed to use composite structures 

specifically designed for RF accelerating applications 
based on nanoscale multilayers of superconducting 
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materials with values of HC >> HNb
C for magnetic 

shielding of bulk niobium.  
Very high HC1 can indeed be achieved with films 

whose thickness d is smaller than the magnetic 
penetration depth λ, at least in a configuration where the 
field is parallel to the surface of the film [1]. So we could 
use such films to screen bulk niobium and allow much 
higher field to be reached inside cavities. Bulk niobium is 
still necessary to prevent perpendicular vortices to 
penetrate the film and an insulating layer (~ 15 nm) is 
needed to prevent Josephson coupling between coating 
layers and Nb substrate. Such structure would be 
particularly efficient in the case of RF elliptic cavities 
where the magnetic field is concentrated well inside the 
cavity and is parallel to the surface. 

Deposition Techniques 
Thin film deposition on curved, large surfaces like the 

cavities is difficult as it has been widely shown recently 
(see e.g. [6]). Thus, we are searching for a deposition 
technique suitable for cavity geometries, i.e. which could 
provide uniform coating of nano-layers, with sharp 
interfaces, low densities of defects, including grains 
boundaries and impurities. As well as low residual stress 
are necessary. Testing such nano-structures deposited 
inside cavities would be fairly easy since in this field 
configuration no side effects are expected.  

As a first step we have prepared high quality samples 
and characterize those using standard measurements. 
Several deposition techniques can achieve very good 
quality films in specific conditions, but as usual in the 
SRF community, their characterization raises several 
difficulties: most of the classical techniques do not allow 
predicting their RF behavior. Nevertheless, demonstrating 
the effective screening effect of nanometer scale NbN 
films (high HC1) on good Nb samples could initiate the 
interest of scientific community in searching alternative 
deposition techniques like the one presented in [7, 8]. To 
reach this goal, the evaluation of the first penetration field 
for layered samples as compared to the bulk niobium is of 
fundamental importance. 

In order to produce high quality layered films, we 
applied the magnetron sputtering technique, an asserted 
techniques well developed for the preparation of 
superconducting electronics circuits particularly for 
Josephson junctions and detectors fabrication.  

EXPERIMENTAL DETAILS  
We have grown respectively one single layer (SL) R-

Al2O3/Nb(250 nm)/MgO(y nm)/NbN(x nm), one 
multilayer (ML) R-Al2O3/Nb(250 nm)/[MgO(y 
nm)/NbN(x nm)]x4. NbN was deposited by dc magnetron 
sputtering from a 6-inches diameter niobium target in a 
reactive (nitrogen/argon) gas mixture at 300°C. The same 
target is used for Nb deposition applying only argon 
pressure, whereas the MgO layer is RF-magnetron 
sputtered from a MgO target.. More details on the 
technique can be found in [9]. The NbN top layer is 

further RIE etched on a part of the wafer to provide the 
bulk niobium reference sample (R-SL). 

X-ray Characterization 
Large angle X-rays Diffraction measurements provide 

information on the crystalline relations between the 
substrate and the deposited layers. For instance, for 
sample SL we observed that Nb, NbN, and MgO were all 
(200) textured  at 100% although it was not possible to 
determine if they were polycrystalline or monocrystalline. 
In addition the NbN layer was slightly expanded (0.5%) 
in the (200) direction. For sample ML we observed also a 
(200) texture for each layer, but the (200) Nb texture is 
only partial (~ 89 %).  

Low angle X-rays reflectivity gave information about 
thicknesses and interface roughness of the different 
layers. The measured signal was fitted using Paratt 
formalism that takes into account the existence of several 
layers of various electronic densities. Resulting data are 
summarized in table 1. 

 
Table 1 : Summary of the X-rays Reflectivity Analysis 
Sampl
e SL 

Thickness 
(nm) 

Roughne
ss (nm) 

Sample 
ML* 

Thickness 
(nm) 

Roughnes
s (nm) 

Nb 250 1 Nb 250 1 
MgO 14 1 MgO 5 1 
NbN 25 1.5 NbN 12 1.5 
* Sample B has 4 NbN/MgO layers of the same thickness 

Tc Measurement 
The superconducting critical temperature Tc of each 

sample was measured using a Quantum Design PPMS 
facility. Measurements of the resistive transition (Fig.1) 
show that ML exhibits a higher Tc=15.4K than the 250nm 
Nb substrate layer (H-SL, Tc=8.9K) but lower than SL (Tc 
= 16.4K). Tc values of NbN films, close to the bulk Tc = 
17K), indicate good quality of the films. 
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Figure 1: Resistive transition of an Nb film covered or not 
by a NbN/MgO multilayer 

SQUID 
SQUID samples were cut to 5x5 mm2 and glued to high 

purity quartz thread to be either parallel or perpendicular 
to the magnetic field. DC magnetization curves M(H) 
parallel to the sample plane have been measured using a 
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Quantum Design MPMS equipped with a setup which 
enables simultaneous measurements of M(H) for both  
transverse and longitudinal field orientation. 

SQUID measurement of thin superconducting films 
with H parallel to the sample plane is fairly difficult to 
analyze because of the existence of a strong transverse 
signal as shown by Zhukov et al. [10]. Moreover, 
regardless of any sample anisotropy, a purely geometric 
effect is to be expected due to edge effects. Magnetic 
moment is very sensitive to any small disorientation of 
the sample, which will have a dramatic effect on the 
signal intensity. This angle sensitivity has been confirmed 
in ref.  [11]. The origin of the transverse signal is clarified 
as due to strong quadrupolar component that arises from a 
large perpendicular dipole moment generated by 
superconducting edge currents confined within the layer’s 
plane. As the quantum design apparatus relies on a 
dipolar signal, therefore the fitting seems always poor.  

The data presented hereafter were optimized for the 
best possible fit on longitudinal moment that allows, for 
the moment, qualitative estimation of the magnetic 
moment. Figures 2 and 3 show the DC magnetization 
curves of sample SL at 4.5 K and 12 K, and sample SL 
compared with the reference R-SL at 4.5 K. Curves were 
normalized such that M = -H at low field. At 12 K only 
the 25 nm NbN layer is still superconducting while in at 
4.5 K both Nb (250 nm) and NbN are superconducting. 
The more striking difference lies in the hysteresis 
behavior: the combination of an NbN layer on Nb 
obviously strongly reduces vortex penetration compare to 
Nb single layer sample. 
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Figure 2: Sample SL at 4.5 K (blue) and 12 K where only 
NbN is superconducting (pink). 

Note that the apparent HC1 of monolayer appears 
systematically higher than the reference one (about a 
factor of two). Nevertheless they do not reach the very 
high values predicted for d<λ thin films [1]. Several 
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Figure 3: Sample SL at 4.5 K (blue) compared with 
reference R-SL (green). 

 
explanations are possible: first we obviously measure 

the global magnetic behavior of the total composite 
structures but not directly BC1 of the nanometric layer 
(NbN). Secondly, side, shape and orientation effects are 
very strong in the SQUID measurement geometry. 
Moreover, the bulk layer is “protected” only on one side 
whereas it is immerged inside a uniform field that is 
configuration somewhat different from the initially 
proposed model. 

Nevertheless it seems possible to fit the results with a 
more suitable algorithm [12] and we hope to present the 
processed data in a forthcoming article.  

PERSPECTIVES 

3rd Harmonic Analysis  
Since SQUID measurements are strongly influenced by 

orientation, edge and shape effects, we propose to 
develop a specific local magnetic measurement of HC1 
based on ac third harmonic analysis as developed in 
ref.[13]. This technique is based on the hysteretic 
behavior of the magnetization in the critical state, that 
gives rise to non zero odd harmonics in the spectrum of 
the electrodynamic response of superconductors exposed 
to an ac magnetic field. In Fig. 4 (a), V3 (T) is strictly 
equal to zero in the Meissner phase, but it acquire finite 
values with a bell-shape temperature dependence in the 
mixed state below the irreversibility line and it comes 
back to zero in the flux flow and normal state regimes.  

First measurement on 80 nm niobium multilayers 
seems to show a clear increase of BC1 in perpendicular 
field configuration [14]. In our case we need to develop in 
addition an experimental set-up where the field 
configuration is similar to cavities, i.e. parallel to the 
surface.  
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Figure 4: principle of third harmonic analysis (see text for 
details). t =T/Tc 

Depositing Technique  
We need to determine how the screening properties 
evolve in more realistic situations. We plan to test 
samples deposited on bulk monocrystalline and 
polycrystalline niobium with the same technique or with 
alternative techniques like ALD, which might be easier to 
develop for full cavity deposition. 

CONCLUSION 
We have presented the superconducting properties of 

composite structures specifically designed for RF 
accelerating applications. In particular we have analyzed 
SL and ML multilayer by DC SQUID magnetization 
measurement in a parallel field configuration. We have 
shown a very promising behaviour of these composite 
structures: the first critical field of a multilayer is 
enhanced by a factor ∼ 2 and the vortex penetration is 
partially suppressed as it has been inferred from the 
observed reduction of the area of the hysteresis 
magnetization curves. 
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REDUCING ELECTROPOLISHING TIME WITH
CHEMICAL-MECHANICAL POLISHING

C.Z. Antoine, CEA, Gif-sur-Yvette;
R. Crooks, Black Laboratories, L.L.C., Newport News

Abstract

Before reaching optimal results, one needs to remove
150-200 µm by electropolishing inside niobium RF cavi-
ties, probably because the existence of a damage layer on
the Nb sheet surface. Reducing the amount of electropol-
ishing to a final light treatment would be a way to decrease
both costs and risks for large projects such as ILC. We have
evaluated the thickness of the damage layer after various
deformations steps by observing the density of etching fig-
ures after several light chemical etches. Complementary
observations with EBSD are also presented. Deep draw-
ing brings further and deeper damage in particular in the
equator region where the friction against the forming dye
is the highest. Welding also influences the damage distri-
bution. “Chemical-mechanical” polishing, a technique ini-
tially developed for the preparation of TEM samples, is a
way to prepare surfaces with a very thin damage layer. It is
also now applied industrially to wafer preparation and op-
tical lenses. We think that chemical mechanical polishing
of half cells before welding would be a way to decrease the
thickness of the final etching for the preparation of RF Nb
cavities.

CONTRIBUTION NOT
RECEIVED
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EXPLORING THE MAXIMUM SUPERHEATING MAGNETIC FIELDS OF
NIOBIUM∗

N. Valles† , Z. Conway, M. Liepe, Cornell University, CLASSE, Ithaca, NY 14853, USA

Abstract

The RF superheating magnetic field of superconducting
niobium was measured with a 1.3 GHz re-entrant cavity
at several points in the temperature range from 1.6 K to
4.2 K. Measurements were made with < 200 μs high power
pulses (∼1.5 MW). Our test incorporated oscillating super-
leak transducers to determine the cavity quench locations
and characterize changes or the migrations of the quench
locations during processing. This study builds upon previ-
ous work in that it tests the same re-entrant cavity again,
after machining exterior grooves to increase the cooling
of the cavity. After machining grooves into the cavity,
new measurements of the critical RF magnetic field find
the field to be linearly increasing as a function of (T/Tc)2

down to 1.6 K, and allow discrimination between two com-
peting theories for the behaviour of the field, namely the
Vortex Line Nucleation Model and the Ginzburg-Landau
theory.

INTRODUCTION

Over the past 30 years accelerating gradients in Niobium
superconducting cavities have increased from 5 MV/m to
over 55 MV/m [1]. To determine the maximal achievable
gradient, we must understand the fundamental limit, the
critical RF magnetic field, HRF

c . Determining the limiting
magnetic field is the purpose of this work.

The critical field is postulated to be the same as the su-
perheating field [2], the field level above which a supercon-
ductor undergoes a phase transition to the normal conduct-
ing state. Two theories explaining the temperature depen-
dence of the superheating field have been suggested. The
Vortex Line Nucleation Model (VLNM), predicts that the
superheating field depends on temperature, T , according to

Hsh(T ) = 1780.4 Oe

[
1 −

(
T

T̄c

)4
]

. (1)

where T̄c = 9.014 K is the reduced critical temperature of
Niobium [4]. The Ginzburg-Landau Theory, valid near Tc,
predicts that the superheating field has the form

Hsh(T ) = 1.2H0

[
1 −

(
T

Tc

)2
]

(2)

where H0 = 2000 Oe, and for Niobium, Tc = 9.2 K [9].
The VLNM fits results from a BCP cavity [3, 4], but dis-
agrees with an EP cavity test [5]. This study seeks to deter-
mine which model is correct by performing measurements

∗Work supported by grants from the National Science Foundation and
the Alfred P. Sloan Foundation.

† nrv5@cornell.edu

of a very high quality Niobium cavity over a low tempera-
ture range, where differences between the two predictions
become apparent.

The superheating field decreases with increasing tem-
perature, so to ensure that bath thermometer accurately re-
flects the RF surface temperature, short, high power pulses
(HPP) were used to minimize heating and grooves were
machined onto the outer cavity surface to enhance cooling.
The superheating field can be differentiated from a defect
caused quench because as the limiting field is surpassed,
the high magnetic field region should make a global tran-
sition to the normal conducting state. The origin of the
quench, and whether or not it is a global transition can
be determined with the use of oscillating superleak trans-
ducers (OSTs) [6]. The experimental set-up is pictured in
Fig. 1.

Figure 1: Experimental set-up showing 1.3 GHz re-entrant
cavity mounted on a test stand. The copper waveguide be-
hind the cavity connects to the klystron and supplies the
HPP. Eight OSTs are mounted at corners of a cube around
the cavity and are used to detect quench locations. An en-
largement of an OST is shown in the lower right corner.

HEATING SIMULATIONS

To have confidence in the measurement of the super-
heating field as a function of temperature, the difference
between the inner RF surface and the bath thermometer
should be as small as possible. This experiment already im-
plements short HPP, which rapidly excites the cavity with-
out depositing a lot of RF energy, but to increase cooling,
the effects of machining grooves on the outer surface of the
cavity were investigated.

The high magnetic field region of this cavity extends
about 1.5 cm on either side of the equator weld. This re-
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gion was modelled using ANSYS, and the heating caused
by the magnetic field during pulsed cavity operation was
simulated, ramping the energy stored in the cavity from
0 to 35 J, corresponding to a maximum surface field of
1900 Oe, over 200 μs. These values were chosen because
they were the conditions used during the last experiment
with this cavity [5]. The BCS resistance of the cavity is
given by Rs = R0 + RBCS(T ), where R0, the residual
resistance was taken to be 20 nΩ, and the BCS resistance
is given by

RBCS(T ) =
A

T

(
f

f0

)2

exp
(
−T0

T

)
(3)

with parameters A = 2 × 10−4Ω · K, f0 = 1.5 GHz and
T0 = 17.67 K, where T is the temperature of the metal and
f is the frequency of the RF wave, and is accurate for T <
Tc/2 [2]. The simulation does not take into account high
field Q slope; if it did, the temperature change at the end
of a pulse would increase. This means that the simulations
performed, set a lower bound on the temperature change
during pulsed operation.

A simulation of this region with cooling grooves was
also performed at temperatures in the 2.0–4.2 K range, and
a heating simulation starting at 2.0 K is presented in Fig. 2.

Figure 2: Comparison of temperature change of inner sur-
face for grooved and ungrooved cavity initially at 2 K
ramping up from 0 to 35 joules of energy stored in the cav-
ity over 200 μs.

Comparing the temperature change of the inner surfaces
in the ungrooved case ΔTungrooved and the grooved case
ΔTgrooved, one finds the figure of merit at 2 K:

ΔTungrooved − ΔTgrooved

ΔTungrooved
= 30%. (4)

Thus, grooving the cavity reduces the temperature change
during pulsed operation. The typical ΔT to be expected is
approximately 0.2 K.

Another simulation was performed to compare the be-
haviour of the grooved cavity under uniform heating, and
heating due to a line defect around the equator. ANSYS
simulated the temperature increase of the cavity as the en-
ergy in the cavity was ramped up from 0 to 35 J over
200 μs. In the first case, energy was dissipated through
the entire high magnetic field. In the second case the same
amount of energy was dissipated at a defect having a width
of 100 μm at the equator. The result is shown in Fig. 3.

This simulation suggests that for a localized line defect,
the heat did not have time to travel to the ends of the high

magnetic field region. This suggests that by measuring the
origination of a second sound wave, the case of uniform
heating can be distinguished from heating due to a defect.
In the uniform heating case, OSTs will measure a second
sound wave emanating from the nearest point on the high
magnetic field region of the cavity, and will not all converge
to a single point. In the defect case, the second sound wave
must originate from a small region on the cavity surface,
and the origin of these waves should converge to a line, or
a point in the case of a highly localized defect.

Figure 3: ANSYS simulation of heating of Niobium cavi-
ties initially at 2 K. Both the top and bottom surfaces dissi-
pate the same power, but the bottom surface has its power
dissipated in a defect 1/60th of the total area. Smaller de-
fects lead to numerical instabilities for the transient solu-
tion.

METHODS

The experiments discussed here used a 1.3 GHz re-
entrant design niobium cavity that was previously tested
to have a maximum accelerating gradient of over 55 MV/m
and made of Niobium with a RRR of 500 [1]. The cavity,
LR1-3, was produced by Cornell University, and the cav-
ity’s history prior to this test is discussed elsewhere [5].

As discussed above, knowledge of the temperature of the
RF surface is essential. To reduce the temperature increase
of the RF surface during cavity operation, grooves 1.2 mm
deep, spaced at 1 mm were machined on the cavity, and are
shown in Fig. 4.

Figure 4: Photo of 1.3 GHz Niobium cavity with machined
grooves to increase cooling. The grooves are 1.2 mm deep
at 1 mm spacing.

After machining, the cavity was degreased, received a
vertical EP removing ∼5–10 μm of material, degreased
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again, was high pressure rinsed (HPR), and baked at 800◦C
for 2 hours. After the high temperature bake, the cavity
received another 5–10 μm EP, ultrasonically cleaned and
HPR. Finally the cavity was cleanly assembled, braced and
pumped down, and then baked for 48 hours at 110 ◦C,
a process which is known to reduce the high field Q-
slope [7].

Previously, the cavity was driven with 200 μs pulses, but
the latest experiment on this cavity used 150 μs of 1.5 MW
HPP. Shorter pulses reduce energy dissipated in the cav-
ity and ramp up cavity fields before any defects can heat
the cavity and cause quench, so in general, the shorter the
pulse length the better. The klystron power was coupled
to the cavity such that the external quality factor could be
adjusted between 105 and 106. Coupling in this range bal-
ances quickly ramping up fields (taking about 100 μs) and
being able to measure Q0 accurately to determine when the
normal conducting transition takes place.

Measuring the superheating field accurately relies on
determining when the cavity transitions between the su-
perconducting and normal conducting state. The transi-
tion time can be found by computing the quality factor
of the cavity, a subject dealt with thoroughly in Hays’ pa-
pers [3, 8]; here only the relevant equation is quoted. The
intrinsic quality factor is related to the energy stored in the
cavity according to

1
Q0

=
2

(√
dPf ω

dt − d
√

U
dt

)
ω
√

U
− 1

Qext
. (5)

where Pf , is the forward power, ω is the angular RF fre-
quency, Qext is the “external” Q of the cavity, t is time,
and U is the energy stored in the cavity.

Equation 5 can be used to calculate Q0 as a function
of time from measurements of Pf and U . When Q0 >
2 × 106, at least 90% of the cavity is superconducting [3].
Thus, solving Q0(ttrans) = 2 × 106, allows one to find
the time when magnetic field at which the superconductor
transitions into the normal conducting state. The value of
the magnetic field at this time gives the superheating field:
Hsh = H(ttrans). An example of a trace showing the
magnetic field and Q0 of the cavity as a function of time is
shown in Fig. 5, illustrating how the superheating field is
measured.

Eight OSTs were placed around the cavity. By measur-
ing the arrival time of the second sound waves at different
OSTs the quench location can be determined on the cav-
ity [6]. As discussed, a local defect initiated quench can be
distinguished from a global phase transition. Thus when all
OSTs trigger simultaneously, the peak magnetic field gives
the superheating field.

Finally, a Germanium resistive temperature detector was
used to measure the bath temperature. This information
both allows the inference of the speed of the second sound
wave, and provides the initial temperature of the RF sur-
face.

Figure 5: Plot of Hpk (blue line) vs time and Q0 (green
dots) vs time at 4.2 K for a pulsed measurement from
the first cavity test. The RF power pulse lasted from 25–
275 μs. The cavity becomes normal conducting at a peak
field of 1760 Oe. Prior to this time, the Q0 of the cavity is
too high to be measured by methods used in pulsed opera-
tion.

MEASUREMENTS AND ANALYSIS
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Figure 6: Graph of Hsh vs (T/Tc)2, of experimental data
and theory. The GL prediction is the solid line, and the
VLNM is the dotted line. Circles mark selected points
from Hay’s BCP cavity test [8], the experiment with the
ungrooved cavity is EP 1 and the grooved cavity is EP 2 on
the plot. Field error bars of ±5% have been included corre-
sponding to calibration uncertainty. Temperature errors are
roughly the horizontal size of the markers.

High pulsed power measurements were performed be-
tween 1.6 and 4.2 K and the results are plotted in Fig. 6.
The Q versus E curve, taken at 1.6 K in CW operation is
shown in Fig. 7. Though there was no field emission, note
that there is high field Q-slope still present for this cavity
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Figure 7: Q vs E curve for cavity LR1-3 in CW operation
after machining grooves. The curve was taken at 1.6 K. The
machining modified the cavity’s resonant frequency from
1302 MHz to 1295 MHz.

even after a 110 ◦C bake.
Just as in the previous test with this cavity, no observed

quenches were found to be due to localized cavity defects.
The OST array measured second sound waves arriving si-
multaneously at all detectors, shown in Fig. 8. The sec-
ond sound wave arrival times demonstrate that the detected
waves emanate from areas on the high magnetic field re-
gion of the cavity nearest each detector. This region ex-
tends 1.5 cm on either side of the equator weld. The si-
multaneity of OST detections demonstrate that this entire
region under goes a phase change from the superconduct-
ing state to the normal conducting state. The phase change
occurs in less than 5 μs. All of this is consistent with ob-
serving a fundamental physical limit.

Figure 8: OST data for a single quench event. The lower
trace is cavity field amplitudes, and the three upper traces
are OST signals. The small time discrepancy between mea-
sured arrival times correspond to different OST positions.
The OSTs all found the cavity quench to be a global event.

Previous measurements with Niobium cavities, pro-
cessed with a buffered chemical polishing (BCP) process,
were within 10% of the Ginzburg-Landau theory predic-
tion down to a temperature of 6.2 K [3], but disagreed by
25% at 2 K. The VLNM, however, fits the single 2 K BCP
data point to within 2%, but departs by 17.5% from mea-
surement at the 4.2 K data point, while fitting high tem-
perature data points as accurately as GL theory. Thus, the

BCP results are insufficient to distinguish between the two
theories, and further experimentation is necessary.

An experiment with the cavity was performed before ma-
chining cooling grooves [5]. These results cavity allows us
to set a lower bound on the superheating field that agrees
to within 3.5% of GL theory at a temperature of 4.2 K, but
is 12% below the prediction at 2 K. The VLNM, however,
under-estimates the 4.2 K point by 5% and the 2 K point by
13%.

The grooved cavity measurement of the superheating
field coincide with the BCP cavity measurements at 4.2 K,
but are 6% higher than the BCP cavity results at 1.6 K. This
latest measurement is lower than the previous one. A pos-
sible explanation for this behaviour is that the field calibra-
tions may be off by as much as 10%, from cell shape defor-
mation due to cavity machining. This is supported by the
fact that the resonant frequency of the cavity was 7 MHz
lower than it was during the previous test. Preliminary
simulations show that knowing the frequency shift is not
enough to estimate the change in Hpk/Eacc, as this value
is sensitive to exactly how the shape changes occurred.

Performing a linear fit to the latest data from Fig. 6 gave
the fit line H = −(1580±718)(T/Tc)2+(1917±105) Oe.
A reasonable consistency check of the data is whether it
passes through (1, 0), since at the critical temperature, one
expects the superheating field to be zero. The x-intercept
of this line is given by x0 = 1.21 ± 0.55. This intercept
agrees with GL prediction, but the slope differs, suggest-
ing that there are some systematic errors in the measure-
ment. Origins of this error can arise from the magnetic
field, electric field, or stored energy calibration or from the
temperature measurement. Nevertheless, the results dis-
play a clear linear dependence on (T/Tc)2, showing that
the field increases with decreasing temperature down to 1.6
K. Though the latest data is not accurately described by
Ginzburg-Landau Theory, which may in part be due to sys-
tematic effects just discussed, the superheating field shows
a linear dependence (T/Tc)2, and extrapolates to a zero
Hsh at Tc, within error bars. All these features are shared
with GL theory.

We now compare the VLNM with the experimental data.
In the 1.6–4.2 K temperature range the VLNM is relatively
flat. Linearising this model around 2.9 K, the middle of

the temperature range, gives Hsh ≈ 1799 − 369
(

T
T̄c

)2 .

While the y-intercept of this linearisation is 1σ less than the
extrapolated value, the slope of this line is not consistent
with the slope of the experimental data. These points, along
with the fact that both tests measured fields > 1780 Oe,
the maximum field allowed by VLNM, suggest that this
model does not accurately model the superheating field of
Niobium.

CONCLUSIONS

ANSYS simulations support the conclusion that uniform
triggering of the OSTs are not caused by defects, but in-
stead are a global phenomenon, supporting the claim that
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the superheating field was indeed measured.
We were able to successfully determine the Q0 of the

cavity in pulsed mode, and use that information to deter-
mine the time of transition into the normal conducting state
and thereby Hsh and the critical RF magnetic field. We
demonstrated that the peak fields measured are fundamen-
tal limiting values because the entire high magnetic field
region of the cavity changed from superconducting to nor-
mal conducting. The transition occurred in a span of a few
microseconds, a time scale inconsistent with thermal break
down or field emission. Furthermore, the OSTs show that
the quench is not due to a local defect or field emission
heating, adding further credence to the transitions occur-
ring at a fundamental limit, the superheating field.

The VLNM predicts a saturation of the superheating
field at 1780 Oe, a value surpassed in both tests. Also,
the machined cavity results show Hsh increasing down to
a temperature of 1.6 K. For this reason, it seems that GL
theory, though not fully describing the superheating field,
shares many features with our experimental data.

It should not be viewed as a deficiency in GL theory that
the data does not exactly corroborate its predictions, be-
cause the theory is formulated to only be accurate near Tc,
but it is still remarkable that the qualities this theory apply
to data as far away as T ∼ 0.17Tc.
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SURFACE INVESTIGATION OF SAMPLES EXTRACTED FROM
PROTOTYPE CAVITIES FOR EUROPEAN XFEL

W. Singer, S. Aderhold, A. Ermakov, DESY, Hamburg;
P.M. Michelato, L. Monaco, INFN/LASA, Segrate (MI);

F. Schoelz, W.C. Heraeus GmbH COPY, Materials Technology Dept., Hanau;
X. Singer, K. Twarowski, DESY, Hamburg

Abstract

Few cavities of the 4th and 6th cavity generation treated
accordingly the XFEL recipe have shown performance of
ca. 15 MV/m caused by thermal break down without field
emission. Effort to post purify some cavities with titanium,
that was successfully applied for FLASH cavities, did not
improve the performance. The T-map analysis detected the
quench areas mainly close to the equator. Optical control by
high resolution camera and non-destructive X-Ray radiog-
raphy have been applied and allowed to monitor the defects
in some cases with good correlation to T-map observation.
In order to get more detailed information of defects some
samples have been extracted from cavity and investigated
by light microscope, SEM, EDX and Auger spectroscopy.
The detected distinctions are discussed
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RECEIVED
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STRUCTURE OF THE ELECTRON BEAM WELDING CONNECTIONS

X. Singer, A. Ermakov, A. Matheisen, A. Schmidt, W. Singer, DESY, Hamburg

Abstract

The structure, properties and welding parameters of
Nb55%Ti -Ti and Nb55%Ti-Nb connection of cavities for
XFEL are investigated. These are for example the welding
connections of conical disc with helium tank rings (bellow
unit and reduction ring) and of conical disc with reference
ring. Several samples have been prepared using the electron
beam welding equipment of DESY and Lufthansa Technik
AG. The metallographic structure analysis, EDX, measure-
ment of gas content, Vickers hardness HV, RRR and elec-
trical resistance measurement have been done. Properties
of the welding connection Nb55%Ti-Nb present mainly the
bcc body-centered cubic ß-phase according the phase di-
agram of NbTi alloy. The HV changes rather uniformly,
annealing at 1400oC does not lead to changes of the be-
haviour. The small maximum of the critical superconduct-
ing temperature Tc in agreement with the element distri-
bution in the welding connection is observed. Properties
of the welding connection Nb55%Ti-Ti present the mixture
of the bcc ß-phase and the hexagonal α-phase. Maximum
of the HV and increased hydrogen content in the welding
connection was observed.

CONTRIBUTION NOT
RECEIVED
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MgB2 THIN FILMS ON COPPER, TITANIUM, AND NIOBIUM 
BY PULSED LASER DEPOSITION IN KEK+ 

S. Mitsunobu*, S. Inagaki, H. Nakanishi, K. Saito, T. Takatomi, M. Wake, M. Yoshida 
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan 

M. Fukutomi, National Institute for Material Science (NIMS), Tsukuba, Ibaraki, Japan 

Abstract 
We have been engaged in fabrication of high-Tc or 

MgB2 thin films on metallic substrates. At the 
international workshop on thin films in Padova, we 
showed our basic idea to make an accelerating-mode 
cavity. In the first half of this paper, we report a 
subsequent development, mainly a partial success in 
fabricating superconducting film on a quadrant cavity of 
an accelerator structure. In the latter half, we describe 
some results concerning fabrication of films on Titanium 
and Niobium surfaces.  

FABRICATION OF MGB FILMS ON 
ACCELERATING CAVITIES 

As reported earlier [1],[2], we intend to make cavities 
of metallic material (especially of copper) covered with 
superconducting films. In order to develop a fabrication 
technique, we have been concentrated on making films on 
copper disks of 36 mm  in diameter. There, the 
microwave surface resistances were measured 

 
Figure 1: A 1/3 scaled-down cavity for MgB2 films. The 
left part is called f-part and the right m-part in the text. 
 

+Work partially supported by Grant-in-Aid -for Scientific 
Research(KAKENHI). 
*mitunobu@post.kek.jp 
 
 

 

using a TE011 mode host cavity, in which the current does 
not flow through the contact plane between the host 
cavity and the sample disk. 

We now shift to making cavities of accelerator mode, 
i.e., those of the TM-like field. The shape of the cavity is 
a 1/3 scaled-down model of the ILC superconducting 
cavity as shown in Fig. 1. (The original frequency is 
1389.63 MHz.) Here, in comparison with simple flat disks 
in the preceding experiments, the cavity shape is so 
complicated that we need to solve two problems 
simultaneously; machining the cavity and forming the 
film. Both problems are interrelated each other.  

(f-i) To avoid interception of the current flow in the 
longitudinal direction, a cavity could be constructed with 
multiple components divided in the longitudinal direction. 
For example, a cavity could be composed of four 
quadrant parts, one quadrant of which looks like 
something in Fig. 4. However, it is to be noted that the 
quadrant of Fig. 4 is composed of two parts as described 
in (f-ii). In this case, we could expect a rather uniform 
film deposition and less stress in the annealing process at 
the equator line. However, it is very difficult at the 
present state of art to machine the inner surface of the 
cavity by a milling technique.  

(f-ii) A cavity could be assembled with two parts cut 
vertically to the axis as shown in Fig. 2, i.e., a part 
denoted by from the upper-left to lower-right slanted lines 
(denoted m-part hereafter) and that denoted by from the 
upper-right to lower-left slanted lines (f-part) in Fig. 1. In 
comparison with the process (f-i), we expect disadvantage 
in the contact plane or more precisely the possible fault of 
the film at the contact line on the cavity inner surface.  

In this experiment, we adopt the latter process. From 
the experience of the X-band linear collider project, we 
have an amount of know how for finishing the contact 
plane. We use diamond bits to lathe the inner surface of 
the cavity and the contact planes. In the case of electron 
linear accelerator structure, since the mirror plane is so 
complete that the two parts are not easily detachable once 
the two parts come into contact. The contact plane around 
the inner surface is chamfered with 0.1R to avoid swelling 
to the cavity inner surface. 

PRECURSOR POST-ANNEALING 
METHOD 

After assembling the cavity with the component parts, 
we deposit MgB2 on the inner surface by pulsed laser 
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Figure 2: Two parts machined vertical to the axis are 
assembled to make a cavity. The inside surface is to be 
covered with MgB2 films. 
 
deposition (PLD) and heat up to temperatures around 600 
C. This procedure is called precursor post-annealing 
method.  
This method consists of two steps. 

(i) The target is a pellet with a mixture of MgB2 and 
Mg powder with the stoichiometry of Mg:B=2:1. Excimer 
laser with λ=248 nm (KrF), 400 mJ, and 5–10 Hz is 
irradiated on the target in 6x10-5 Torr Ar atmosphere at 
room temperature for 2 hr. The thickness of the fabricated 
film is around 1 μm. 

(ii) Typically, the precursors are heated in 1 atm Ar gas 
at 550–650oC for 10 min. This process must be optimized 
so that magnesium evaporation should be well controlled 
to become MgB2 in the phase diagram [3]. The reader is 
asked to refer the papers by Fukutomi et al. [4,5] for 
further details. 

In the preceding experiments, we deposited chromium 
on the copper surface, then yttria-stabilized-zirconia 
(YSZ), and MgB2 . However, we now know that if the 
copper oxide is completely removed from the surface, the 
chromium buffer layer can be omissible. 

THE PULSED LASER DEPOSITION 
The deposition of the mixture of the powder on the 

inner surface of the cavity with a satisfactory accuracy is 
abandoned at the present state of the experiment. We have 
tried two methods so far. 

(p-i) A cavity is assembled from m- and f-part using 
copper bolts as Fig. 1 aside from the both endcap. The 
copper oxide layer is removed in a hydrogen furnace. A 
target, a rod with a cone-end of YSZ, is inserted in the 
middle of the cavity. Pulsed laser depositing with a laser 
beam scanned over the cone as shown in Fig. 3. After 
transposing the cavity, pulsed laser depositing on the 
other side. Repeating the same procedure with a target 
formed from MgB2 and Mg powder. Finally annealing the 
whole cavity. Since this process is expensive, we tried 
only one for copper (and niobium) cavity, respectively. 
 
 

 
Figure 3: PLD on the inner surface of the assembled 
cavity. 
 

(p-ii) After assembled, the cavity is wire-cut into four 
quadrants as shown in Fig. 4. (Note that this figure shows 
the state after YSZ is deposited, so that the color of the 
inner surface is not that of copper just after 
deoxidization.) Different from the fabrication technique 
described in (f-1), the contact problem between the two 
parts is unavoidable in this process. After removing the 
copper oxide layer in a hydrogen furnace, 
 

 
Figure 4: A quadrant cut from the assembled cavity. The 
contact plane can be seen along the equator line and the 
cross section. Here, the inner surface is covered by YSZ. 
 
each quadrant is separately PLDed and annealed in the 
same way as the case of the 36φ copper disks. However, 
since the mass of the quadrant is about thirty times as 
large as that of the 36φ disk, the same temperature 
regulation as that of disk is not realized yet. Finally the 
quadrant part was annealed. Figure 5 shows four annealed 
quadrants. Since annealing condition is different for each 
quadrant, the color of reflection looks very different each 
other. The upper left one showed a transition to 
superconductivity. 
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Figure 5: Four annealed quadrant. The upper left one 
became superconductive. 
 
So far, including the experiments with copper disks, a 
brown or gold colored film becomes superconducting. 

MEASUREMENT OF THE SURFACE 
RESISTANCE 

In the case of (p-1), the microwave surface resistance, 
Rs, was measured as is. The number of samples made by 
this process is only one. Figure 6 shows the result as 
compared to the copper cavity of the same dimension. A 
weak signal of transition can be recognized at 22 K. 

 
Figure 6: Q-value of the cavity fabricated with process 
(pi). 
 

The sample was re-annealed at around 10 oC higher 
temperature. However, it was unsuccessful. 

In the case (p-ii), the surface resistance of the sample is 
measured with a three-quadrant host copper cavity as 
shown in Fig. 7. First, using a copper quadrant and the 
three-quadrant host cavity, the whole Q-value of the 
copper was measured. 
 

 
Figure 7: Host cavity for the measurement of a quadrant. 

 

 
Figure 8: Microwave surface resistance of a quadrant. 

 
Since the copper quadrant losses one fourth of the 

whole cavity, and from the form factor, we calculated 
RsCu. Then, the copper quadrant was replaced by a sample 
quadrant, and the whole Q -value , Q3/4Cu+MgB2 was 
measured. Since the loss of the host cavity is due to three 
times RsCu, and we can find RsMgB2. 

Up to now, four quadrants were fabricated. One sample 
among them showed a clear transition from the normal to 
superconducting state as shown in Fig. 8. However, the 
surface resistance at the lowest achievable temperature in 
our instrument was still higher than that of copper. The 
other three samples showed no indication of transition. 
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RF MEASURMENTS OF MGB2 ON NB 
AND TI 

MgB2 films were formed directly on Nb disk and Ti 
disk by precursor post-annealing method.[6] The samples 
were set on host cavity made of copper as shown in Fig 9. 
 

 
Figure 9:  RF measurement cavity made of copper and the 
endplate was replaced with a sample. 
 

The surface resistances Rs were measured  for MgB2 
film deposited Nb disc and bare Nb disk. 

Fig.10 shows the measured QL and Q0 of Nb and Fig.11 
shows those of MgB2 film. 
 

 
Figure 10: QL and Q0 for Nb disc. 

 

 
Figure 11: QL and Q0 for MgB2 film on Nb. 

 
Q0 of MgB2 film on Nb data clearly shows suddenly 

changes at 25 K and 9 K corresponding  to critical 
temperature Tc of MgB2 and Nb. The Rs of each 
materials is calculated using that of copper host cavity . 

Fig.12 show measured  Rs of Nb and MgB2 on Nb. 
 

 
Figure 12: Rs and Q0 of MgB2 film on Nb and those of 
copper. 
 

Rs of MgB2 on Nb also present indication of 
superconducting transition of MgB2 at 25 oK. 
Superconducting transition also observed at about 9 oK 
corresponding Tc of Nb, so, if film is uniform, it is 
expected, MgB2 film shield RF field partially.  

Rs of MgB2 on Ti is shown in Fig 13. The transition 
was observed about 23 K. 
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Figure 13: Surface resistance of MgB2 on Ti. 

SUMMARY 
We are making films by a precursor post-annealing 

method on copper cavities of an accelerator structure. 
Some of them have already showed superconducting 
properties. We concentrate our effort to find the better 
condition to get films of better quality.  We hope we can 
make a high power test in not-so-far future. 
MgB2 thin films on Nb disks show partial shielding effect 
which is important for high field cavity.  
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Abstract 
  Single and large grain Nb films are of interest due to 

their potential for reduced cost to replace bulk Nb SRF 
cavities. The structural properties and SRF performance 
of Nb films obtained by coaxial energetic deposition 
(CEDTM) in a cathodic arc vacuum process are compared 
and discussed. The CEDTM is a hybrid technique with 
both energetic ion deposition and implantation phase 
based on cathodic are plasma sources, which are copious 
generators of condensable energetic (20-200 eV), 
multiply charged ions from metal or alloy cathodes. X-ray 
diffraction (XRD) pole figures are used to investigate the 
grain orientations on Nb films grown at different substrate 
temperatures. The pole figures indicate good structural 
and electrical properties. The ratio of residual resistivity 
(RRR) dependence on a-plane sapphire substrate 
temperature shows RRR of ~129 and Tc=9.2K for 400 °C 
substrate, dropping to only ~4 for a room temperature 
substrate. This RRR figure of merit suggests good SRF 
performance in such Nb thin-films. 

INTRODUCTION 
The growth behavior of niobium films on sapphire 

substrates has been studied in detail and the epitaxial 
layers are well understood to exhibit almost strain free 
and large structural coherence length [1]. The 
crystallographic system is quite interesting from a physics 
viewpoint, as these thin-films differ significantly from 
bulk Nb in terms of their transport, thermo-dynamical [2], 
and structural [3-5] properties. 

In this paper, we report on x-ray texture studies that 
explore the relationship between the crystal structure and 
electrical conductivity under different growth conditions. 
Single crystalline niobium films on a-plane sapphire 
prepared by a coaxial energetic deposition™ (CED™) 
process [6] at various substrate temperature have been 
attracting considerable attention as low cost and stable 
materials for thin film SRF cavities [7-8]. The 
microstructures of the crystalline phase are correlated 
with crystallographic preferential orientation. The (110) 
preferentially oriented Nb films contain fiber textured 

microstructures, which have been revealed by pole 
figure x-ray diffraction (XRD) measurements in 
 

 
 
 
 

conjunction with the crystal structure studied by the 
electron backscatter diffraction (EBSD) technique. The 
difference in the crystal structure is related to the device 
performance. Specifically, concerning the grain 
orientation at 400 °C, the (110) preferentially oriented Nb 
films have been believed to be advantageous mainly from 
the aspect of the untwining dislocation and reducing 
stress. The contribution of different types of defects to the 
residual resistivity of Nb films can be determined by 
impurities, dislocations, and grain boundaries.  

Characterization tools used were the ratio of residual 
resistivity (RRR) and superconducting transition 
temperature (Tc) to investigate superconducting radio 
frequency (SRF) performance. Crystalline and grain 
orientations were measured by electron beam scattering 
diffraction (EBSD) and x-ray diffraction (XRD). Pole 
figure measurements at a diffracted position were 
performed to determine the average disorientation angles 
of subgrains. Texture formation in thin films directly 
influences the physical characteristics of materials such as 
magnetic, mechanical and electrical properties. 

X-RAY DIFFRACTION ANALYSIS 
X-ray diffraction is one of the most powerful and widely 
used techniques for accurate characterization of the lattice 
parameters, mismatch, and thickness of epitaxial 
materials. Bragg’s law may be expressed in vector 

notation. Let iK
r

, dK
r

 be unit vectors along the directions 
of the incident and diffracted beams, then the scattering 

vector, 
id KKS
rrr

−= , is parallel to *
hkld
r

, the reciprocal 
lattice vector of the crystal reflecting planes. Comparing 

the moduli of these vectors θsin2=S
r

 

and hklhkl dd 1* =
r

, it is seen from Bragg’s law that their 

ratio  is simply the wavelengthλ . The scattering vector of 
the conventional 2θ-ω scans in the reciprocal space is 
shown in Fig 1 (a). The scans move along the sample 
surface normal direction, which includes the information 
of the interplanar space in the crystal. If the Nb films are 
grown as a single (or poly) crystalline structure, all 
possible diffraction peaks in the ‘out-of-plane’ orientation 
can be collected by the 2θ- ω scans. The pole figure is one 
of the most widely used methods for identification of 
crystal orientation in the film. The measurement can  
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collect the intensity distribution in the reciprocal space 
over the surface of a hemisphere that has a radius of 
scattering vector  

r

S shown in Fig 1 (b).  

 
Figure 1: (a) schematic of scan vector of 2θ−ω scan and 
x-ray rocking curve in reciprocal space (b) schematic 
drawing of pole figure measurement in reciprocal space. 

Information on the inclination angle of the equivalent 
diffraction or information on the angle from the oriented 
crystallographic plane can be obtained by this method. 
Whereas a standard 2θ- ω XRD scan measures only 
grains with Bragg planes parallel to the film plane, the 
texture analysis shows if the sample is tilted against the 
incidence plane of the X-ray beam and rotated around the 
sample normal to get all grains in a diffracting position. 
The resulting intensities are represented by two-
dimensional pole figures and interpreted as distribution of 
crystalline orientations.  

X-RAY PATTERN OF NB FILMS 
Nb films deposited on a-plane sapphire substrate at 

various substrate temperatures are crystalline as shown by 
the XRD pattern from 30 to 100 ° (2 -ω scan) in Fig 2. 
The Bragg-Brentano scans include information on the d-
spacing, where d is the interplanar spacing of successive 
atomic planes in the crystal that lie along the surface 
normal direction. When only the diffraction peak of the 
(110) plane and of the next diffraction order of (220) were 
detected, these deposited layers show a preferred 
orientation of the Nb {110} plane parallel to the substrate. 
XRD measurements on these Nb samples show sharp and 
narrow Bragg diffracted peaks, with the diffraction vector 
perpendicular to the substrate surface. The primary peaks 
visible for all Nb samples show the {110} peak 
corresponding to the bcc phase. Since the peak width is 
inversely proportional to the XRD crystallite size, the 
increase in peak width indicates a reduction in the mean 
crystallite size, based on Debye-Scherrer broadening. All 
samples are clearly observed to show their peaks near the 
38.6° and 82.6° angles, which correspond to (110) and 
(220) phases, respectively. The peak position for the 400 
°C substrate temperature was 2 =38.4° with 0.255° full-
width at half maximums (FWHM), which indicates a well 
crystallized  material (near bulk-like) and a strain of 0.3 
% or less with respect to bulk Nb. 

 
Figure 2: XRD patterns of Nb films on a-plane sapphire, 
coated at 400 °C (red), 300 °C (blue), and room 
temperature (green). 

IN-PLANE TEXTURE MEASUREMENT 
The variation in degree of crystal orientation was 

measured by x-ray pole figure analysis. By measuring the 
intensity of the (110) Bragg diffraction peak (2 =38.24 
for Cu Kα radiation) over almost a full hemisphere, from 
the substrate normal to an angle of 85° from normal, the 
distribution of poles is obtained and displayed on a 
stereographic projection. A film with random orientation 
would give a uniform distribution of scattering intensity. 
A single crystal film displays a spot pattern, and a film 
with restricted fiber texture displays a ring pattern of 
modulated intensity, tending toward a spot pattern with 
increasing degree of orientation. A film with fiber texture, 
but random azimuthal distribution of grains, displays a 
ring pattern of uniform intensity. Therefore, the pole 
figure data may be displayed as the diffracted intensity as 
a function of the angle of rotation and tilt of the sample. 
Texture measurement of three of Nb films grown on a-
plane sapphire substrates at different substrate 
temperatures is shown in Fig 3. The pole figure of Nb 
film deposited on a-plane sapphire substrate at 400°C 
temperatures is shown in Fig 3 (a). The central spot 
indicates the grains oriented with (110) planes parallel to 
the substrate, while four spots at 60° of tilt correspond to 
diffraction intensities from {110} in-plane texture. The 
azimuthal angles of these four intensity maxima are 42.5°, 
153°, 223°, and 333.5°, respectively, and are separated by 
angles of 70.5° and 109.5°. As shown in Fig 3 (b), the 
degree of {110} in-plane texture shows the diffraction 
intensity as a function of rotation (Φ-scan) and 60° tilt 
sample, that indicates a strong (110) fiber texture 
perpendicular to the substrate. The detector was set for 
the (110) reflection from the Cu Kα line and the sample 
scanned about the rotation axis. Four peaks were detected 
separated by 109.5° and 70.5°. The size of the specimen 
was such that these could not arise from bulk scattering 
from the edge of the sapphire and represent Nb surface 
diffraction peaks. In Fig. 3 (c), the crystal orientation 
mapping of Nb film using SEM/EBSD shows the uniform 
green color (see inset triangle) and a single spot in the 
Kikuchi pattern that indicates a single {110}  

S
r

iK
r

dK
r

θ2

θ

λ1

Ψ

Φ

S
r

λ1

Rocking 

35 40 45 50 55 60 65 70 75 80 85 90 95
2Theta (°)

0

10000

40000

90000

160000

250000

In
te

ns
it

y 
(c

ou
nt

s)

37.0 37.5 38.0 38.5 39.0 39.5 40.0
2Theta (°)

0

10000

40000

90000

160000

250000

In
te

ns
it

y 
(c

ou
nt

s)

θ

θ

θ

Proceedings of SRF2009, Berlin, Germany TUPPO080

06 Material studies

419



      

 
 

Figure 3: X-ray pole figure and EBSD images of (110) 
Nb films on a-plane sapphire substrate (a-c) at 400°C 
substrate temperature, (d-f) at 20°C substrate temperature. 

 
orientation plane. At room temperature in Fig 3 (d), the 
diffraction intensity at the center spot indicates the grains 
are strongly oriented with (110) planes parallel to the 
substrate, but in-plane texture shows six spots at 60° tilt. 
The figure shows two groups of (110) Nb poles: one 
group located 57.5°, 169°, 237.5°, and 343°, with peaks 
separated by angles of 71.5±2° and 108.5±0.5°, 
respectively; the other group has maximum intensity at 
103°, 169°, 283°, and 343°, with these angles separated 
by 63±3° and 117±3°. This means that (110) epilayers 
films are well adhered to the a-plane substrate, but there 
are two kinds of twins that  are rotated by 45  about the 
film normal. The maximum intensity of these two groups 
in Fig 3 (e) means that the film has a small amount of 
twins, because the relative intensities are quite different. 
This is called screw dislocation; the crystal is not made up 
of parallel atomic planes one above the other; rather it is a 
single atomic plane in the form of a spiral ramp. The slip 
vector of the dislocation is parallel to the dislocation line 
for a screw dislocation. In Fig. 3(f), the EBSD image and 

the Kikuchi pattern show poor quality because of local 
geometrical roughness.   

DISCUSSION 
The value of RRR of a superconducting thin-film is 

determined by the complex interplay between impurities, 
dislocations, and grain boundaries. To measure RRR of 
Nb film on sapphire substrate, using a four-point-probe 
technique, one measures the electrical resistivity by a 
ratio of the differential voltage which is dropped at room 
temperature, 300K, and just above the transition at 10K, 
respectively. The measurement of the RRR values for 400 
°C, 300 °C, and room temperature gives values of 129, 
50, and 4 respectively. The influence of dislocation on the 
value of RRR is related not only to their crystal 
orientation but also to their grain distribution. RRR is 
observed to drop dramatically at lower substrate 
temperature. X-ray pole figures suggest screw (or twin) 
dislocations are formed at lower substrate temperatures, 
which in turn might be responsible for the observed lower 
RRR values.    

The motion of screw dislocation can be described by 
molecular dynamics (MD) as the magnitude of stress and 
temperature in bcc phase [9]. The dislocations move 
smoothly through the formation and migration of atomic 
sized kinks under low stress. As stress is further 
increased, the motion of dislocation becomes rough and 
jerky in its motion vector. Under still higher stress, the 
line roughness is increased continually until at some point 
is initiated a thin plate of sheared crystal; i.e. a twin. The 
twin starts where the dislocation motion just left off, then 
grows rapidly along the same direction as that of the 
dislocation motion. Although experimental results suggest 
an angle of 45°, we can calculate the twin disorientation 

=39° by using [ ]baba +−≈ −1tan4θ , where a  and 

b  are the lattice parameters in bulk Nb material.  

CONCLUSIONS 
We have investigated the growth, structure, and the 

electrical conductivity of Nb films on a-plane sapphire 
using the CEDTM process. XRD and EBSD experiments 
show that these samples are single crystal in structure but 
strongly textured. Pole figures from XRD measurements 
contain not only information about the crystal orientation 
and the distribution of the planes along the substrate 
surface but also the grain orientations and the 
dislocations. The change in resistivity due to the twin 
dislocation is measured by the uniformity of grain 
distribution that can lead to the decrease of the value of 
resistivity due to such dislocations. 
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ANALYSIS OF THE TOPOGRAPHIC TRANSFORMATION OF NIOBIUM 
SURFACES UNDER CONTROLLED EP CONDITIONS* 

H. Tian, W. Sommer, O. Trofimova, C. E. Reece, Thomas Jefferson National Accelerator Facility, 
Newport News, VA 23606, U.S.A. 

L. Zhao, College of William and Mary, Williamsburg, VA  23185, U.S.A.

Abstract 
As the field requirements of niobium SRF cavities 

approach fundamental material limits, there is increased 
interest in understanding the details of topographical 
influences on realized performance limitations. In this 
study, a set of samples representing 24 different starting 
conditions used in cavity processing has been assembled. 
This set includes fine grain, large grain, and single crystal 
Nb samples under electron beam welding (EBW), hand 
grinding, and centrifugal barrel polishing (CBP) with a 
variety of stones, the latter provided by KEK colleagues. 
Sample topography has been carefully characterized in 
both the initial condition and after removal of 30 microns 
via well-controlled EP. A power spectral density (PSD) 
approach based on Fourier analysis of surface 
topography, stylus profilometry (SP) and atomic force 
microscopy (AFM) is used to distinguish the scale-
dependent smoothing effects. The detailed topographic 
transformation of Nb surface with the varied starting state 
of the Nb surface is reported. This study will help to 
identify optimum EP parameter sets for controlled and 
reproducible surface levelling of Nb for cavity 
production. 

INTRODUCTION  
The theoretical and experimental evidence suggests that 

the ideal surface for the interior of an SRF cavity would 
be atomically smooth except for the curvature needed to 
accommodate the cavity shape. Since the rf super-current 
flows in the top 50nm of the surface, topographic 
structure approaching this scale is expected to matter as 
SRF cavity performance approaches theoretical working 
limit. In order to provide a systematic characterization, 
Ra-mean roughness and Rq-mean square root roughness 
are widely employed metrics to describe Nb surface 
roughness and is proved useful. However, their values are 
dependent on the scan size and the particularities of the 
area being scanned, and the results are generally different 
because of the spatial-frequency bandwidth limits. We 
have recently completed the application of power spectral 
density method to Nb surface topography [1]. It is a 
method of  not only combining the measurements from 
different diagnostic instruments, but also is less 
dependent on instrumental effects when one measures 
parameters such as surface roughness and correlation 

length [2, 3]. Briefly, a series of AFM and SP scans are 
obtained from several surface locations of the specimens 
according to the protocol developed, and the squares of 
the Fourier transforms of the measured surface heights are 
combined as a plot of roughness PSD versus spatial 
frequency (inverse of wavelength).  

Prior to application of the final electropolishing step for 
niobium SRF cavities, various methods have been used to 
remove the so-called surface damage layer. Examples 
include 20µm removal by BCP for TESLA Test Facility 
(TTF) cavities [4], a proposed 45~80µm removal by EP 
for the X-ray free-electron laser (XFEL) in Europe and 
International Linear Collider (ILC) cavities [5], 
80~100µm removal by BCP used for Jefferson Lab 
cavities [6], and 25~200µm removal by centrifugal barrel 
polishing (CBP) for some of High Energy Accelerator 
Research Organization (KEK) cavities [4-6].  However, 
the effect of the starting surface condition before 
electropolishing has not been systematically investigated. 
As a result, a study of surface variation with different 
treatments under well-controlled EP would be very 
helpful in the overall improvement of surface finishing 
and the practical processing costs.   

In this study, a full representative set of samples 
representing 24 different starting processing conditions 
has been assembled and treated under well controlled EP 
parameters. The topographical transformation of Nb 
surface has been systematically characterized by optical 
microscopy, AFM, SP and analyzed by roughness PSD. 
The study is expected to provide statistic evidence for 
indentifying the optimum process conditions for 
controlled and reproducible surface finishing of Nb for 
cavity production. 

 EXPERIMENTAL STUDIES 

Sample Preparations  
 The samples were high purity polycrystalline, large 

grain and single crystal Nb. The detailed treatments for 
this set of samples are listed in the Table 1. The BCP 
solution was a 1:1:2 (by volume) mixture of HNO3 
(69%), HF (49%) and H3PO4 (85%). The EP solution was 
a 1:10 mixture of HF (49%) and H2SO4 (96%).  For 
electropolishing, three Nb disk samples were mounted to 
a customized sample holder subjected to 100 minutes of 
EP at 10 volts simultaneously. The bulk electrolyte 
temperature was controlled by a circulated water bath at 
30±1˚C, and the removal for each of sample is about 
30±3µm for each of samples measured by SP.  

___________________________________________  
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 CBP Details 
No. Type EBW Treatment Rough 

stone 
Middle 
stone-1 

Middle 
stone-2 

Fine 
stone 

KEK-1 FG No CBP(rough only )+degreasing 6hrs    
KEK-2 FG No CBP(fine )+degreasing 6hrs 6hrs 6hrs 6hrs 
KEK-5 FG Yes CBP(rough only )+degreasing 6hrs    
KEK-6 FG Yes CBP(fine )+degreasing 6hrs 6hrs 6hrs 6hrs 
KEK-8 LG No CBP(rough only )+degreasing 6hrs    
KEK-9 LG No CBP(fine )+degreasing 6hrs 6hrs 6hrs 6hrs 

KEK-14 LG Yes CBP(rough only )+degreasing 6hrs    
KEK-15 LG Yes CBP(fine )+degreasing 12hrs* 6hrs 6hrs 6hrs 
KEK-12 SC No CBP(rough only )+degreasing 6hrs    
KEK-13 SC No CBP(fine )+degreasing 6hrs 6hrs 6hrs 6hrs 
KEK-17 SC Yes CBP(fine )+degreasing 18hrs* 6hrs 6hrs 6hrs 
KEK-18 SC Yes CBP(rough only )+degreasing 6hrs    

(*) renew stone each 6 hrs  

No. Type EBW Treatment Details 
Jlab-1 FG No Degreasing + UPW ultrasonic rinse + light BCP ( ~ 5 µm removal) + UPW 

ultrasonic rinse 
Jlab-2 LG No Same as above  
Jlab-3 SC No Same as above 
Jlab-4 LG Yes Degreasing + UPW ultrasonic rinse + Iris EBW + Degreasing + UPW 

ultrasonic rinse+0.1µm grit grinding + Degreasing + UPW ultrasonic rinse  

Jlab-5 FG Yes Same as above  
Jlab-6 SC Yes Same as above 
Jlab-7 LG Yes Degreasing + UPW ultrasonic rinse +  Equator EBW + Degreasing +  UPW 

ultrasonic rinse 
Jlab-8 LG Yes Same as above 
Jlab-9 LG Yes Same as above 

Jlab-10 FG Yes Same as above 
Jlab-11 FG Yes Same as above 
Jlab-12 FG Yes Same as above 

 

Table 1: The Detailed Treatments of 24 Different Starting Conditions Samples Used in this Study [7]

 

Surface Topographical Measurements  
Optical microscopic images were taken from a HIROX 

KH-3000VD High Resolution Digital-Video Microscopy 
System. SP measurements were obtained with a stylus 
profilometer (KLA-Tencor: P-15) with a 2μm diameter 
tip. The samples were scanned in three different regions 
with a scan size of 1000μm×1000µm, and the scan was 
taken as an array of 251 traces with 2501 points. AFM 
measurements were performed using a commercial AFM 
(Digital Instruments: Nanoscope IV) in a tapping mode 
using silicon tips with a diameter of 10 nm. The samples 
were each scanned in five different regions with scan 
sizes of 50µm×50µm. The AFM images were captured as 
arrays of height values with 512x512 points. In order to 
eliminate measurement errors and increase the goodness 
of statistic representation of the whole surface, the PSD 
profiles measured at different locations under the same 
scan condition were averaged together. The PSD profiles 
from the profilometry data were filtered using a Savitzky-

Golay smoothing method in order to eliminate spurious 
high-frequency noise [8].  

EXPERIMENTAL STUDIES AND 
DISCUSSIONS  

Surface Topography-Optical Microscopy  
All electron beam welded CBP Nb samples have shown 

localized defects which are clearly different from the 
typical surface character after EP. Some of them were not 
observable by optical microscopy before EP. The detailed 
mechanism for the appearance of those defects is under 
study. Figure 1a is an example of defect observed on a 
fine CBP EBW single crystal sample (KEK-17) before 
and after EP. The deepest depth of this defect after CBP is 
about 118µm. After 100 minutes EP (~30µm removal), 
the depth decreased to about 90µm, and the change of 
geometric shape was observed. The images shown in 
Figure 1a and 1b were captured from 2 and 3 frames 
before (Figure 1a) and after EP (Figure 1b) respectively 
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due to the limitation of spot size of Hirox microscope at 
350X magnification. The depth of defect is estimated by 
the multi-focus function of the Hirox microscope. No 
such defects were observed from hand ground EBW Nb 
samples before or after EP.   

 

Figure 1: The optical microcopy image of a defect on the 
fine CBP EBW single crystal Nb sample (KEK-17) before 
and after EP. 

Surface Topography-AFM and SP 

The results of AFM and SP measurements for this set of 
24 samples (as received and after EP) are summarized in 
the Figure 2. The data shows that the fine CBP provides a 
reproducible smooth surface as comparing with other 
treatments. After 100 minutes EP, the fine CBP surface 
achieves the best surface finishing.  

Surface Topography –Power Spectral Density 
Figure 3 shows the PSD of combined AFM and 

profilometry data from the sample (Jlab-1) with 5 minutes 
of BCP treatment at different scanning areas by SP and 
AFM. The results illustrate that the spatial frequency 
ranges corresponding to the different measurements 
largely overlapped [9]. It describes the characteristic 
isotropic roughness produced by applied processes at a 
lateral scale from few nm to few hundred µm, which 
provides a scale-dependent metric to directly view the 
effect of surface processing in terms of the feature that is 
understood to matter for performance.  

Figure 4 is a PSD analysis of rough CBP, light CBP, 
hand grinding and light BCP fine grain Nb samples after 
30µm removal by EP. The transformation of surface 
roughness after EP at a lateral scale from 1µm to 1mm 
shows that fine CBP produces the best surface finishing 
after a short duration EP.  

The PSD analysis in Figure 5 shows that fine CBP 
produces a very reproducible surface for polycrystalline, 
large grain and single crystal Nb. However, after the 100 
minutes EP at 30±1˚C, a noticeable difference was 
observed from the different crystalline Nb samples. 
Compared with fine grain Nb samples, the single crystal 
samples show the smallest amplitude of PSD and better 
correlation length. We explain the difference as perhaps 

 
Figure 2:  The statistical results of AFM (above) and SP 
measurements (below) for 24 samples studied before and 
after EP. 
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Figure 3: Combined AFM and profilometer power 
spectral densities from all scan sizes from the sample 
having undergone 5 minutes of BCP treatment. 
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caused by  chemical etching occurring in parallel with the 
desired EP brightening process at the regulated 30˚C 
condition [10], however further studies are needed. 
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Figure 4: The PSD of rough CBP, fine CBP, hand 
grinding and light BCP treated polycrystalline Nb sample 
after 30µm removal by EP at 30±1˚C. 
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Figure 5: The PSD of fine CBP polycrystalline, large gain 
and single crystal Nb samples after 30 µm removal by EP 
at 30±1˚C. 

 

CONCLUSION 
In this study, the topographical transformation of 24 Nb 

samples with different starting processing conditions has 
been systematically characterized by optical microscopy, 
AFM, SP and analyzed by PSD before and after a well-
controlled EP. Some localized defects produced by 
particular conditions on electron beam welded samples 
treated by CBP have been observed by optical 
microscopy. Such defects were not removed by 30um EP.  
The characteristic isotropic roughness produced by the 
applied processes, such as CBP, light BCP, hand grinding 
and EP, for all samples was analyzed by PSD, together 
with statistical measurements of AFM and SP. The results 
show that the fine CBP may provide a reproducible 
starting surface and could be transformed to a nano-
smooth surface finishing by only a 30µm removal by EP. 
These studies provide useful data for the optimization of 
the EP process which can be applied to the processing of 
single and multi-cell cavities. 
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Abstract

Performance of SRF cavities depends on material within
the shallow RF penetration depth. C, N, and O are of par-
ticular interest as interstitial contaminants and earlier work
suggested very high H concentration*. Secondary Ion Mass
Spectrometry (SIMS) has the sensitivity to quantitatively
measure these species in the region of interest. However,
standards for quantitative SIMS analysis of these elements
in Nb did not exist. Initial attempts to develop an ion im-
planted standard were unsuccessful because of the rough-
ness of the Nb surface. In this study, Nb samples were spe-
cially chemical mechanical polished and then subsequently
treated with a light BCP. The result is a surface finish suit-
able for SIMS analysis and implantation standards. Ion
implants of C, N, O, and deuterium (D) were obtained in
Nb (and simultaneously in Si for dose verification). D was
implanted to characterize H, and to avoid the high H back-
ground. The results show that D is apparently very mobile
in Nb, and another approach will be required to quantify
this element. This multi-element standard has already been
of great benefit in characterization of C, O, and N in poly-
crystalline and large grain Nb**.

CONTRIBUTION NOT
RECEIVED

TUPPO082 Proceedings of SRF2009, Berlin, Germany

06 Material studies

426



PLASMA ETCHING OF A SINGLE-CELL RF CAVITY           
- ASYMMETRIC ELECTRONEGATIVE DISCHARGE* 

J. Upadhyay#, M. Rašković, L. Vušković, S. Popović  
Old Dominion University, Department of Physics, Norfolk, VA, USA 

L. Phillips, A.-M. Valente-Feliciano 
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA 

 
Abstract 

We are pursuing the use of environmentally friendly 
dry etching of SRF cavity in Ar/Cl2 discharge. We have 
successfully demonstrated on flat samples that in a barrel-
type reactor etching rates are comparable to the wet 
process, such as BCP or EP. The geometry of SRF 
cavities made of bulk Nb defines the use of asymmetric 
RF discharge configuration for plasma etching. The 
asymmetry in the surface area of a driven and grounded 
electrode creates a difference in the voltage drop over the 
plasma sheath attached to the driven electrode and the 
plasma sheath attached to the cavity surface. A specially 
designed single cell cavity is used to study these 
asymmetric discharges which contain 20 sample holder 
holes symmetrically placed over the cell. These sample 
holder holes can be used for both diagnostics and sample 
etching purposes. The approach is to combine radially and 
spectrally resolved profiles of optical intensity of the 
discharge with direct etched surface diagnostics to obtain 
an optimum combination of etching rates, roughness and 
homogeneity in a variety of discharge types, conditions 
and sequences. 

INTRODUCTION 
To achieve theoretically predicted values of 

accelerating fields, the surface of cavities must be 
prepared by a process that decreases surface roughness, 
produces surfaces with less prominent grain boundaries, 
and does not introduce additional impurities in the bulk of 
Nb. Plasma-based surface modification provides an 
excellent opportunity to achieve these goals. It is a crucial 
technology in the development of semiconductor circuit 
elements, and it has been applied in preparation of 
superconducting devices. However, it has not been 
considered so far as a viable alternative to the existing 
cost-intensive and environmentally unfriendly (liquid) 
acid-based technology. 

Plasma etching in various combinations and geometries 
at low pressure has been extensively used in 
semiconductor material processing and fabrication of 
microelectronic devices [1]. Plasma-assisted etch 
processes  can  be  highly  selective  with  respect  to 
direction and hence indispensable in patterned removal of 
surface material or in removal of material from non-flat 
surfaces. The etching process is anisotropic, and 
horizontal etch is easily controlled at zero level, which 

leads to a homogeneous etching rate over wide surface 
dimensions. 
Recently, plasma etching has been developed as the 
technology for removal of transuranic waste from 
contaminated sites [2]. In this case the use of non-thermal 
atmospheric pressure plasma allows in-situ exposure of 
the contaminated object, without building a special 
vacuum chamber for each site. 

Plasma etching of Nb thin films is commonly used for 
production of Josephson junctions [3-19]. However, there 
is no data on plasma modification of bulk Nb surfaces 
where a high etching rate is critically required, in contrast 
to thin film plasma applications. The use of reactive gases 
containing fluorine or chlorine atoms was a natural choice 
for the plasma treatment of Nb, since Nb halogenides 
have a high vapour pressure and low boiling temperature 
[20].  All experiments on thin films were performed using 
RF discharges at low or moderate pressures. Depending 
on experimental conditions, etching rates vary from few 
nm/min in case of the physical sputtering process to a few 
hundred nm/min during reactive ion etching. The low 
etching rates are favourable for anisotropic etching and 
induce better etch pattern transfer, necessary for junction 
applications. Comparably higher etching rates were 
achieved using reactive gasses containing Cl atoms [6, 7, 
10, 18, 19]. An etching rate of the order of μm/min was 
reported in only one case [19]. 

Current understanding based on the analysis of cavity 
performances after wet acid etching [21] is that maximum 
gradients are obtained after removal of 100-250 μm of the 
bulk Nb surface that are mechanically damaged due to the 
Nb sheet manufacturing process. Without going into the 
argument that this depth is three orders of magnitude 
higher than the microwave skin depth and probably an 
order of magnitude larger than the residuals of the 
manufacturing process, we have adopted the same layer 
removal as the primary objective of the plasma etching 
process in our work, which we achieved successfully 
working with flat samples [22]. We have shown that 
etching rates of bulk Nb as high as 1.5µm/min can be 
achieved in a microwave glow discharge using Cl2 as the 
reactive gas (See the schematic diagram in Figure 1). This 
is as a very promising result indicating that plasma 
etching could be a viable alternative to the 
environmentally problematic acid etching of SRF cavities 
due to the use of hydrofluoric acid in the chemical bath. A 
suggested process at high pressure (~1 Torr) and moderate 
input power density (~2 W/cm3) has proven to be efficient 
enough to be employed for accelerator cavities. 
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Figure 1: Schematic diagram of experimental setup for 
flat sample etching. 

Based on the flat sample etching experience, we can 
define the chlorine budget in processing SRF cavities. We 
could calculate the usage of chlorine at 8.6 g per 1 g of 
etched Nb layer. By scaling, a seven cell cavity would 
require about 10 kg of Cl, which is transformed into 
environmentally friendly Cl compounds in the scrubber 
wherefrom they could be easily removed.  

STANDARD CELL PROCESSING 
Plasma etching in single cell cavity and the RF 

performance of this cavity has to be tested by vertical 
testing method. We used a bell jar vacuum system (See 
Fig. 2) which has completely covered the SRF Nb single 
cell cavity. Discharge was generated inside the cell, in 
two regimes: (a) High Voltage (HV) (2 kV) a.c. discharge 
with an Nb rod as the powered electrode; (b) microwave 
(MW) discharge excited by the magnetron antenna inside 
the resonant cavity. The plasma sheath was 
homogeneously distributed over the inner surface of the 
cavity in both cases (See Figure 3). However, the 
estimated sheath voltage was of the order of 500 V in the 
case of the a.c. discharge, and not more than 50 V in the 
case of the MW cavity discharge. 

 

 
Figure 2: Single cell experimental set up. 

 
 
A specially designed diagnostic cell has been used for 

preliminary testing on homogeneity of plasma and surface 
processing performance. The cell has a set of 20 sample 
holder holes that can be used as plasma observation 
windows or small sample holders for etching tests. After 
completion of the tests with the diagnostic cell, a set of 
standard single cells will be prepared for vertical RF 
performance testing. 

 
  

Figure 3: Plasma through the cavity holes. 

CHARACTERISTICS AND DIAGNOSTICS 
OF PLASMA DISCHARGE 

Asymmetric Discharge 
Due to the differences in the surface area of driven and 

grounded electrodes, there is an asymmetry in the voltage 
between the plasma and the driven electrode and between 
the plasma and the grounded electrode. It can be easily 
shown through the capacitor model [1] (See Figure 4).  

 

 
Figure 4: Scheme of asymmetric discharge. 

 
As smaller area has a smaller capacitance so it has a 

larger voltage drop. On the other hand, the larger area 
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electrode has a large capacitance and a small voltage 
drop. The scaling of the voltage drop in the plasma sheath 
with the surface area of electrode is        

5
2

a b

b a

V A

V A

⎛ ⎞
= ⎜ ⎟
⎝ ⎠   

As the ion bombarding energy is the sum of total 
energy gained by the sheath potential and the energy ion 
already had before entering into the sheath. The ion 
energy does not just depend on the electron temperature 
but it also depends on the source geometry and the 
application of a bias voltage. So the ion kinetic energy 
lost at the surface is [1] 
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Where Te is the electron temperature, M and m are the 
ion and electron mass, respectively. We designed our 
electrode in such a way that sheath voltage Vs is 
approximately 10 V at the grounded electrode sheath to 
ensure an efficient etching of SRF cavity surface, which is 
grounded in our case. 

 

 
Figure 5: Specially designed electrode. 

 

Fibre Optics Diagnostic System 
To verify the non-uniformity of the plasma in the 

cavity, a fibre optic diagnostic system is developed. The 
driven electrode was 2.6 mm in diameter 17.2 cm long 
niobium rod and the cavity was grounded. An optical 
fibre of 1 mm diameter was placed with the help of a feed 
through at the middle hole in the equatorial region. The 
optical intensity passing through the fibre is measured at 
the other end with the help of a photomultiplier tube 
which was attached to an oscilloscope. The 
photomultiplier tube was powered through a high voltage 
power supply. The schematic of the experiment is 
represented in figure 6. 

 
Figure 6: Schematic of the optical fiber experiment. 

 
The vacuum in the bell jar chamber was obtained with 

a turbo pump coupled with a roughing pump.  The base 
vacuum obtained was 5.5x10-5 mbar. For this preliminary 
experiment we maintained 1x10-1 mbar pressure with 
145.5 sccm gas flow of argon with the help of mass flow 
controller.  The effective voltage at the driven electrode 
was varied from 400 V to 700 V. We took the 
measurements at the different positions from the cavity 
wall representing the two sheaths. The distance versus 
spectral line intensity profile at fixed effective voltage of 
600 V is presented in Figure 7. 
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Figure 7: Time waveforms of spectral line intensity at 
both sheaths in the discharge. 

There is a qualitative relationship between the intensity 
of Ar spectral lines and the sheath voltage, which is useful 
for illustration of the sheath distribution in the 
asymmetric discharge. As shown in Fig. 6, the emission 
from the Ar spectral line is much stronger near the driven 
electrode. 

     Relative concentrations of reactive species in the gas 
mixtures were monitored using emission spectroscopy. 
The emission from the discharge directed through a lens 
on the entrance slit of the imaging spectrometer. A CCD 
camera was connected to the spectrograph to record 
simultaneously the spectral line intensities from chlorine 
radicals and from argon buffer. The concentrations of 
molecular Cl2 under different experimental conditions can 
be connected to relative intensity of emission of electron 
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impact excitation of Cl2 at 306 nm. The relative intensity 
of the atomic (Cl I) and the ionic (Cl II) form of Cl was 
recorded in the spectral region 465 - 485 nm together with 
the atomic (Ar I) and the ionic (Ar II) carrier gas 
emission. Data from these spectra can be used for 
derivation of degree of dissociation of chlorine in the 
plasma and for correlation with etching rate in order to 
determine the dominant mechanism of etching [22, 24]. 

CONCLUSION 
In view of the relatively complex technological 
challenges facing the development of plasma-assisted 
surface treatment, we have adopted a three-step approach: 

1. Step one:  Work with flat samples, with the 
objective to fulfil the requirements for etching 
rates, surface roughness, and to demonstrate 
environmentally friendly and cost-reducing aspect 
of the plasma-assisted process. 

2. Step two: Work with a single-cell cavity to 
establish optimum conditions for an asymmetric 
electronegative discharge in cavity geometry, to 
demonstrate the uniformity of surface treatment, 
and to perform the RF performance test compatible 
with existing standards. 

3. Step three: Work with multiple-cell cavities to 
demonstrate final performance of the process, to 
establish treatment protocol, and to define the 
process monitoring procedure. 

 
     Based on highly encouraging results with flat Nb 
samples and on a relatively straightforward transition to 
the cavity wall processing, we can state confidently that 
efficient plasma etching of Nb superconductive RF 
cavities can be developed into a low-cost, environment-
friendly technology to replace the “wet process”, which 
uses a strong mixture of acids, including HF. This paper 
describes the current status and issues of the second step - 
to prove comparable RF performance of cavities etched 
with “dry” (plasma) process by etching the standard 
(“low-loss”) 1.5 GHz single-cell cavities, which would be 
RF tested. The RF performance is the single feature that 
remains to be compared to the “wet” process, since all 
other characteristics of the “dry” technology, such as 
etching rates, surface roughness, low cost, and non-HF 
feature, have been demonstrated as superior or 
comparable to the currently used technologies. 

     The main issue is that the geometry of the inner 
surfaces of cavity implies that the plasma discharge has to 
be asymmetric, with much higher sheath voltage at the 
driven electrode. This is in contrast to the usual parallel-
plate electrode configuration of thin film wafer treatment. 
In order for the asymmetric discharge to be effective, the 
lower sheath voltage at the treated surface (large area, 
undriven electrode) has to be at least equal or higher to 
the plasma floating potential at every point of the surface. 
When this condition is satisfied, one should expect a 
uniform etching and a satisfactory global RF performance 
of the cavity. 
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Abstract 
In the past years, energetic vacuum deposition methods 

have been developed in different laboratories to improve 
Nb/Cu technology for superconducting cavities. JLab is 
pursuing energetic condensation deposition via Electron 
Cyclotron Resonance.  As part of this study, the influence 
of the deposition energy on the material and RF properties 
of the Nb thin film is investigated.  The film surface and 
structure analyses are conducted with various techniques 
like X-ray diffraction, Transmission Electron Microscopy, 
Auger Electron Spectroscopy and RHEED.  The 
microwave properties of the films are characterized on 50 
mm disk samples with a 7.5 GHz surface impedance 
characterization system. This paper presents surface 
impedance measurements in correlation with surface and 
material characterization for Nb films produced on copper 
substrates with different bias voltages and also highlights 
emerging opportunities for developing multilayer SRF 
films with a new deposition system. 

INTRODUCTION 
Bulk Nb has been, for the past three decades, the 

material of choice for superconducting RF (SRF) 
accelerator systems. The primary reason is that Nb has the 
highest transition temperature (Tc=9.25K) and the highest 
lower critical magnetic field (Hc1) of any elemental 
superconductor. Hc1 is the local magnetic field at which 
flux first penetrates into the conductor surface. The utility 
of a particular extended SRF material is believed to be 
constrained by its Hc1, or, perhaps its “superheated” field 
Hsh [1]. This determines the maximum accelerating field 
for a given cavity structure. 

In recent years, SRF cavities using Nb, often in single 
cell cavities and occasionally in multi-cell structures, 
have reached RF performances approaching its theoretical 
limit (H~Hc~180mT at 2K) [2]. Achieving the magnetic 
field limitation means that no further increase in the 
accelerating electrical field of bulk Nb cavities can be 
expected, limiting these accelerating gradients to about 42 
MV/m. Any further significant improvement in 
performance or in system cost reduction to enable larger 
SRF accelerators operating at higher energies will 
necessarily come via the use of improved or alternative 
materials. 
______________________________________________  
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The SRF community strives to go significantly beyond 
these limitations and to achieve a factor of two or three in 
increased performance and/or an order of magnitude 
decrease in unit cost of acceleration. Two opportunities 
exist to accomplish these goals through the use of thin 
film technology to create viable superconducting RF 
cavity surfaces: 

• The first exploits the freedom to decouple, at the 
system design level, the active SRF surface from the 
accelerating structure definition and its cooling, 
opening the possibility to dramatically change the 
cost framework of SRF accelerators. 

• The second involves a concept recently proposed by 
A. Gurevich [3, 4] for overcoming the fundamental 
bulk material limitation, Hc1, by using a multilayer 
superconductor-insulator-superconductor (SIS) thin 
film structure. 

Bulk-like Nb Films 
Due to the very shallow penetration depth of RF fields 

(only ~40nm for Nb), SRF properties are inherently a 
surface phenomenon, involving a material thickness of 
less than 1 micron. One can then foresee the merits of 
depositing an Nb film on the inner surface of a castable 
cavity structure made of copper (Cu) or aluminium (Al). 

CERN has conducted pioneered studies [5-7] in the 
field of SRF Nb films on Cu (Nb/Cu) applied to cavities 
and successfully implemented this technology in LEP-2. 
The following R&D work produced 1.5 GHz cavities 
achieving gradients up around 25MV/m [8]. However, 
these cavities suffered from significant losses resulting in 
the significant reduction of Q at accelerating gradients 
above 15MV/m. Some of the defects were inherent to the 
magnetron sputtering technique used to produce these 
cavities. 

While tight correlation with the characterization of real 
materials has yet to be described, there exists a theoretical 
framework describing the relevant material parameters of 
surfaces as they influence SRF properties. Several 
material factors, highly dependent upon the surface 
creation conditions, contribute to degraded SRF 
performance with respect to ideal surfaces. These factors 
such as  intra-granular impurities and lattice defect 
density, inter-granular impurities and oxidation, surface 
topography and chemistry,  may lead to the reduction of 
the electron mean free path, thus the reduction of Hc1, 
contribute to electron scattering, “weak links” to the flow 
of surface super-currents and lossy sub-oxides creating 
non-linear loss mechanisms. 
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The relative contribution of these limiting factors needs 
to be examined for any method used to produce SRF thin 
films. Fundamental work is needed to establish the 
correlation of detailed material characteristics with the 
consequent SRF performance.  

Understanding the characteristics of the films produced, 
including systematic assessment of the RF surface 
impedance and other parameters like the London 
penetration depth λ, is the focus of an on-going study at 
JLab.  

 
SIS Multilayers 

Many superconducting compounds have shown higher 
Tc than Nb. However, none of these materials can, at 
present, match Nb either in terms of ease of use, or in 
terms of performance with increasing RF fields. Although 
these materials such as Nb3Sn and NbN exhibit Tc and 
higher critical magnetic field, Hc2, higher than for Nb, 
their Hc1 is lower due to their inherently small electronic 
mean free path, l, and consequently low coherence length, 
ξ. The lower critical field, Hc1, is the field at which 
magnetic vortices enter the superconductor, dramatically 
increasing the RF losses. In the case of multilayers, it 
represents an upper limit for useful SRF cavity fields, 
when the superconducting surface is thicker than the 
London penetration length, λ.  

A major opportunity with a potentially enormous 
impact on the field of SRF accelerators is the multilayer 
film concept introduced by Alex Gurevich [3,4] which 
would allow to take advantage of high-Tc 
superconductors without being penalized by their lower 
Hc1. The idea is to coat SRF cavities with alternating 
superconducting and insulating layers (SIS structures) 
with a thickness d smaller than the penetration depth λ. If 
the superconducting film is deposited with a thickness d 
<λ, the Meissner state can be retained at magnetic field 
much higher than bulk Hc1. The higher-Tc thin layers 
provide then magnetic screening of the superconducting 
cavity (bulk or thick film) without vortex penetration. The 
strong increase of Hc1 in films allows using RF fields 
higher than the critical field Hc of Nb. The BCS resistance 
is also strongly reduced because of the use of 
superconducting layers with higher gap Δ (Nb3Sn, NbTiN 
…). With such structures, Q-values at 4.2K of two orders 
of magnitude above Nb values could in principle be 
achieved.  

Depending on the number of layers used, one may 
potentially attain accelerating gradients two to three times 
higher than that available with Nb. It is then attractive and 
seemingly credible to envision a 60 MV/m accelerator 
application operating at 4.2 K, using cast Al, pipe-cooled 
structures on which have been deposited multi-layer SIS 
films. Realization of such surfaces would greatly expand 
the performance reach of particle accelerators and 
significantly change their cost structure. Multi-layer SRF 
films offer promise of dramatically higher theoretical 
field limits.  

JLab is pursuing both of these opportunities with the 
implementation of energetic condensation through 
Electron Cyclotron Resonance (ECR) and High Power 
Pulse Magnetron sputtering (HPPMS) and with the use of 
the new ultra high vacuum (UHV) multi-technique 
deposition system, in parallel with the use of another 
UHV system which offers in-situ diagnostics critical to 
evaluate the nucleation of the various films on their 
substrates. 
 

ECR COATED NIOBIUM FILMS 

Energetic Condensation via ECR  
With the availability of techniques for energetic 

condensation in vacuum, Nb films with a wide range of 
microstructural properties and features believed to be 
relevant to RF performance degradation can be produced, 
characterized and RF tested. Properties such as film 
purity, stress, texture, and grain size can be measured over 
a wide range of values not accessible using conventional 
sputtering techniques. Various techniques are curently 
explored and developed by different research teams 
around the world [9-12]. JLab is pursuing Electron 
Cyclotron Resonance (ECR) Nb ion source in UHV [10] 
and High Power Pulse Magnetron Sputtering in the self-
sputtering mode (HPPMS) [12] with energetic ions only 
and neutral atoms significantly blocked (method  initially 
developed at LBNL). The main advantages of these 
techniques are the production of higher flux of ions with 
controllable incident angle and kinetic energy [13-15] and 
the absence of macroparticle production. 

The challenge is to develop an understanding of the 
film growth dynamics from nucleation to final exposed 
surface. What matters most is the defect density (which 
determines the electron mean free path) within the rf 
penetration depth. This defect density is certainly affected 
by intragrain contaminants incorporated during the final 
stage film growth, but it is also strongly affected by the 
underlying crystal texture, which is in turn developed 
from the initial film nucleation process, which necessarily 
is strongly influenced by the substrate. The development 
of every stage can be expected to depend strongly on the 
kinetic energy distribution of the arriving Nb ions. 

 
To better understand the nucleation and influence of the 

diverse deposition parameters, substrate nature, 
temperature and morphology on the final RF surface for 
Nb films, JLab is conducting studies on two fronts.  

The study of the correlation of the surface resistance of 
ECR coated films with surface and material properties 
(structure, morphology, impurity content…) of the film  
as function of deposition energy and substrate 
temperature is ongoing.  

In parallel, nucleation studies are underway within the 
frame work of a collaboration with the College William & 
Mary using a UHV deposition system equipped with in-
situ reflection high-energy electron diffraction (RHEED) 
and scanning tunnelling microscope (STM) to monitor the 
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in situ crystal character dependence on substrate 
properties and deposition parameters (temperature, 
working gas, intermediate annealing …). In this system, 
both standard magnetron sputtering and HPPMS can be 
implemented. 

 

Figure 1: ECR system (a) and sample holder with a 
typical set of samples (b). 

The objective is to grow and characterize niobium films 
with controlled deposition energy and substrate 
temperature to minimize the defect density and achieve 
bulk-like performance. While studying film growth in 
homo-epitaxy and hetero-epitaxy on both single crystal 
and polycrystalline substrates,  particular attention is 
given to three sequential phases: (1) film nucleation on 
the substrate, (2) growth of an appropriate template for 
subsequent deposition of the final rf surface, and (3) 
deposition of the final surface optimized for minimum 
defect density. 

The following sections present some of the standard 
measurements performed both for surface and material 
characterization and  RF charcterization. For each 
deposition run, a set of standard samples comprising a 50 
mm Cu disk and All the measurements presented are 
related to a Nb film produced by ECR at a bias of -90V. 

 
Material Characterization 

To inform the interpretation of the integrated film 
growth dynamics and influence of various deposition 
parameters, the standard surface and structural 
characterization includes X-ray diffraction (XRD), 
Electron Backscatter Diffraction (EBSD), Scanning Auger 
Electron Microscopy (SAM), high resolution Secondary 
Electron Microscopy (HR-SEM), high resolution 
Transmission Electron Microscopy (HR-TEM), and 
Secondary ion Mass Spectroscopy (SIMS). 

In Figure 2, EBSD maps show that, for relatively high 
incidence ion energy (146eV), the Nb film tends to mimic 
the structure of the underlying Cu substrate. 

Figure 3 shows high resolution bright field TEM 
micrographs revealing a sharp interface (a) and an oxide 

layer about 5nm thick. Figure 4 shows an average film 
roughness of about 94nm, most likely driven by the 
roughness of the underlying Cu substrate. 

 

Figure 2: EBSD maps of the Nb film (a) and the Cu 
substrate (b). These areas are not directly superposed. 

 

Figure 3: High resolution TEM image (a) of the ECR 
Nb film with corresponding diffraction pattern (b) and 
detail of the film surface (c). 

 

 

Figure 4: Surface roughness measured by profilometry. 
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RF and Cryogenic Characterization 
The superconducting surface impedance, the 

penetration depth (λ) and the temperature dependence of 
Hc1 for each sample is investigated with the use of the 
Surface Impedance Characterization system (SIC) using a 
7.5 GHz TE011sapphire-loaded Nb cavity [16]. 50 mm 
sample discs will receive RF characterization in the SIC 
system recording the following measurements: 

• Surface impedance as a function of magnetic field 
and temperature, from 1.9 K to the transition 
temperature (Figure 5 represents the surface 
impedance Rs for the film of interest as a function 
of temperature T). 

• The change of superconducting penetration depth, 
Δλ, at 7.5 GHZ and low field will be measured by 
carefully tracking the cavity frequency with 
temperature from 2 K to right above the transition 
temperature while the rest of the cavity is held at 2 
K. 

The cryogenic performance is investigated with the 4-
point-probe method to measure Tc and RRR. 

 

 

Figure 5: Surface Impedance measurement with SIC. 

UHV MULTI-TECHNIQUE SYSTEM FOR 
SIS MULTILAYERS DEPOSITION 

To implement the deposition in-situ of SIS multilayers 
as proposed by Alex Gurevich, JLab has built a UHV 
multi-technique deposition system tailored to multilayers 
deposition. 

This system is equipped with three RF/DC magnetron 
heads for 50 mm targets and a RF/DC Ion source 
producing a 50mm beam with Ar, Kr. A self-sputter 
magnetron for implementation of HPPMS in self-
sputtering mode is available and will be added to the 
system after the first phase of the commissioning is 
completed. A set of thickness monitors allows the 
thickness control of the deposited layers of different 
materials. Several injection lines are available on the 
main chamber for the injection of the sputtering working 
gas (Ar and Kr) and N2 and O2 used for reactive 
sputtering.  

 
Figure 6: UHV multi-technique deposition facility. 

This combination allows the implementation of DC 
magnetron sputtering for the deposition of metallic films 
or compounds like Mo3Re. Compounds like NbN, NbTiN, 
as well as dielectric films can be coated via reactive 
sputtering. RF magnetron sputtering is commonly used 
for the deposition of insulator layers like aluminum oxide 
(Al2O3), MgO. With the ion source, the deposition of an 
insulator can be achieved with an Al2O3 target. The ion 
source can also be used to plasma etch the substrate prior 
to deposition, getting rid of its oxide layer for example. 
With the combination of magnetrons and ion source, Ion 
Beam Assisted Deposition (IBAD) can use energetic ions 
to modify film density, stress, texture, grain size, structure 
of the interface and other related properties.  

The main chamber is pumped with a cryopump CTI-
Torr 8 (1500 l/s) through a VAT gate valve with variable 
conductance. The base pressure for the main chamber is 
in 10-9 Torr range. During deposition, to allow a better 
control of the working gas pressure, the diaphragm valve 
aperture can be varied to adjust the conductance. The 
system is also equipped with a non evaporable getter 
(NEG) chamber to improve hydrogen pumping during the 
deposition process. A strip of ST707 mounted on a 
cylindrical support can provide pumping speeds up to 
2000l/s for H2 and CO. Baking, internal UV light 
exposure and plasma cleaning can be used to improve 
further the vacuum quality.  

The vacuum quality is controlled by the combination of 
a convectron gauge and an UHV ion gauge in each 
chamber and a Residual Gas Analyzer (RGA) that can be 
used with differential pumping allowing the analysis of 
the gas composition in the vacuum system during 
deposition. A high-pressure ionization gauge is used in the 
main chamber to measure the working gas pressure 
during film deposition. 
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Figure 7: Setup in the UHV multi-technique deposition 
system main chamber and sample holder. 

Multiple sample holders are available on the main 
chamber to allow the simultaneous deposition of witness 
samples to probe the quality and properties of the 
individual layers and allow the variation of some 
deposition parameters during the same deposition run. All 
sample stages can be heated above 500˚C and are 
equipped with shutters to allow the deposition in the same 
run of multiple sets of samples using different parameters, 
ensuring directly comparable environmental conditions.  

The system is now under commissioning with coating 
runs to produce Nb films, NbN, NbTiN films by reactive 
DC sputtering. As for the study on Nb films, nucleation 
studies for each type of layer will be performed in parallel 
with the UHV system at William & Mary. Additionally to 
the standard set of measurements, i.e. surface and material 
characterization coupled to cryogenic and RF 
measurements with the SIC cavity, a method is being 
developed to observe the onset of flux penetration in the 
produced SIS multilayer structures [17]. 

CONCLUSION 
JLab in collaboration with surrounding universities is 

pursuing two opportunities to create viable 
superconducting RF cavity surfaces to reduce the cost 
framework of SRF accelerators and to reach higher 
gradients and allow operation of SRF structures at 4K. 

The first approach is to understand and develop 
niobium films with bulk-like performance by elucidating 
the functional dependence of film-grown niobium crystal 
texture, intra-grain defect density, and grain boundary 
impurities on SRF performance. Studies on the correlation 
of the surface resistance of films produced by energetic 
condensation ECR with surface and material properties of 
the film as a function of incident ion energy and substrate 
temperature are underway. 

The second approach is to create SIS multilayer 
structures following the concept proposed by A. Gurevich 
for overcoming the fundamental bulk material limitation, 
Hc1. To enable exploration of this effect, a new UHV 
multi-technique deposition system tailored to multilayer 
deposition has been build and is now under 
commissioning. 
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Abstract 
Recently, it was demonstrated [1] that significant 

reductions in field emission on Nb surfaces could be 
achieved by means of a new surface treatment technique 
called gas cluster ion beam (GCIB).  Further study 
revealed that GCIB treatments could also modify surface 
irregularities and remove surface asperities leading to a 
smoother surface finish as demonstrated through 
measurements using a 3-D profilometer, an atomic force 
microscope (AFM), and a scanning electron microscope 
(SEM).  These experimental observations were supported 
by computer simulation via atomistic molecular dynamics 
and a phenomenological surface dynamics.  
Measurements employing a secondary ion mass 
spectrometry (SIMS) found that GCIB could also alter Nb 
surface oxide layer structure.  Possible implications of the 
experimental results on the performance of Nb 
superconducting radio frequency cavities treated by GCIB 
will be discussed.   

INTRODUCTION 
Recent experiments [1-4] have shown that GCIB 

technique is a highly desirable tool for treating Nb 
surfaces to reducing field emission.  In order to use this 
new technique in an optimized fashion, it is important to 
understand what kind of effects this new tool has on the 
treated Nb surfaces.  

In this paper, we report on the results of a serials 
measurements on the surfaces of Nb samples treated by 
various GCIB gas species employing a 3-D profilometer, 
an AFM, an SEM, and a dynamic SIMS.   

SAMPLES AND EXPERIMENTAL 
INSTRUMENTS 

The samples used here were the same samples as those 
for the study reported in Ref. 2.  The samples were 
fabricated from the same Nb batch.  These were special 
samples designed particularly for doing field emission 
scan using the scanning field emission microscope built at 
JLab.  After the fabrication, the samples were treated by 
the standard buffered chemical polishing (BCP) to remove 
a thickness of 150 µm from the surfaces.  After the 
chemical treatments, the samples were first rinsed with DI  

 

*Work supported by the U.S. Department of Energy, contract 
 DE-AC05-84-ER40150. 
+ andywu@jlab.org  
 

water followed by ultrasonic cleaning with micro for one 
hour and then rinsed again with DI water.  Finally water 
on sample surfaces was blown away by dry nitrogen gun. 

The study was done using the surface instruments built 
in the surface science lab at JLab.  For a detailed 
description of the instruments, please consult Ref. 5.   

MODIFICATION ON SURFACE 
MORPHOLOGY OF NB BY GCIB 

One of the most important effects from GCIB 
treatments is the ability to modify the morphology of the 
surface under treatments.  This effect is relevant to the 
performance of Nb SRF cavities, since smoother inner 
surface of a Nb SRF cavity tends to give better 
performance [6].  It is also an important factor 
contributing to the suppression of field emission as 
discussed above in Ref. 2.  This section will deal with how 
GCIB treatments can modify the morphology of Nb 
surfaces.  To study this effect, experimentally an atomic 
force microscope (AFM) and a high precision 3-D 
profilometer are employed and theoretically computer 
simulation via atomistic molecular dynamics and a 
phenomenological surface dynamics is used. 

The ability of GCIB treatments for modifying Nb 
surfaces under the treatments manifests itself via the 
measurements of etching rates.  The etching rates of Nb 
by NF3+O2, Ar, and O2 has been measured quantitatively 
[7].  NF3+O2 was found to have the highest etching rate of 
5 nm*cm2/S at 35 kV acceleration voltage. 

Typical examples of profilometer measurements on a 
NF3+O2 treated Nb sample are shown in Fig. 1 for the 
untreated and treated halves respectively.  In general, 
NF3+O2 GCIB treatment using this particular set of 
treatment parameters does not make the surface smoother.  
Typically the RMS of the treated region is 615 nm over an 
area of 200X200 µm2 as compared with 315 nm for the 
untreated region.  It seems that there are some shallow 
craters generated by NF3+O2 GCIB treatment on the 
treated region.  Part of the reason for creating the craters 
can be due to the larger mass involved in NF3 clusters.  
Therefore mechanical impact on the treated surface is 
much larger than that when employing much lighter 
clusters such as, for instance, O2.  More study is needed in 
order to optimize NF3+O2 GCIB treatments on Nb. 

Profilometer measurements on an O2 treated sample, on 
the other hand, did not see any clear differences between 
the treated and untreated regions as shown typically in 
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Figure 1: Typical profilometer images of 200X208 µm2 of a) 
an untreated region and b) a treated region obtained on a 
BCP Nb coupon treated by NF3+O2 GCIB. 
 
Fig. 2. The RMS extracted from the scans varies from 
location to location and it oscillated around 1.27 µm 
depending on where the scans were done.  The average 
RMS didn’t correlate with a region regarding whether it 
was treated by O2 GCIB.  

 However, we know that O2 GCIB treatments do etch 
away materials from Nb surface [7].  Therefore we tried 
to do a more detailed study employing an AFM.  In this 
case, a Nb coupon was divided into four quadrants as  
 

 
 
Figure  2:  Typical  profilometer  images  of  200X208  µm2  of  a)  
an untreated region and b) a treated region obtained on a 
BCP Nb coupon treated by O2 GCIB. 

 
 
Figure 3: A  Nb  coupon  was  masked  into  equal  quadrants  for  
treatment with high and low energies O2 GCIB (see the 
text for more details). 
 
shown in Fig. 3.  The region marked “U” means that it was 
untreated, “P1” means it was treated at 25 kV, “P2” 
means it was treated at 5 kV, and “P1+P2” means it was 
treated at 25 kV first followed by treatment at 5 kV.  This 
was inspired by the fact that GCIB treatments with an 
initial etch rate followed by one or more lower etch rates 
can minimize the remaining roughness of the final surface 
and minimize material removal in order to attain a 
desirable level of smoothness [8].  AFM measurements 
were carried out using a Nanoscope IV controller 
 

 
 
Figure 4:  Typical  AFM  images  of  50X50  µm2 obtained  on  
the sample shown in Fig.3.  a) for untreated region, b) for 
“P1” treated region, c) for “P1+P2” treated region, and d) 
for “P2” treated region. 
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dimension 310™ SPM head.  Tapping mode was used in 
all the observations shown in this Section.  

Figure 4 shows typical AFM images obtained on all the 
four quadrants of the sample with a scanning size of 
50µmX50µm.  The untreated region is rougher than the 
rest of the four quadrants.  “P1+P2” treated region is 
indeed smoother than that treated by either “P1” or “P2”, 
which is consistent with the suggestions made in 
reference 25.  It seems that the region treated at 5 kV is a 
little smoother than that treated at 25 kV. 

COMPUTER SIMULATION 
To understand the intrinsic mechanism associated with 

the modifications of morphology on Nb surfaces by GCIB 
treatments, computer simulations through molecular 
dynamic modeling were employed.  Ar and O2 were 
selected as the species for the GCIB clusters.  Nb surface 
that would be treated by GCIB was supposed to be 
(1,0,0).  Assuming that each cluster was multiply charged 
and contained 429 molecules or atoms, it was found that 
heavier GCIB species such as Ar could generate larger 
and deeper craters than those generated by lighter GCIB 
species on a Nb surface as shown in Fig. 5.  In the 
simulation here, the kinetic energy of Ar was assumed to 
be 125 eV/atom and that of O2 was 100 eV/molecule.  
This could explain the results found from the profilometer 
measurements on the samples treated by O2 as shown in 
Figs.1 and 4. 

Smoothing effect by GCIB treatments was 
demonstrated by modeling a Nb surface containing two 
types of surface tips with significantly different sizes.   
 

  
Figure 5: Craters formed on the surface of (100) Nb treated
with a) clusters of 429 Ar at 125 eV/atom, and b) clusters 
of 429 O2 at 100 eV/molecule, as calculated by computer 
simulation via molecular dynamics. 

 
 
Figure 6: Results of mesoscale modeling of a Nb surface 
irradiated by O2 cluster ion beam at a dose of 1013 
ions/cm2. The cluster energy was 30 KeV and the cluster 
size was about 3000 oxygen molecules in a cluster. The 
surface contained two types of features: narrow and tall 
and wide and short (represented in a)). 
 
One tip was a narrow and tall hill with a typical diameter 
of a few nm.  The other was a wide and short hill having a 
typical diameter of many tens of nm.  Both tips had equal 
volumes and were schamitically shown in Fig. 6a.  The 
total modeled area was in the order of 106–107 Å2, and 
this area was irradiated by up to 1000 30 keV O2 clusters. 
The clusters randomly bombarded the whole area of the 
simulation cell.  The cluster dose was in the order of 103–
104 cluster/cell.  The typical irradiation parameters used 
for surface smoothing were as follows: cluster ion doses 
were in the range of 1012–1015 ion/cm2, average cluster 
sizes were in the order of 103 atoms or molecules, and the 
total cluster energies was 30 keV.  Displacements of 
surface particles after the cluster impact were modeled in 
accordance with the probability, obtained in our molecule 
dynamic simulation of a single cluster ion impact on a flat 
or inclined Nb surface. 

Figure 6 demonstrates the results of our mesoscale 
simulations for Nb surface smoothening.  The residual 
roughness is always defined by the geometry of an 
individual crater and increases with the increase of the 
total cluster ion energy.  This explains why the region 
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treated at 25 kV in Fig.4 is a bit rougher than that treated 
at 5 kV.   The simulation showed that the narrower hill 
could be removed by an irradiation dose that was five 
times lower than that required for the blunt hill.  The 
larger the surface bump is in the horizontal plane, the 
higher irradiation dose is needed to completely remove 
the hill and smooth the surface.  It is known that the 
narrower hills have a higher chemical potential than those 
with a larger diameter.  Therefore chemically inactive 
GCIB surface treatments should remove the narrow hills 
faster than the wider ones.  Computer simulation seems to 
suggest that the surface smoothing of Nb is mostly done 
by physical removal of the hills through mechanical 
interactions between the incoming GCIB clusters and the 
atoms of the treated surfaces rather than by chemical 
reaction.  For details about this computer simulation 
study, please read reference 9. 

MODIFICATIONS OF NB SURFACE 
OXIDE LAYER STRUCTURE BY GCIB 
It is well known that the performance of Nb SRF 

cavities depends critically on their surface top layer of 
about 50 nm deep.  The out most layer of any Nb surface 
is always covered with an oxide layer.  We used to 
believe that the thickness of the oxide layer was 
approximately 6 nm.  However, the latest atomically 
resolved TEM cross-section images [10] show that the 
oxide layer is much thinner for BCP and BEP [11] treated 
Nb samples.  Most of the oxides in this top layer are Nb 
pent-oxides that are dielectric and are generally believed 
to have no negative effects on the performance of Nb SRF 
cavities.  However, some Nb sub-oxides might exist [10] 
at the interface between the Nb2O5 and pure Nb such as, 
for instance, Nb2O or NbO or others that may not be 

 

 
Figure 7: Typical SIMS whole spectrum measurements done 
on a) untreated region of a BCP Nb coupon treated by O2 
GCIB and b) treated region of a BCP Nb coupon treated 
by O2 GCIB. 

 
 
Fig. 8: Typical SIMS depth profile measurements done on 
a BCP Nb coupon treated by O2 GCIB. 
 
superconducting or may be superconducting at lower 
critical temperatures than that of Nb2O5.  These sub-
oxides can definitely cause RF losses and degrade the RF 
performance of Nb cavities.  It is shown in this section 
that GCIB treatments can modify the surface oxide layer 
structure of Nb. 

To study the modification of the surface oxide layer 
structure of Nb by GCIB treatments, a home-made 
dynamic SIMS system [5] was employed.  Ar+ was used 
as the primary ion source.  Measurements were done at a 
vertical incident angle, 2.5 keV, and 85 µA/cm2.  Both 
whole spectrum and depth profile were recorded.  Depth 
profile measurements were done via a method described 
in Ref.12.   Nb coupons were treated by NF3+O2, O2, and 
N2.  Ar was not used since it might create confusions for 
the interpretation of the experimental results since the 
primary ion source was Ar+.   

Figure 7 shows the whole spectra for a Nb coupon of 
which half was treated by GCIB O2 and the other half was 
untreated.   Depth profile measurements are shown in 
Fig.8.  From Figs. 7 and 8, we can see the following:  1) 
The Nb surface is cleaner after the GCIB treatment.  
Elements such as Na and Ca disappear completely after 
the treatments, while the intensities of other peaks (apart 
from Nb and its oxides) reduce.  2) Significant amount of 
oxygen is introduced to the surface layer of Nb and the 
thickness of the oxide layer of the treated area is increased 
as compared with that of the untreated area.  The increase 
in the thickness of the top oxide layer contributes 
significantly to the suppression of field emission as 
discussed in Ref.2.  This is because after O2 GCIB 
treatment the particulates are attached to a Nb surface that 
has a dielectric layer with a thickness more than double 
than that before the O2 GCIB treatment, which makes the 
onset field much higher in order to sustain field emission.  
The mechanism regarding how O2 GCIB treatments could 
increase the thickness of the oxide layer is not completely 
clear at the present moment, since implantation is 
expected to be minimal in GCIB treatments as discussed 
in the previous sections.  However, somehow probably O2 
GCIB treatments can enhance oxygen diffusion into the 
interior of Nb.  3) The cracking patterns of Nb and its 
oxides change significantly after the treatment.  For 
instance, from the two whole spectra we see that 
Nb/NbO/NbO2 is 6/11/1 for the untreated area and 6/22/4 
for the treated area.   4) The normalized maximum 
intensity of the oxygen content is 0.084 higher for the 
treated area.  This is an increase of 13.7% than that of the  
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Figure 9: Typical SIMS depth profile measurements done on 
the BCP Nb coupon shown in Fig. 3.  a) shows close-up 
plots of the depth profile data.  b) shows the depth profiles 
measured on every quadrant. 
 
untreated area.  This implies that on the treated area, there 
can be an oxide layer with an oxidation state of Nb2O5+x 
(x>0.5).  It is highly plausible that the extra oxygen atoms 
exist as interstitial atoms in the amorphous Nb2O5 layer.  
It seems that the treatment is not optimized, since the 
penetration of oxygen into the Nb surface is much too 
deep. 

To explore the oxygen penetration effect, a Nb coupon 
was treated with different energies and durations in a way 
identical to that shown in Fig.3.  The treatment duration 
for “P1+P2” region was twice as much as that for “P1” or 
“P2” region.   Oxygen depth profile data are plotted in 
Fig. 9.  Fig.9 tells us that the depth of oxygen penetration 
depends only on the duration of the GCIB treatment and 
has nothing to do with the treatment energy inside the 
energy window selected in this study.  Higher treatment 
energy increases only the maximum intensity of the 
oxygen peak and its location, implying that probably more 
interstitial oxygen atoms exist in the Nb2O5 layer for the 
region treated at 25 kV.  Therefore, GCIB treatment time 
has to be optimized in order to create a sharp interface 
between Nb2O5 and pure Nb.  This work has not been 
done yet. 

SIMS measurements were also done on NF3+O2 and N2 
treated Nb coupons.  Due to the limited space here, 
readers are referred to Ref. 1  for the details.  In all cases  

 
 
 
 
 
 
 

studied up to now, modifications of surface oxide layer 
structure were found. 

 

SUMMARY 
To summarize up, this paper reported on the 

investigation of the change of Nb surface morphology and 
oxide layer structure by GCIB treated via measurements 
by a 3-D profilometer, an AFM, an SEM, and a dynamic 
SIMS system.  Theoretically computer simulation through 
atomistic molecular dynamics and a phenomenological 
surface dynamics was employed to help understand the 
experimental results.  It was found that GCIB treatments 
could remove sharp features on Nb surfaces and could 
sometimes smash particulates into some smaller and 
smoother pieces that might not field emit.  SIMS study 
showed that surface oxide layer structure could be tailored 
with GCIB treatments by using an appropriate treating 
agent such as, for instance, O2.  Due to its effectiveness at 
changing the depth and composition of the surface oxide 
layer structure of Nb, GCIB might be a key to 
understanding and overcoming the limitations of the high-
field Q-slope.  More work is needed in order to fully 
explore this research topic. 
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Abstract 
We report the results of surface characterizations of 
niobium samples electropolished together with a single 
cell cavity. These witness samples were located in three 
regions of the cavity, namely at the equator, the iris and 
the beam-pipe. Auger electron spectroscopy (AES) was 
utilized to probe the chemical composition of the topmost 
four atomic layers. Scanning electron microscopy with 
energy dispersive x-ray for elemental analysis 
(SEM/EDX) was used to observe the surface topography 
and chemical composition at the micrometer scale. A few 
atomic layers of sulphur (S) were found covering the 
samples non-uniformly. Niobium oxide granules with a 
sharp geometry were observed on every sample. Some 
Nb-O granules appeared to also contain sulphur. 

INTRODUCTION 

Electropolishing techniques are the state-of-the-art for 
finishing SRF accelerator cavities made of bulk niobium 
in order to gain a high field gradient. We are interetested 
to investigate the surface state of a real cavity after EP.  
The motivation of this study is to search for possible 
impurities left by electropolishing process [1-3], which 
may enhance field emission and degrade a cavitie’s field 
gradient limit.  

 
Figure 1: Three witness samples were located in a single 
cell SRF cavity and electro-polished in-situ.  

Specifically, this study was initiated to search for  any 
sulphur residues on the cavity surface immediately after 
EP. Large amount of yellow sulphur crystalline powders 
were found at the outlet of the used EP electrolyte. In this 
study three small witness samples have been processed 
in-situ with a single cell SRF cavity (Figure 1). The 
samples are round disks of 10mm in diameter. They 
experienced the same EP (50µm removal) as the real 
cavity. They were rinsed by ultra-pure water (UPW) but 
without ultra-sonic rinsing. The samples were located at 
iris, equator and beam pipe respectively. The entire EP-
related experiment was conducted at KEK, Japan.            

EXPERIMENT RESULTS 
Auger electron spectroscopy was applied to study 

chemical composition of the samples’ topmost atomic 
layers. AES (PHI 660 system made by Physical 
ElectronsTM) is only sensitive to the first four atomic 
layers. Its best sensitivity on atomic concentration is 
0.2%.  This instrument has an absorption current imaging 
system (ABS), which roughly shows surface morphology 
and elemental mass. The ABS imaging system was used 
to identify the primary electron beam spot and the Ar+ 
depth profiling ion beam spot. Figure 2 shows the AES 
“finger print” spectra of niobium and sulphur. Their peak 
profile and peak energies were both used to identify S in 
empirical spectrum. One should note that the S peak 
(153eV) is in the middle of two Nb peaks (146eV and 
170eV). 

     

 
Figure 2: AES “Finger print” spectrum of Nb and S.  

A high resolution scanning electron microscope, 
Hitachi-4700, was used to observe surface morphology.  
It has an accessory of energy dispersive X-ray (EDX) 
detector made by EDAXTM. Unlike AES, which uses 
emitted Auger electrons to identify elements, the EDX 
system utilizes characteristic x-ray photons produced by 
the primary electron beam to probe chemical elements. It 
explores ~2µm deep and atomic sensitivity ~2%. In 
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contrast to AES (4 atomic layers), EDX is a more “bulk-
like” elemental analysis technique.       

Sample 2 Results 
   Sample 2 was located on the equator. Five spots were 
surveyed by AES (4 of them are presented here in Figure 
3). The spots are evenly distributed and separated by  
1~2mm away. No sulphur was found in the entire 
spectrum. Under SEM, granules (Figure 4) were observed 
sparsely located on the largely smooth surface. EDX 

study (spectrum not shown here) on the granules found 
oxygen and Nb element only. The granules’ morphology 
looks like sintered crystallites. Because the probing depth 
of EDX is 1µm, it is speculated that the granules are made 
of niobium oxide. It is noticed the granules in Figure 4 
reside on a very smooth surface. It is not yet known if the 
granules drifted to surface by the etchant or were formed 
in-situ.    

 

Figure 3: Empirical AES data elected from 4 spots. They have no S peak. The spectrums are collected from the ABS 
imaging area (right on each spectrum).
 

 

 
Figure 4: Granules made of Nb-O were observed on the 
samples surface. They reside on clear ambient surface, and

 their density is low.   

Sample 4 Results 
Sample 4 was located at the iris area. Three spots were 

surveyed by AES. Figure 5 is the spectrum from spot 1. It 
has an obvious sulphur peak (label in red). The atomic 
concentration ratio of Nb to S is close to 3:1. The spectra 
that were collected from other spots are not shown here. 
The S atomic compositions are different on different 
spots, and their S peak intensities are less than that on 
spot 1 (but larger than zero). AES sampling area is 2*2 
µm2 on each spot. It suggests that S forms an atomic-thin 
layer on the outmost surface of the sample. The coverage 
is not uniform however.  

An Argon ion beam was used to slightly sputter the 
surface. The beam current is 10nA, beam spot 27mm2 and 
beam accelerating voltage 2kV. The sputtering rate (or 
depth) was not empirically calibrated, but it was evaluated 
theoretically that the profiling depth is smaller than 10 
atomic layers. Before the sputtering (Figure 6), the S peak 
has an obvious profile (Nb/S ~3:1). After the sputtering, S 
peak intensity becomes much smaller (Nb/S ~8:1).   
Figure 7 is the ABS image on the same spot before and 
after sputtering. It seems that the sputtering cleared a 
surface oxide layer (thus reduced the charging effect). 
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Figure 5: AES spectrum collected on spot1. The S peak is labelled in red. This spectrum shows the Nb:S atomic ratio is 
~ 3:1.

 
Figure 6: AES spectra of a spot before and after a slight sputtering. Fewer than 10 atomic layers were removed by the 
Ar+ beam. The S peak was greatly reduced after sputtering indicated that the coverage of S is ultra-thin.
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Figure 7: ABS images of the sputtered spot. It seems the 
Ar+ beam cleaned the surface charging layer. 

Sample 6 Results 
Sample 6 was located on the beam pipe. Three spots 

were surveyed by AES (data not shown here). Similar to 
the testing results of sample 4, they are also covered non-
uniformly by a thin layer of S. Various micro-granules 
were investigated by SEM/EDX, and the granules 
morphology is similar to that observed in sample 2 and 
sample 4. However, on one granule, EDX detected S 
(Figure 10). Figure 8 is this granule’s SEM images. Like 
a generic one, it lays on a smooth surface stand-alone and 
it is far away from the other particles. The first EDX 
detection window (a yellow box) is shown at the upper-
left corner. The EDX spectrum (Figure 9) shows only Nb 
and O (Nb:O = 1:5). The Nb/O ratio is much lower than a 
naturally oxidized Nb surface. Had S existed here, its 
characteristic x-ray energy should be 2.3keV. A vertical 
green line is labelled at that position (Fig 8b). It shows 
that no S was found. The profile of the primary Nb peak 
(2.0-2.4keV) is literally the same as that obtained from 
pure bulk Nb sample (the Nb fingerprint spectrum was 
not shown here). The “shoulder” and the “spike” on the 
green line’s left side stem from an Nb peak. The second 
EDX detection window is shown at the bottom-right 
corner. The S peak at 2.3keV can be easily identified.  
Atomic percentage of S is about 8%. Considering the 
EDX profiling depth is 1-2µm, the S concentration is 
significant. 
  On one area of sample 6, besides the omnipresent Nb 
granules, there exist crystal-like particles (see Figure 9a). 
Because of their sharp geometry (see Figure 9b), they 
might be potential electron field emitters. EDX survey 
found N, O, Fe, S, Nb on it (Figure 9c).  The elemental 
ratio of N, O, Fe, and S is 18:65:11:6. Similar crystallites 
features have not yet been observed on other EP’ed 
samples. Nevertheless, we found rectangle-shape particles 
on another EP studies. In that study, it was speculated that 
the crystal-like particles are alien impurities caused by a 

defective DI water filtering system. The source of 
formation of the “micro-flower” particles on sample 6 is 
unknown.     

 
Figure 8: A sulphur-embedded granule observed on 
sample 6. S is enriched on one area but not all suggesting 
that the S coverage is not uniform.  

 
Figure 9: EDX spectrum collected from the upper-left 
window showing the granule only has Nb and O. O level 
is higher than a naturally formed Nb2O5.  
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Figure 10: EDX spectrum collected from the bottom-right 
window. It shows a high concentration level of S (8 at %).  

 

Figure 11: Nb-O granules and crystal-like particles are 
found on one area of sample 6 (center figure in row 2).  

Figure 12: SEM micrograph of one typical crystal-like 
particle. A yellow box labels the area surveyed by EDX 
(see Figure 13). 

 
Figure 13: EDX spectrum collected from the yellow box 
(Figure 12). It contains S, Fe, N element besides Nb and 
O.  The origin of Fe and N are unknown. 

SUMMARY 

Three samples, which were treated in a SRF single cell 
as a witness of EP process, have been surveyed by AES 
and SEM/EDX. Oxygen enriched Nb granules (like 
sintered powder) have been observed on all samples. 
Their crystal structure and formation mechanism are 
unknown. A few atomic layers of S were observed 
covering the Nb samples surface non-uniformly. Some 
areas of the micro-granules could be a place to harbour S 
(see Figure 8). Crystallite particles containing unexpected 
impurities were found on one samples.     
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STUDY OF ETCHING PITS IN A LARGE-GRAIN SINGLE CELL  
BULK NIOBIUM CAVITY * 

X. Zhao#, G. Ciovati, C.E. Reece, and A.T. Wu 
Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 

Performance of SRF cavities are limited by non-linear 
localized effects. The variation of local material 
characters between "hot" and "cold" spots is thus of 
intense interest. Such locations were identified in a BCP-
etched large-grain single-cell cavity and removed for 
examination by high resolution electron microscopy 
(SEM), electron-back scattering diffraction microscopy 
(EBSD), optical microscopy, and 3D profilometry. Pits 
with clearly discernable crystal facets were observed in 
both "hotspot" and "coldspot" specimens. The pits were 
found in-grain, at bi-crystal boundaries, and on tri-crystal 
junctions. They are interpreted as etch pits induced by 
surface crystal defects (e.g. dislocations). All "coldspots" 
examined had qualitatively low density of etching pits or 
very shallow tri-crystal boundary junction. EBSD 
revealed crystal structure surrounding the pits via crystal 
phase orientation mapping, while 3D profilometry gave 
information on the depth and size of the pits. In addition, 
a survey of the samples by energy dispersive X-ray 
analysis (EDX) did not show any significant 
contamination of the samples surface. 

INTRODUCTION 

This is a follow-on study to understand the 
circumstances and mechanisms which cause enhanced RF 
losses of a SRF accelerator cavity in a medium field range 
from the perspective of surface science. A previous 
publication [1] has described the manufacturing process 
and the SRF performance of the Nb large-grain single cell 
SRF cavity, which exhibited a strong medium field Q-
slope. Surface analysis study was undertaken on 12 
samples cut from it. The twelve samples were from 
locations where anomalous heating was detected by 
thermometry (“hotspots”) as well as from locations with 
negligible overheating (“coldspots”). The study reports 
recent discovery on these samples. 

EXPERIMENTAL RESULTS 
Twelve 12 mm × 12 mm samples were cut from 

locations on the cavity (see Ref [1] Fig 2) by careful 
milling, using water as coolant. For comparison, three 
coupons were from normal areas (called coldspots zone), 
eight from hotspots zones and one included the quench 

location. Optical microscope (HiRoxTM) and scanning 
electron microscopes were used to observe the sample 
surface. Other than mechanical scratches attributed to the 
cutting process, the most obvious features are “pits” along 
bi-crystal grain boundary, tri-crystal junction, and 
sometimes in the middle of an ultra flat crystal grain 
plane.  The pits share a similar geometry: they have clear 
facets.  It is known that chemical etching processes [2-4] 
on crystal defects (such as dislocation, stacking fault, and 
impurity precipitates) can produce distinct types of 
preferential etching. Etching pits stem from preferential 
etching. 

Cai reported that the profile of an etching pit directly 
correlates with the orientation of an exposed crystal 
surface [2]. It was explained that since various crystal 
planes have different surface energy, they yield different 
etching rates. Anisotropic etching rates thus yield the 
symmetric and facet features of the pits. Figure 1 
illustrates how the outmost crystal plane could determine 
the pit geometry.  

Evans’ study [3] reported dislocation induced etching 
pits on large crystal grain Nb materials.  His study 
showed 1) pits have distinct densities on various grains, 2) 
pits tend to segregate on tri-crystal grain junctions, 3) pits 
tend to be distributed along a slip path, and 4) pits 
decorating a slip path can cross grain boundaries. 
Tetrahedral etching pits were observed on several of the 
present samples, as predicted by Cai. (See Figure 2).  

We examined the correlation of pit density with 
“hotspots”. The densities of pits were counted under 
optical microscopy at a magnification of 350. Six samples 
(three are “coldspots” and three are “hotspots”) were 
counted. Each sample was surveyed at 12 evenly 
distributed sites. Each survey site area was 6*105 µm2. Pit 
density was averaged over the 12 surveyed sites. The pit 
density and features of these samples are listed in Table 1. 

 

Figure 1: Geometrical features of tetrahedral etching pits 
are related to the crystal plane exposed to etchant.  Figure 
taken from Ref [2].  
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Table 1: Features observed on samples dissected from the 
large-grain single cell cavity. 

Sam
ple 

#of 
grains Loc. 

Pits dens. 

(#/mm2) 
Etch-pits feature 

1 2 Hotspot 34.2  

2 1 Hotspot 29.1 Quench site 

3 3 Hotspot   

4 3 Hotspot   

5 3 Hotspot 61.7 a very deep pit on tri-
crystal junction; on 

{110} plane, hi den of 
elongated etching pits 

6 1 Coldspot 6.3  

7 3 Coldspot 19.7 A shallow pit on tri-
crystal junction 

8 1 Coldspot 17.6  

9 3 Hotspot  a very deep pit on tri-
crystal junction 

10 1 Hotspot   

11 1 Hotspot   

12 2 Hotspot   

 

 

Figure 2: Tetrahedral pits are aligned on a dislocation slip 
path. 

The coldspot samples had a lower pit density than that 
of the hotspot samples. The size of the pits, measured 
with a 3D profilometer, ranged between 20-80 μm in 
width and 2-10 μm in depth. It was observed that the etch 
pits are not uniformly formed on various grains. Figure 3 
images were taken from sample 5. On crystal grain “C”, 
there are more elongated pits. This feature is similar to 
that reported by Evans [3]. The pits appear well aligned.  

Other than the tetrahedral pits predicted by Cai [2]. 
There exist more pits having refined geometry largely 
deviating from a tetrahedral profile. Figure 4 
demonstrated some pits sitting in-grain or on a bi-crystal 
boundary. They have fascinating crystallite-like features. 
These features can not be explained by the Cai model. 

Dislocation is an inevitable product of plastic 
deformation. Distribution of dislocation is determined by 
the space alignment of the crystal grains, which impact 
the slip system and plastic deforming flow. As a key 
crystal defect, the dislocation pattern formed during the 
manufacturing process of the half-cell pressing may affect 

the etching pit features. Thus, it is necessary to know the 
crystal grain orientation of the 12 samples. (See Figure 5.) 

 

 
 
Figure 3: Pits distributed non-uniformly on various 
crystal grain (sample 5). The reason of forming the 
elongated profile is unknown.  
 

 

Figure 4: SEM figures of atypical pits which have 
elaborated symmetrical geometry.  
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Electron electron-back scattering diffraction 
microscopy (EBSD) has been applied to investigate 
crystal grain orientation via a technique named 
orientation index mapping (OIM). Figure 5 presents the 
12 samples’ outmost crystal planes in a view of inverse 
polar figure (IPF). For instance, sample 1 is made of two 
patches of colors. The lower area is blue, which means 
that the crystal plane facing toward readers is a {111} 
plane. The upper area is purple, which represents a high 
index plane with its crystal axis in the middle of <001> 
and <111>. No correlation of hot/cold spot character with 
crystal orientation in immediately apparent. Our future 
work will further explore the relationship between crystal 
grain orientation and the pit formation mechanism. 

 

 

 

    

 
It was observed that some etching pits are aligned in 

straight lines. (See Figure 6.) EBSD survey demonstrated 
that they are in a single crystal grain. Although a similar 
pattern was observed in deformed and etched NaCl 
crystallite, it was not reported on Nb material.  We 
speculate they are dislocation induced etching pits. The 
underlying line then would represent a dislocation slip 
path.  

CONCLUSION 
The analysis of the surface topography of samples cut 

from a large-grain single cell characterized by a strong 
medium field Q-slope revealed a high density of etching 
pits. These were found to be distributed both along grain 
boundaries and within grains, the latter case possibly 
being related to the presence of lattice defect, such as 
dislocations, or impurities. Etching pits observed in this 
study are uncommon to the surface of large-grain BCP-
etched cavities. It was noted that all small Nb samples 
(cut from a flat plane but not a cavity) after a BCP process 
demonstrated no features of etching pits as reported in 
this study. And a recent survey of dissected samples from 
a large grain SRF cavity found only a few shallow pits. It 
seems the density of pits observed in this study is atypical.  

It is worth exploring if the pits were somehow caused 
by ingot impurities or only determined by crystal lattice 

defects after deformation, particularly on dislocations. If 
their origin is better understood, modifications to the 
process of metallurgy purification, mechanical 
deformation, or heat treatment might reduce the etch pit 
density in the final application. Our future work intends to 
investigate the cause of pit nucleation and explore 
whether an electro-polishing (EP) process will effectively 
remove the pits, because EP surface brightening is 
independent of crystal surface energy. 
 

 

Figure 6: Aligned etch pits on various single crystal 
grains (selected from different samples). They might 
embody dislocation slip paths formed during pressing of 
the half-cell (plastic deformation).  
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Figure 5: Crystal grain orientation of the 
12 samples. Samples 1-6 are at the first 
row (L to R). Samples 7-12 are at the 
second row (L-R). Nb [001] IPF color 
legend.   
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HIGH FIELD Q DROP IN SUPERCONDUCTING  GHz  CAVITIES  

J. Halbritter, Bau 421, Postfach 3640, 76021 Karlsruhe, Germany.

Abstract 
In rf cavities dielectric surface losses RE are usually 

neglected as compared to magnetic rf losses RB where the 
latter become very small well below the superconducting 
critical temperature Tc. But the high density of localized 
states nL(zL)>1021/cm3 of Nb2O5 adjacent to the high 
conduction electron density nC=6·1022/cm3 of Nb yield 
measurable dielectric surface impedances ZITE by strong 
interface tunnel exchange (ITE) between nL(zL) and nC . 
For E>1MV/m the energy gain ezLE(t) lifts nL(zL,ε<-Δ)- 
up to nL(zL,ε>Δ)- states ITE coupled to empty nC(ε>Δ) 
states. Only some of those broken pairs are able to escape 
into delocalized regions nC(ε>Δave) creating hot excita-
tions being BCS amplified dominating the rf absorption 
as exponential, field emission free, high field Q drop 
(HFQ) above 10 – 30 MV/m. 

INTRODUCTION 
Metal - dielectric interfaces influence the dc and rf 

conduction of metals by the intimate contact of extended 
conduction electron states nC(zL) with localized states 
nL(zL≥0,ε) in the rf surface impedances Z = R + iX, i.e. 
surface resistance R and penetration depth λ=X/ωμ0 [1-8]. 
Because of the strong Nb - O bonds and after standard 
treatment, i.e. 100 -200μm Nb damage layer removal by 
electro polishing (EP) or buffered chemical polishing 
(BCP) high pressure (80 bar) water rinsing (HPR) is 
applied [1,7]. HPR removes about 10 nm followed by wet 
oxidation serrating interfaces as sketched in Fig. 1 [5-8] 
and summarized below: starting from the vacuum side, by 
its strong hydrogen bonds the NbOOH surface is coated 
by 2 – 10 monolayers (ML) of H2O and hydro-carbons 
[10-11a], where 2 ML cannot be removed by UHV 
annealing below about 300°C. NbOOH terminates ≥4nm 
Nb2O5 connecting to about 0.5nm metallic NbOx(x≤1) and 
Nb containing O in solid solution and Nb2O5, NbOx, and 
NbO6 precipitates. Depending on Nb treatment after 
oxidation Nb2O5, NbOx, and NbO6 precipitates are found 
in Nb up to 100μm deep. 

Using [3] the surface impedance ZE by interface tunnel 
exchange (ITE) between nC(ε) and nL(zL,ε) is worked out 
in [5] and compared to experiments here shortly. Super-
conducting Nb GHz accelerator cavities are limited by 
this field emission free, high field Q drop (HFQ) at peak 
field Ep above 30 to 70 MeV/m and Bp≥0.08 –0.18T [1,8]. 
According to [5] HFQ is based on rf fields >1MV/m in 
Nb2O5 acting on nL(z>1nm) states yielding an energy gain 
2ezE>3.1meV=2Δ(Nb) in half a rf period causing the 
exponentially increasing as HFQ source term bss(E). 
Some of those ITE broken pairs ε*>Δave escape from the 
interface and decay into hot excitations in an  

1n
m

 

 
  

  
  

 
 

 

Nb
C H -OHx y

H O-OH2 1nm

NbO  (x  0.02)x ≈

Nb O2 5-y

NbO  (x  1)x ≤

 
Figure 1: Nb surface with crack corrosion by wet 
oxidation by Nb2O5 volume expansion (factor 3). Nb2O5-

y-NbOx weak links/segregates (y, x < 1) extend up to 
depths between 0.1 – 1/ 1-100 μm for good – bad Nb 
quality and weak - strong oxidation [8-11]. The adsorbate 
layer being chemisorbed by hydrogen bonds to NbOx 
(OH)y H2O/CxHyOH (≥3nm)  may contain, e.g. dust 

area AITE(E) as HFQ valve term, which get BCS 
amplified causing the HFQ loss term B²bs(E). The BCS rf 
quanta are transferred ballistically to, e.g. the outer He/Nb 
interface, yielding hot spots ΔTou(E) proportional to 
RHFQ(E) increasing exponentially with E. The ITE theory 
combined with Nb2O5 material parameters and HFQ 
results are fitted quantitatively with one free fit parameter 
b in Sect.4.  

OXIDATION OF Nb 

The b(Nb-O) binding energies of 7eV in Nb-O 
chemisorptions layers and of 5eV in bulk Nb2O5 are in 
excess of b(Nb-Nb) = 1.9 and b(O-O) =2.5eV yielding 
strong solution of O inside Nb and fast chemisorption of 
O at Nb surfaces in air [8-10]. As first step in oxidation, 
O dissolves atomically in the open Nb lattice and migrates 
along grain boundaries and dislocations into the interior. 
O may precipitate as metallic Nb6O or NbOx(x≤1) spots 
or layers and as dielectric, nano crystalline Nb2O5 if the 
volume expansion by O-Nb d-bonding is taken care off. 
Below about 500K as a second oxidation step the Cabrera 
Mott growth of Nb2O5 based on the binding energy 
potential VO

m≈0.6V=b(O-O)-b(Nb-Nb) causes NbOx 
electrons nC(EF) to tunnel through the Nb2O5 coating 
charging chemisorbed O2 from lab air or vacuum. This 
yields electrochemical like growth where VO

m drives 
mainly O ions through Nb2O5 toward the metallic 
NbOx(x≤1) surface to be discharged there forming either 
Nb2O5-y with a factor three larger volume or being 
injected into Nb. Nb2O5-y consists of edge connected NbO 
octahedra blocks (CB) corres-ponding to valence 6, which 
in turn get side connected via crystallographic shear 
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planes (CS) housing oxygen vacancies VO to achieve the 
proper valence 5 [8]. Separated by CSs then nano 
crystalline CBs nucleate depending on the detailed 
morphology of the metallic NbOx/ Nb6O/Nb interface. 
The strain onto the soft Nb is relaxed by creation of 
dislocations which promote the O diffusion deep into the 
Nb, like along grain boundaries, causing crack corrosion 
sketched in Fig.1. In wet oxidation CSs enforce Cabrera 
Mott growth by high nL- den-sities and low barrier heights 
ΦS=0.1eV [9] speeding up e- tunnelling and VOs enforcing 
the O migration via place exchanges [10] and causing 
dislocations relaxing strain. In contrast, in dry oxidation 
Cabrera Mott growth is retarded by CBs by their high 
tunnel barrier ΦB=0.6eV and low nL-densities. 

HFQ SOURCE TERM 
In rf cavities the dielectric surface impedance 

ZE(E<1MV/m) of Nb2O5 coatings is usually negligible 
[6a]. But high densities nL(zL)≤1021/cm3 and low 
ΦS=0.1eV of Nb2O5 enforce ITE. Quantitatively, ITE [3] 
is given by the tunnel rate between nC and exponentially 
decaying wave functions inside the oxide. The occupation 
nC(ε) follows the Fermi distribution function 
f(ε)=1/{1+exp(E–EF)/kT} and the occupation n(zL,εL,t) of 
nL(zL,εL) changes with applied electric field Δε = ezE(t) 
being repopulated with the rate 1/τ(z,ε)=1/τ(0,ε)exp(-
2zκ)g(zκ). ωτ(z*,ε)=1= ωτ(0,ε)exp(-2z*κ) defines the fast 
exchange distance z* up to which f(ε)nL(ε,z≤z*) is in 
equilibrium with f(ε)nC [3]. In scs by opening of the BCS 
energy gap the density of state nC(ε≈EF) becomes energy 
dependent nC(ε*)= nC(EF) |ε*|/√ε*2–Δ2. ITE pair breaking is 
due to tunnelling from occupied states nc(ε

*≤-Δ) around 
ωt ≈(2n+1)π (n=0,1,2….) of E(t) = E(0)cos(ωt) into 
empty trap states nL(z,ε*

0) below -Δ. with ε* =ε*
0–ezE(t). 

Those states gain energy Δε0=2ezE(t) in half an rf period 
π/2 ≤ωt ≤+ π3/2 able to tunnel back around ωt ≈(2n)π 
(n=0,1,2..) for Δε0≥2Δ and for ε*

0+ezE(t)≥Δ into empty 
nC(ε*) states of the superconductor. With x* =min{z*,dO}, 
pair breaking onset distance x*=Δ/eE0, onset field E0, 
c=2κΔ/e and β*= 1 this is approximated by 

PITE={fπnL/2τ(0)}(2eE)2/(2κ)3{2[exp(-c/E)-
exp(c/E0)]+2[ exp(-c/E)c/E-exp(-c/E0)c/E0]+[exp(-

c/E)(c/E⊥)2-exp(c/E0) (c/E0)2]}=fπnL/2τ(0)(2eE)2/(2κ)3s(-

c/E⊥,c/E0)=ε0/2μ0RITE
EE2                                             (2.1) 

For Nb2O5-y PITE is dominated by CSs with ΦS=0.1eV, 
i.e. κS = 1.6/nm,  yielding cS = 2κΔ εr/eβ

*= 130 - 400 
MV/m by Δ = 1.5 meV and by εrS = 20 increasing up to 
about εrS = 60 with nL where nS

L≈1020/eVcm3 is typical for 
wet oxidized Nb [8]. 

MAGNETIC RF LOSSES AND 
OXIDATION OF NB 

The superconductivity of clean, metallic, Nb with Tc = 
9.25K and Δ0/kTc = 2.05 degrades by oxidation where O 
in solid solution reduces Tc and Δ by 10% for 1 at% O.  

RBCS(T,ω) = r0ω
βexp(-Δ/kT)/kT;  T ≤Tc/2, ħω≤Δ/30   

(3.1) fits oxidized bulk Nb- and Nb film- rf cavities 
excellently with agreement experiment/theory above 6 
orders magnitude [1,2,8]. For typical oxidized Nb sur-
faces Δ≤1.5meV, Δ/kTc=1.7-1.9 and β=2 are obtained 
describing properties averaged over the penetration layer 
≈100nm. States nL(ε,z≥0.3nm) are normal conducting by 
pair weakening [9b] causing rf residual losses by Nb2O5 
filled weak links (WL) RWL

res(T,ω) ≥1nΩ(f/GHz)2 [7b,c]. 
Above ac/rf field amplitudes Bc1J/Bc1 and frequencies 
below ωo

J/ωo
A hysteresis losses by Josephson fluxons (JF) 

Rhys =4/3π⋅λhys= R1B/Bc occur by JFs ω0
J≤1010Hz as 

compared to slow ω0
A≈MHz of Abrikosov fluxons (AF). 

O pick-up not only yields Nb2O5- but also Nb6O- or 
NbOx- precipitates, i.e. regions with Δ*<Δ0. Such locally 
confined quasiparticles |ε|≤Δave are easily driven out of 
thermal equilibrium yielding the low field Q-slope (LFQ) 
Rs(T,<40 mT) = a(T)/B2 +RBCS(T,~10mT) + Rres. The 
accompanied gap smearing reduces RBCS with 
ß(<10GHz)= 2. Nb6O or NbOx precipitates or O in solid 
solution show up in Z(Hdc,<MHz) impedances [12] by 
deteriorated critical fields Hc1, Hc2, or Hc3 and by pinning 
of AFs. In summary: 

 - wet oxidation at 300K yields plenty of CSs corres-
ponding to plenty dislocations promoting strong O, NbO6 
and Nb2O5 injection into Nb having been observed as up 
to 10 at% O in the first 10nm [11a], as Δ/kTc(10mT)≈1.75 
for cold worked, RRR~40 Nb [8] or large grain Nb [15c], 
as degradation of Hc1, Hc2, or Hc3 and as pinning [8,12]. 
The pinning by cold working reaches depth of 50 – 
100μm and by oxidation depth of 5μm [12]. In small 
grained or RRR~40 Nb O precipitates at defects reducing 
RBCS(T, <15GHz) with Δ/kTc(>5mT)≈1.85 and strong 
LFQ [7b]; 

 - dry oxidation creates less dislocations in Nb 
transferring O into depth of about 5μm for RRR~40, as 
found by pinning where the accompanied degradation of 
Hc1, Hc2, or Hc3 has been found for RRR~200 Nb also [12] 
and Δ/kTc degrades from 1.9 to 1.85  for RRR~40 Nb [8]. 

 - UHV or air baking around 120°C of wet oxidized Nb 
reduces the dislocation density [11b] but Δ*<Δave cluster 
grow in density and extension shown by decreasing 
RBCS(T,<15GHz), by enforced LFQ [15a], by weakened 
WLs, i.e. RWL

res, Rhys and MFQ grow.  

HEAT TRANSFER IN 
SUPERCONDUCTING NB 

Rf dissipation heats the inner surface by ΔTin as compared to 
the He bath T0 usually described by heat diffusion. The 
exponential growth of RB

BCS(T) with ΔTin yields the 
medium field Q slope MFQ γ*(T)(B/0.2T)2. Heat 
diffusion assumes that all mean free paths, i.e. of phonons 
lph and (inelastic) electrons lin are very short compared to 
lengths involved [13]. But in sc’s the pair condensation 
reduces exchanges between quasiparticles, between 
phonons and between quasiparticles and phonons, 
enhancing mean free paths drastically. RBCS rf photons 
excite quasiparticles, which transfer the gained energy 
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ħω<Δ/30 to phonons lin=vFτin(T,<10GHz)>6·10-

3(Tc/T)3cm, being similar long as for phonons 
lph(≤2K,4GHz)≥1cm. Hence, |ε|≤Δave broken ITE pairs 
stay localized and thermalize to phonons slowly [5]. But 
some delocalised ITE broken pairs sneak into regions 
with extended states |ε|≥Δave and decay with lin(>Δ)≥10μm 
[13] in a seam along the surface  larger than  
π(10μm)2=A0

ITE =10-7cm2. Those hot quasiparticles 
f*(ε*≥Δave) may radiate and decay further to the gap edge 
yielding f*(ε*≥Δave) over rapidly expanding regions A*

ITE 
growing with E acting as HFQ valve term. Hot 
quasiparticles f*(ε*≥Δave) described by T+ΔT*

in=Tc causes 
RBCS(2K+ΔT*

in) enhancements up to 8 orders of 
magnitude at GHz as compared to RBCS(2K) [2b]. As HFQ 
loss term the so excited BCS quasiparticles radiate 
ballistically yielding 

ΔTou(E,r) = B²bTs(-c/E⊥,-c/E0) ∝δf*(ε*,r,)∝RE(E,r)  (4.2)    
adding up to 

RHFQ(E)=bAB²/E²s(-c/E⊥,-c/E0)+RE
S with bA∝A**

ITE (4.3) 

Rf losses, like RWL
res and Rhys, thermalize locally at WLs 

with large ΔT0 values [7c] by the standard heat diffusion. 
In contrast ballistic processes, e.g. by RBCS(T) or by HFQ, 
do not yield thermal runaway but a fast and large lateral 
spread A**

ITE promoted by the homogeneity of the inner 
surface shown, e.g. in Fig.2. Remarkable is the fact that a 
nano roughness ßave averaged over AITE>10-7cm2 defines 
local onset fields ßaveEloc/εr(d,nL)>1.5MV/m above which 
broken ITE pairs are B2RBCS amplified which finally 

cause the HFQ loss term B2bss(-c/E⊥,-c/E0). 

 
Figure 2: Heat maps for spun Nb cavities (1.3GHz, 
Bp/Ep =2.1mT/MV/m, Eacc= EP/1.78) of reactor grade 
Nb (RRR ≈30) at fields just below the quench at Bcrit 
with HFQ increases shown in Fig. 5 [14]. The maximum 
temperature rise was 0.4K. By BCP smoothening the 
rotational symmetric heating shifts away from the iris. 

EXPERIMENTAL RESULTS ON RE(T,E) 
Above about 10MeV/m accelerating field Eacc=EP/1.78  

HFQ has been found in Nb TM cavities (BP/EP= 
2.5mT/MV/m) being discussed in [4,7,14,15] already. As 
shown in Fig.2 [14], HFQ hot spots are organized on 
rings Eloc(r) = const moving toward the equator with 
enforced BCP stripping. The heat maps and the 
corresponding field dependencies R(E,B) after 50, 120 
(P3), 130 and 230 μm (P4) BCP stripping show HFQ 
improvements fitting to Eq.(2.1) excellently in Figs.3. 
The fit fields c and E0 of rough, cold worked spun 
RRR>250 Nb in Table 1 increase from c=100 to 

470MV/m and the hot spot position move toward the 
equator from Ep to Ep/5 and Bmax=70 to 100 mT for 
230μm BCP. Results of a small grained (~ 50μm), 
smooth, RRR > 300, air baked Nb cavity show 
exponential R(E) and of ΔTou(B,r) increases in Figs.4 and 
5 fitted to Eq.(2.1) in Tables 2, 3 and [15a,b] and hot 
spots starting at least 2cm away from the equator 
expanding with further increasing rf field toward the 

Figure 3: RHFQ(2K,Eacc) of spun, i.e. coldworked, Nb 
TM010-mode cavities at 1.3GHz of RRR ~250 Nb sheath 
[14] after 120μm BCP for P3 and 230/290 μm for P4 with 
HFQ fit parameters summarized in Table 1. ßave<4 is 
reduced by smoothening and higher BP fields are reached 
so that MFQ has to be subtracted.  

 
 

Table 1: Fitted ITE fields to Eq.(2.1) of seamless, single 
cell, 1.3GHz TM010, heavily coldworked, i.e. spun Nb rf 
cavities measured at 2K with results shown in Figs. 2 and 
3 [14]. After subtracting a(2K)/B2 (LFQ), Rres and MFQ, 
ITE fits where performed. The average roughness and 
damage caused by spinning was reduced by successive 
BCP stripping between 50 and 230μm shifting hot spot 
positions from Ep to Ep/5 and enhancing BPmax from 40 to 
100mT. ITE fit fields cP and E0

P have to be corrected to to 
cloc=100-200MV/m and E0

loc~1-2MV/m.  

BCP/ 
μm 

Rres/ 
nΩ 

a/μΩ/ 
(mT)2 

γ* b/ 
μΩ 

cP/ 
MV/m 

EP
0/ 

MV/m 
Eloc/ 
Ep 

50 ~5 - - 5 100 1 - 

120 7.5 8.9 - 7 204 8 <1 
130 7.8 8.7 1.1 10 275 9 - 

230 7 - 3.2 74 462 2.5 ~1/5 

 
equator. This expansion and the exponentially with field 
increasing ΔTou(B) values cannot be explained by local 
thermal equilibrium and standard heat diffusion 
originating at loss spots, as elucidated in [15a]. The 
results of bulk, small grained, RRR > 200 Nb cavities 
after repeated BCP followed by wet oxidation, anodi-
zation and baking [15a,b] fitted to Eq.(2.1) show that 
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baking does not change c and E0 markedly, whereas the b 
values of Eq.(4.3) changes by 2 to 3 orders of magnitude.  

As summarized in Table 2 and in [14,15] baking 
enhan-ces Rres, LFQ of, Δ/kTc, R1 and γ*, whereas 
RBCS(T,f< 15GHz) decreases. 

 
Figure 4: Experimental Rs(2K,B) and ΔT(r,B) values of 
four hot spots of [5,15a] versus B. 

PHENOMENOLOGY OF HIGH E FIELD 
RESULTS 

In a first summary on HFQ in spun, i.e. heavily cold 
worked, rough Nb cavities produced by V.Palmieri and 
BCP stripped by P.Kneisel in [4,7a] and by M.Pekeler 
[14] it was shown for 7≤Eacc/MeV/m≤25MeV/m that 
HFQ is T independent and HFQ heat maps ΔTou(B,r) give 
crucial insights in Figs. 2 and [5,15]:  

firstly, for rough, heavily cold worked ~100μm BCP 
stripped Nb sheath for Bpmax<60mT hot spots are distri-
buted uniformly on rings Eloc=constant≤Ep becoming 
larger hot spots for 230μm BCP stripped, spun surfaces, 
occurring at higher fields Bpmax>60 mT with E*

loc~EP/5 
closer to the equator in Fig.2 [14]. Deep drawn, small 
grain Nb after 200μm BCP stripping show more 
homogenous surfaces with Bpmax~100 mT for E*

loc~EP/8 
with hot spots starting 2cm from the equator in [5,15]. 

secondly, hot spots show exponentially with E increa-
sing ΔTou(r,E) following Eq.(4.2) with large spatial size 
A**

ITE(E) expanding with field toward the equator in 
contradiction to classical thermal diffusion 

thirdly, UHV or air baking (>12h) between 100 and 
160°C for about 12h reduces HFQ drastically still  
showing the exponential ITE dependencies. Large grain 
cavities show nearly no HFQ after UHV anneal [15c]; 

fourthly, removing 20 nm Nb after UHV anneal at 
120°C by anodization restores HFQ properties [5];   

fifthly, the exponential ITE field dependence governs 
the observed ΔTou(f~1-3GHz,B) dominating  HFQ. 

The detailed  analysis of results shown in Figs.2-5 and 
Tables 1-2 and sketched in Sects.1-4 is to be found in [5] 
and can be summarized in short: The HFQ limitation at 
Q0~108 -109 is given by the HFQ source and valve terms, 
i.e. by the number of hot ITE broken pairs being BCS 
amplified. This number increases exponentially with 

ßave/εr(d,nL) and linearly with nL and with spots like 
oxidized dislocations where broken pairs sneak into 
|ε|≥Δave regions existing in large numbers by wet 
oxidation. By ~120°C UHV annealing or dry oxidation 
nL. and, e.g. oxidized dislocations, are reduced but 
precipitation grow and ITE broken pairs are confined in 
|ε|≤Δave wells reducing HFQ. 

 

 
Figure 5: ΔT(r,B) fit Eq.(4.2) excellently with Eloc of the 
spot yielding   

 

Table 2: After initial cleaning of a CEBAF Nb cavity 
built of bulk, small grained  (~50μm), RRR > 300 Nb, 
130μm have been stripped by BCP followed by 120°C 
baking for 48h at atmospheric pressure in flowing, hot N2 
by which Δ/kTc increased from 1.7 to 1.86 [15a,b]. The 
position of dominating hot spots is about at 2cm distance 
to the equator with Ep/8. Fit parameters to Rs(2K,B) after 
flowing N2 (air) baking show drastic changes for the 
amplitude b, only.[5] 
 

Rres/nn
Ω 

Rres
1/ 

nΩ 
γ* b/μΩ c/ 

MVm
E0/ 
MV/m

BCP 1.1 3·10-3 1.96 2·103 
990 3.0 

120°C 
48h  

11 4·10-5 2.86 3.4·108 
1277 8 

 

CONCLUSIONS  
The greatest achievement of our HFQ theory is the 

quantification of global and local exponential increases of 
RE(E) and ΔTou(E). After various surface and heat 
treatments at various labs ITE fits with one constant b and 
minimal error bars r2>0.99, shown e.g. in Tables 1–2, 
Figs.2-5 and in [5,15] have been found. The obtained c- 
and E0- ITE fields agree quantitatively with intrinsic 
tunnel properties of Nb2O5 and the HFQ amplitude b 
changes with treatment are explained in [5] by properties 
of the metallic NbOx/Nb interface defining HFQ source 
and valve term and BCS amplification defining the HFQ 
loss term. The excellent consistency in different runs and 
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the small differences between c and E0 in RE(E)- and 
ΔTou(E)- fits confirm that the BCS amplification by 
ΔT*

in(E) adds no large E dependencies, i.e. 
ΔT*

in(E)~RE(E)~ΔTou(E) holds. Essential in identification 
and in clarifying HFQ have been the detailed 
measurement and analysis of hot spot temperatures 
ΔTou(E,r) increasing exponentially with E, as RE(E) does. 
Because HFQ, e.g. in Figs. 2– 5 [14,15], is dominated by 
ballistic heat transfer yielding extended hot spots with 
stable rf operation down to Q0~108 -109 [2,7,14,15] 
without thermal run away in contrast to cases of bad spots 
heating locally caused, e.g. by RWL

res and RWL
hys. the size 

and distribution of HFQ hot spots changes strongly from 
rough, heavily cold worked to single crystal Nb cavities, 
e.g. Fig. 2 or [5], and rule out bad spots of both, dielectric 
~REE2 or magnetic shielding current ~RB B2 type. But the 
above elaborated combined action of the HFQ source 
term of the dielectric, the HFQ valve term of the metallic 
part of the interface and the BCS amplification loading 
the Q0 down to about Q0~109 can explain all observations, 
e.g. the effect of baking or anodizing – see [5]. The shift 
and growth AITE

** of dominant hot spots towards the 
equator to fields above BPmax>160mT with BCP stripping 
homogenizing Nb surfaces and the strengths of baking 
effects are hints to specific Nb2O5/NbOx/Nb interface 
effects which can be reduced further only by proper 
understanding of the interface physics [5,11]. Because 
this interface physics is based on the p-d bonding in 
Nb2O5 and its volume increase an interface layer with 
high Nb4+- and O- densities and therewith higher nL(z) 
seem unavoidable. 

One obvious proposal are Al over layers on top of clean 
Nb avoiding not only crack corrosion as, e.g. NbN 
overlayers do [8], but Al2O3 shows also a factor 100 
smaller nL density reducing ITE correspondingly [6] as 
found  

In comparing HFQs with the exponentially increasing 
field emission the FE source term ~exp(cFEM/ßFEME) 
corresponds to ITE broken pairs as HFQ source. The 
impact of accelerated electrons  onto Nb cavity walls 
relax into hot quasiparticles showing up in traces 
perpendicular to the equator which initiate BCS 
amplification being so similar to the HFQ loss term  
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CHARACTERIZATION OF INGOT MATERIAL FOR SRF CAVITY 
PRODUCTION 
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G. Ciovati, P. Kneisel, G.R. Myneni, Jefferson Lab, Jefferson Ave, Newport News, VA , U.S.A

 

Abstract 
In recent years, large-grain/single-crystal niobium has 

become a viable alternative to the standard fine grain 
(ASTM grain size>6), high purity (RRR 250≥ ) niobium 
for the fabrication of high-performance SRF cavities for 
particle accelerators. In this contribution we present the 
results of a systematic study of the superconducting 
properties of samples obtained from four Niobium ingots 
(from CBMM, Brazil) of different purity. Measurements 
of bulk magnetization, surface pinning, critical 
temperature and thermal conductivity have been carried 
out on the samples subjected to different surface 
treatments such as buffered chemical polishing (BCP), 
6000C heat treatment, and low temperature baking (LTB). 
A correlation has been established between the LTB and 
the ratio

2

3

C

C

H

H . In addition, the phonon peak in the thermal 

conductivity data is suppressed by the presence of trapped 
magnetic vortices in the samples. 

INTRODUCTION 

Niobium is the material of choice for superconducting 
radio frequency (SRF) cavity programs in different 
particle accelerator laboratories because of its mechanical 
properties favorable for formability, machining and also 
high TC and high first flux penetration field HC1.SRF 
cavity performances have been continually improved for 
past three decades to achieve reproducible quality factor 
of 1010 and Eacc field of 30-35MV/m.  The present 
approach for the fabrication of superconducting radio 
frequency (SRF) cavities is to roll and deep draw sheets 
of polycrystalline high-purity niobium. Jefferson 
Laboratory pioneered the use of large-grain/single-crystal 
Nb directly sliced from an ingot for the fabrication of 
single-crystal high-purity Nb SRF cavities[1]. The large 
grain/single crystal niobium has several potential 
advantages over the polycrystalline niobium as discussed 
in Ref. [2] and has become a viable alternative to the 
standard fine grain (ASTM grain size>6), high purity 
(RRR 250≥ ) niobium for the fabrication of high-
performance SRF cavities for particle accelerators. In this 
contribution we present the results of a systematic study 
of the superconducting properties of samples obtained 
from four Niobium ingots (from CBMM, Brazil) of 
different purity. The RF superconducting properties of the 
samples can later be tested in a TE011 coaxial cavity 
described in Ref. [3]. 

 

DESCRIPTION OF SAMPLES 
Four samples were made from four different niobium 

ingots received from CBMM, Brazil. The Ingots named 
A, B, C and D have different RRR and different impurity 
contents. Samples are cut by wire EDM and then 
machined by lathe to a diameter of 6 mm and 120mm 
length. After machining, all the samples were degreased 
in ultrasonic bath with micro solution for 30 min. Table 1 
shows the different surface treatments on the samples 
before each measurement. 
 
Table 1: Surface treatments on samples A, B, C and D 
before each measurement. The number following the 
letter in the sample codes identifies the measurement 
number. 
 

Measurement Sample Code Process 

1st Set A1,B1,C1,D1 BCP(1:1:1) to remove 
about 180 µm. 

2nd Set A2,B2,C2,D2 Degassed at 6000C for 
10 h at a vacuum <10-6 
Torr. Then degreased 
and BCP (1:1:2) to 
remove about 24 µm. 

3rd Set A3,B3,C3,D3 Degreased and baked 
at 1000C for 12 hour at 
a vacuum < 10-6Torr. 

4th Set A4,B4,C4,D4 BCP (1:1:2) 10 µm 
and baked at 1200C for 
12 hour at a vacuum < 
10-6Torr. 

5th Set A5,B5,C5,D5 BCP (1:1:2) 10 µm 
and baked at 1400C for 
12 hour at a vacuum < 
10-6

Torr. 

 
A system to measure the magnetization curve, thermal 
conductivity, the penetration depth and the surface 
pinning characteristics of the sample rod was designed 
and built. The system details are described in [3]. 

THERMAL CONDUCTIVITY AND 
EFFECT OF TRAPPED FLUX 

Measurement of Thermal Conductivity and 
Evaluation of RRR 
 

#jmondal@barc.gov.in 
 

. 
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The thermal conductivity as a function of the average 
temperature of the sample is calculated using Fourier’s 
law where the power supplied to the heater, P, the 
temperature difference, ΔT, the distance d between the 
two Cernox thermometers, and the cross-sectional area of 
the sample A are measured: 

 

                                      P d

T A
κ =

Δ
                                 (1) 

 
The heater power and the sample temperature are 

controlled with a LakeShore 332 Temperature Controller. 
The RRR of the sample is defined by RRR = α KS (4.2K), 
where α is the experimentally measured parameter and is 
defined by, 
 

                           
( ) TLyR

K

0

295ρα =                                    (2) 

 
where ρ295K = 14.4x10-7Ω*cm is the resistivity at room 
temperature, L0 = 2.45×10-8 W*K-2 is the Lorentz 
Constant and y = Δ(T)/kBT, Δ(T) being the BCS gap 
energy at the temperature T. 
R(y) is the ratio of the electrons’ contribution to the 
thermal conductivity in the superconducting state, kes , 
divided by the electrons’ contribution in the normal 
conducting state, ken:  
 

       / ( )es en R yκ κ =          ( ) 1≤yR                  (3) 

 
R(y) can be calculated using the BCS theory and is equal 
to 0.311 at 4.2 K, using Δ(T)/kBTc=1.76. The calculated 
value of α is equal to 4.5 at 4.2 K Experimentally 
measured value of α are 4.2,4.2, 4.3 and 4.5 respectively 
for B2,A2,C3 and D2. This is in good agreement with the 
theoretically calculated value of α. 

 Figure 1 and figure 2 shows the experimental thermal 
conductivity curves in the range 1.8K-5K for 1st and 2nd 
set of measurements and the RRR values calculated by 
using Eqn.(2). The error in the experimental data is +/- 
6%. 
 

 
Figure 1: Thermal conductivity after 180 µm BCP. 

 
 

 
Figure 2: Thermal conductivity after 6000C for 10 hour 
heat treatment at a vacuum <10-6 Torr followed by 
BCP(1:1:2) etching. 
 

A cavity made of large grain or single crystal niobium 
operating below 2 K may have a better thermal stability 
due to the reduction of phonon scattering by grain 
boundaries (causing the so-called “phonon-peak”). The 
total heat conductivity of the superconducting metal is 
obtained by adding the electronic term kes(T)and the and 
the lattice term klatt,s(T) and a theoretical model described 
in [5] gives the following expression, 
 

1

32

1

2295

1

)exp(

1
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⎢
⎣

⎡
+

+⎥
⎦

⎤
⎢
⎣
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≅
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TRRRL

yRTK K
s

ρ
                        (4) 

 
In order to obtain ks (T) using this model, it is necessary 
to give experimental values to three variables: 
temperature T, residual resistivity ratio RRR and the 
phonon mean free path l . The values of the fitted 
parameters A, B, and D are in good agreement with the 
theoretical values in ref. [5]. One such fit with the 
experimental data is shown in Figure 3.  
 

 
Figure 3: Fit of thermal conductivity data with Equation 
(4). 
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This fit was done taking into account the phonon mean 
free path as the sample thickness of 2 mm. In these 
studies we found that the phonon peak is clearly 
pronounced and it is enhanced after the 6000C degassing. 

 

Effect of Trapped Vortices on the Thermal 
Conductivity  

The thermal conductivity measurement before applying 
a magnetic field to the sample shows clearly a phonon 
peak. After cycling the applied magnetic field from zero 
to above HC2 and then back to zero, the thermal 
conductivity measurements do not show the phonon peak 
anymore. If the sample temperature is raised above TC 
and then lowered below TC, with no magnetic field 
applied, then the phonon peak reappears in the thermal 
conductivity measurement. This clearly indicates that the 
trapped vortices from the remnant magnetization of the 
samples  act as significant scattering centers to phonons. 
Figure 4 shows a typical measurent of thermal 
conductivity and the effect of trapped magnetic vortices. 
Figure 5 shows the thermal conductivity plotted as a 
function of magnetic field measured at 2K. The curve 
designated as Meissner state was measured before 
applying any magnetic field and other one is with the 
remnant magnetization, after cycling the applied field 
above HC2. Figure 5 clearly shows that the thermal 
conductivity at 2 K is greatly reduced by the additional 
scattering of the phonons with the vortex cores. 
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Figure 4: Thermal conductivity and effect of trapped flux. 
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Figure 5: Thermal conductivity Vs Magnetic field with 
and without trapped flux. 

MAGNETIZATION MEASUREMENT 
Bulk Magnetization 

The measurement of DC magnetization provides the 
first flux penetration value HC1, the upper critical 
magnetic field HC2 and from M-H curve the 
thermodynamic critical field HC is calculated. Pinning of 
vortices leads to irreversible magnetization curves. 
Figures 6 and 7 show the bulk magnetization curves for 
the 1st and 2nd set of measurements. The results show that 
HC1 and HC2 are not affected by the 6000C heat treatment. 
The thermodynamic critical field is given by, 
 

     ( )dHHMH
CH

C ∫=
2

0

0
2 2μ   (5) 

 
Table 2: DC Magnetization Measurement Results for 1st 
and 2nd Set of Samples 
 

Sample    BC1,2K(mT)    BC2,2K(mT) BC,2K(mT) 

A 172 400 184 
B 181 388 186 
C 175 410 184 
D 176 405 189 

 

 
Figure 6: Magnetization curves of BCP samples at 2K. 

 

 
Figure 7: Magnetization  curve  of 6000 C heat treated 
samples at 2K. 

 
The behaviour of the magnetization curve of sample B1 in 
Figure 6 shows strong paramagnetic characteristics but 
after 6000C heat treatment the paramagnetic behaviour is 
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reduced but still present. Sample A2 in Figure 7 also 
show remnant magnetization at zero field. But for sample 
A2 t before the measurement at 2K, one set of 
measurement has carried out at 4.2 K which didn’t show 
any remnant magnetization. As discussed in thermal 
conductivity section the remnant magnetization prevails 
from the 4.2K measurement in case of sample A2. But the 
strong paramagnetic behaviour of sample B1 is not clearly 
understood.  

The magnetization curves in Figure: 6 of the sample 
C1, D1 and in Figure: 7 C2, D2 doesn’t reach to zero 
above HC2 is due to the zero time offset of the magnetic 
field of the superconducting solenoid during ramp-up 
period. The offset value in all those curves from the zero 
level is about 5-7 mT. Also the linear fit of magnetic field 
as function of time in Figure: 8 shows a zero point offset 
of 6 mT.  
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Figure 8: Ramp-up of magnetic field with time. 

 

Surface Pinning 
By connecting the pick-up coil around the sample rod 

as part of a L-C oscillator, it is possible to measure the 
changes of the penetration depth as a function of the 
applied DC magnetic field by measuring the changes of 
the oscillator’s resonant frequency f0 (the base frequency 
is 270 kHz, sampling up to a depth ∼10 �m) while slowly 
ramping up and down the magnetic field above HC3.  
 

 
Figure 9: Surface pinning characteristics before and after 
the LTB. 

This method provides information about surface pinning 
and allows measuring the surface critical field BC3.The 
irreversibility of the curve between BC1 and BC2 is an 
indication of surface pinning. Figure 9 shows the typical 
behaviour of surface pinning measurements. The value of 
the surface HC1 and HC2 remains constant with different 
surface treatments like BCP 180 μm, 600 C 10 hr. heat 
treatment and 100 C, 120 C, bake for 12 hr. in vacuum. 
But HC2 starts to increase after 140 C baking.  The data 
show that after low temperature baking the irreversibility 
reduces by a significant fraction. This can be interpreted 
as a reduction of impurities near the metal surface. 
Similar pinning measurements at higher frequency would 
allow reducing the sampling depth and therefore would 
have higher sensitivity to impurities within the 
penetration depth in the superconducting state.  
 

Effect of LTB on Hc3/Hc2 Ratio 
Theoretical model: 

In real superconductor (SC) the surface is contaminated 
by impurities, dislocations, grain boundaries etc. which 
decreases the mean free path (mfp). In Shmidt’s model 
[6] the surface of the bulk SC is represented by a film of 
thickness ‘d’ with GL parameter k1 and the bulk SC is 
represented by k2. The basic assumption in this model is 
that the surface layer and the bulk SC have the same TC 
and HC. This model predicts that the ratio of HC3/HC2 is 

enhanced when 0ξ≤d  and is given by the following 

relation, 
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In order to apply this model in the region T<<TC it is 
required to take into account the nonlinearity of the 
microscopic theory. In this regard Hu and Korenman(HK) 
[7] derived the HC3/HC2 ratio in the range 

CTT ≤≤0 using Gorkov’s gap equation. The ratio is 

given by, 
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We apply Shmidt’s model by multiplying Eq. (6) by HK 
polynomial C(t) in order to extend its validity to T<<TC. 
The final form of the equation which has been used to 
explain the experimental results is given by, 
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The temperature dependence of HC3/HC2 has two 
independent sources. One which takes into account the 
nonlinearity of the microscopic theory and the other 
consider the effect of the surface film of thickness ‘d’. 

k2 is calculated using the relation cC HkH 22 2= , 

where HC2 is the experimentally measured value and  Hc 
is calculated using Eqn. (5)  
and ξ[T] is calculated by using the 

relation
2

0

0
2 2 ξπμ

φ
=CH . 

Experimentally we measure the frequency as a function of 
applied magnetic field as discussed in the surface pinning 
measurement section. Since the contaminated surface 

layer thickness 0ξ≤d , so the vortices azimuthally 

collapse with each other when the surface critical field 
reaches HC2, surf value. As a result the change in 
penetration depth is very small and hence the transition at 
HC2, surf is not sharp enough to detect from the measured 
curve as shown in Figure 9.   For the calculation of k1 i.e. 
for the surface layer HC2, surf was determined by HC2, surf = 
HC3/1.67*C(t)[8]. Since the basic assumption on the 
above model is that both the surface layer and the bulk 
superconductor has the same thermodynamic critical field 
HC an TC, so k1 is evaluated using HC2, surf  value. 
 
Experimental Results: 

The experimental results are tabulated in the Table 3. 
The result shows that with the increased baking 
temperature the contaminated layer thickness increases to 
an average of 5.8 nm, 9.5 nm and 19.6 nm at 100 C, 120 
C, and 140 C baking temperature respectively. But at 140 
C both the contaminated layer thickness and bulk HC2 
increases which may be due to the partial dissociation of 
the Nb2O5 layer as explained in the oxygen diffusion 
model [9]. The oxygen diffusion model corresponds to a 
diffusion depth of 7.6nm, 19nm and 40 nm for a baking at 
100 C, 120 C and 140 C for 12 hour duration. Except for 
the 100 C bake the experimentally derived surface layer 
thickness is about half of the oxygen diffusion depth 
calculated by the theoretical model.  
Also the first flux penetration i.e BC1 increases with the 
100 C and 120 C baking for 12 hr. in vacuum. But it falls 
to 100 mT at 140 C baking.  
 

 

 
 
 

 

Table 3: Results of low temperature baking studies 

Sam
-ple  

BC1,surf 

(mT) 

BC2,surf 

[mT] 
Calcula
ted 

BC3,surf 

[mT]  R dexpt 

[nm] 

BCP(1:1:1) 180 μm 

A1 100 403 761 2.0 5.61 
B1 120 372 703 1.93 7.35 
C1 115 394 745 2.0 5.87 
D1 104 378 714 1.98 5.46 

600 C 10 Hour Degassing at a vacuum < 10-6 Torr then 
BCP(1:1:2) removing about 24 μm 

A2 115 398 752 2.02 6.84 
B2 122 379 716 2.01 8.45 
C2 118 384 725 1.98 6.66 
D2 113 379 717 2.01 9.44 

Low temperature baking at 100 C in a vacuum <5x10-7 
Torr for 12 Hour 

A3 117 413 780 2.14 12.5 
B3 113 395 746 2.15 13.8 
C3 117 429 810 2.15 11.6 
D3 111 408 772 2.2 16.7 

Low temperature baking at 120 C in a vacuum <5x10-7 
Torr for 12 Hour 

A4 129 410 774 2.1 14.5 
B4 130 383 724 2.12 18.7 
C4 130 407 770 2.1 14.6 
D4 131 403 762 2.17 21.4 

Low temperature baking at 140 C in a vacuum <5x10-7 
Torr for 12 Hour 

A5 100 615 1162 2.76 30.1 
B5 100 518 979 2.60 28.5 
C5 100 595 1124 2.60 25.3 
D5 104 556 1050 2.55 25.8 

 

PENETRATION DEPTH & TC MEASUREMENT 
Penetration depth measurement as a function of 

temperature with different surface treatments provides 
qualitative information about the changes in the surface.  
Figure 10 shows how the change in penetration depth 

(Δλ) depends on the parameter y = ( )[ ]411 CTT−  . 

The slope of λ(y) represents the penetration depth at 0 K 
in the two-fluid model. As the LTB temperature is 

increased the slope of yddλ decreases till 1200C. At 

1400C baking the slope yddλ increases at a faster rate 

resulting in a dirtier surface with decreased mean free 
path (mfp). In 100 and 120 C the slope continuously 
decreases meaning that diffusion of surface impurities 
toward the bulk and dilution of impurity concentration. 
The faster increase of the slope at 140 C might be due to 
the partial Nb2O5 layer dissociation and thereby 

measured at 2K 
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increasing the impurity concentration at the surface 
resulting in a lower mfp. The surface magnetization 
measurement further corroborates this fact as the bulk HC2 

starts increasing at 140 C baking.  
 

 
Figure 10: Δλ(y) measured on sample C after different 
surface treatments. 
 
BCS theory predicts that Δλ as a function of y is linear. 
The present measurement shows that the dependence is 
not quite linear. All the measurements show that the Δλ – 
y characteristics have two slopes one at lower temperature 
(~7K) and the other at higher temperature. As discussed 
in Ref. [10] the general equation of penetration depth λ 
(T) for all values of mfp l and taking into account the 
random scattering is given by, 
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Where K (q) is obtained from the Fourier transform of the 
current density, 
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where a (q) is the Fourier component of the vector 
potential. Intuitively from our experimental Δλ(y) 

measurement it can be said that the condition 0ξ≤l is 

satisfied as shown in Figure10. The theoretical Δλ –y 

curves are plotted for 0ξ≤l as described in Ref.[10].The 

theoretical curves clearly shows that the mfp increases 
from 1000C to 1200C baking and reaching close to l= ξ0. 
But these fits deviates at around y = 1.5 with a nonlinear 
slope till y =1 and deviation is large in BCP, 140 C 
surface treatments compare to other surface treatments 
like 600 C degassing, 100 and 120 C baking. As 
explained by Miller in Ref. (10) this deviation is 

determined by the parameter 02 πξl and lower the value 

of this parameter higher is the deviation in λ from the 
linear fit in the range of y = 1 to 1.5. The baking at120 C 
do not show any such nonlinear behaviour in the range of  

y = 1 to 1.5.This qualitatively implies that the initial 
surface impurities diffuses towards the bulk and addition 
of impurities due to the Nb2O5 dissociation is negligibly 
small and hence this increases the mfp which in turn 
reduces the nonlinearity in the penetration depth curve. 
 

SUMMARY AND CONCLUSIONS 
 

Thermal conductivity measurements on the four large-
grain samples cut from Nb ingots of different purity show 
a phonon peak at about 1.9 K, except for the sample of 
highest purity (sample B). One important observation is 
that the phonon peak is eliminated by the presence of 
large amount of trapped magnetic flux, mainly due to the 
interaction between the phonons and the bound 
excitations in the vortices’ core.  The bulk properties of 
the samples such as TC, BC, HC1 and HC2 were essentially 
unchanged with surface treatments such as BCP, LTB. 
Surface pinning measurement shows that the HC3 value 
increases with the increased LTB temperature. It also 
shows that the surface HC1 is lower than the bulk HC1 and 
that the highest surface Hc1 was obtained after baking at 
120°C for 12h. The irreversibility between Hc1 and Hc2 
decreases significantly with the low temperature baking, 
thus a reduction in the surface pinning centers can be 
inferred. The ratio of HC3/HC2 increases with the increased 
LTB temperature. The data has been analyzed with the 
Schmidt’s model taking into account the low temperature 
correction to HC3/HC2 ratio. The enhanced HC3/HC2 ratio 
has been interpreted as the increased contaminated 
surface layer thickness. This fact is further corroborated 
by the penetration depth measurement.  
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BASIC STUDIES FOR PROCESS PARAMETER DEVELOPMENST FOR
EP/HPR/SNOW CLEANING

D. Reschke, DESY, Hamburg

Abstract

Surface removal by electropolishing (EP) and final clean-
ing by High Pressure Ultra Pure water rinsing (HPR) are
baseline technologies in order to achieve reproducible high
surface field in superconducting niobium cavities. In the
last years the standard horizontal EP process applying hy-
drofluoric (HF) and sulfuric acid (H2SO4) has been trans-
ferred to industry at KEK and DESY successfully. Al-
ternative approaches based on the HF/H2SO4 mixture are
vertical EP (Cornell University, CEA Saclay) as well as
low voltage EP (CEA Saclay). As an alternative approach
electrolytes free of HF are under investigation (INFN Leg-
naro, Accel Co/DESY and others). HPR has been estab-
lished with various mechanical set-ups, water pressures,
nozzle configurations and nozzle designs worldwide. Car-
bon dioxid (CO2) snow is an additional cleaning approach
developed at DESY. In contradiction to HPR it is a dry
cleaning process, which allows the cleaning of water sensi-
tive components as well as horizontal cleaning of niobium
accelerator cavities. The recent developments of these pro-
cesses will be discussed.

CONTRIBUTION NOT
RECEIVED
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NIOBIUM ELECTROPOLISHING BY IONIC LIQUIDS: WHAT ARE 
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S. Stivanello, S. Deambrosis, A.A. Rossi  

Legnaro National Laboratories of the ISTITUTO NAZIONALE DI FISICA NUCLEARE 
University of Padua 

 
Abstract 
 

Among possible Surface Treatments, Electropolishing 
(EP) occupies a key role, because is the cleanest way 
for removing hundreds of microns of material. The 
standard recipe for Niobium EP foresees the utilization 
of a mixture of H2SO4 and HF. Literature results with 
this standard mixture are excellent, however the EP of 
thousands of cavities could become an industrial 
nightmare from the point of view of security at work. 
HF is not like other highly corrosive acids: if by 
accident it gets in contact with skin, pain is not felt, but 
F- ions begin to pass through, searching for the bone 
calcium. Up to little time ago, it was common opinion 
that Niobium EP without HF was impossible, unless of 
explosive mixtures based on perchloric acid. The paper 
will show that this statement is not true anymore. Since 
a few years a green chemistry based on ionic liquids 
has come to the fore, and our group was the first to EP 
Niobium by a harmless mixture of Choline Chloride 
and Urea heated around 150°C. If compared to the HF 
based recipe, ionic liquids provide an extremely high 
etching rate and a definitely low surface roughness. In 
this talk, the application attempt to 6 GHz cavity EP is 
reported. Exceptionally good results have been 
obtained by the addition of Sulphamic acid to the Urea-
Choline Chloride mixture. This recipe has been tested 
on 6 GHz monocell cavities showing at 4,2 K Q versus 
Eacc curves comparable with those obtained by the 
standard HF Electropolishing. 
 

INTRODUCTION 
 

Niobium Electropolishing for superconducting cavity 
applications has been traditionally done in a 
Hydrofluoric and Sulphuric acid mixture normally in a 
ratio 1:9. Alternative recipes foresee the addition of 
Lactic acid to Hydrofluoric and Sulphuric acid in a 
ratio 18 lactic: 21 HF: 61 H2SO4. 

Although this latter reaction is more controllable, 
lactic acid is suspected to make this mixture explosive, 
whenever used in large quantities or stocked in not 
proper conditions. 

In both cases however HF is present. HF is a terribly 
dangerous chemical product, since it can silently 
promote human body necrosis in case of accidents. 
Moreover a plethora of devastating histories in 
refineries using Hydrofluoric acid is reported in 
literature: 

In particular on contact, HF passes through skin and 
tissue. Contact with HF does not cause immediate pain, 
so systemic poisoning begins before the person is 
aware. Because its action can be delayed for many 
hours, it can distribute throughout the body, causing 
the erosion of bone. F- ions bind to Ca++ and Mg++ ions 
to form insoluble salts, CaF2 and MgF2 salts forming 
natural gemstones. 

In the body, Ca and Mg ions are used to mediate a 
variety of physiological processes, such as muscle 
movement. Cardiac arrests have been reported from 
concentrated acid burns to as little as 2.5%  of exposed 
body surface area. All that means the following: for 
cavity mass production, large quantities of hydrofluoric 
acid are required. The risk assessment related to the HF 
handling and use can be manageable, but it would be 
strongly advisable to avoid it. HF-free electrolytes for 
electropolishing Niobium would be then required. A 
research and development activity then would solve 
this problem would be simplify technology, reduce 
costs and would be of great impact for the feasibility of 
cavity mass production. 

The problem however is not new. HF-free 
electrolytes already exist and many solutions exist. The 
problem is in substitution of Hydrofluoric acid, 
chemicals even more dangerous than HF have been 
proposed. For completeness they are listed in the 
following: 
1. The first possibility to electropolish Niobium 

without HF consists in using Fluosulphuric acid 
[1]. The process has been investigated by K. Saito. 
Technical results are good, moreover the risk of 
mixing Hydrofluoric with Sulphuric acid is 
suppressed, but Fluosulphuric acid is strongly 
suspected to be cancerousgenic.  

2. The mixture of Perchloric acid, Ethylic acid, 
Acetic anhydride is an almost universal 
electropolishing mixture that is frequently used 
with success for the electropolishing of Transition 
metals, but its use is heavily discouraged by the 
author since some technical literature claim that 
ethyl-perchlorate is as dangerous as Nitroglycerin.  

3. Perchlorate Salts were successfully used for 
electropolishing niobium samples by Schober and 
Sorajic, extrapolating what  proposed by Epelboin 
[3]. The recipe consists of Mg(ClO4)2 in 0.05 
mole/lt diluted in methanol. The electropolishing 
voltage is in the range 50-70 V, at a temperature of 

THE NAKED FACTS? 
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-5°C. Risks of using a perchlorate salt are sensibly 
lower than using a mixture of perchloric acid and 
ethylic alcohol. However the storage of large 
quantity of those salts is a problem that must not 
be neglected 

4. Niobium can also successfully electropolished by 
sulphuric acid in methanol [4,5], but methanol may 
be fatal or cause blindness if swallowed; it is 
harmful if inhaled or absorbed through skin; it 
affects central nervous system, reproductive 
apparatus and liver with irreversible consequences 
up to death. Moreover Methanol is very 
flammable. The pure liquid catches fire easily and 
aqueous solutions containing a significant amount 
of methanol can also catch fire. The flame above 
burning methanol is virtually invisible, so it is not 
always easy to tell whether a methanol flame is 
still alight. The explosion limits for methanol are 
unusually wide.  

5. Niobium electro-dissolution is possible in 1 molar 
KOH solution at 70°C with stirring. A potential of 
1.3 Volts and a resulting etching rate of 15 
micron/min [6]. 

6. Anodic dissolution of Niobium is also possible in 
molten salts. The mixture of (NaCl-KCl-NbCln) 
and AlCl3 melts at 710°C, but anhydrous AlCl3 can 
give rise to unpleasant exothermic reactions. 

 

NIOBIUM ELECTROPOLISHING IN 
IONIC LIQUID SOLUTION 

 

A revolutionary possibility to electropolish niobium 
is the use of Ionic liquid solutions. ‘‘Ionic liquids’’ are 
fully ionized molten salts that solely consist of cations 
and anions, with a melting point less than 100 °C. 
Started as academic research in the end of nineties, 
Ionic liquids are penetrating the industry contest 
because of their biodegradability and fully ecological 
properties; because they permit to electropolish, and 
also to electroplate, metals unapproachable with the 
standard solutions; because of a high throwing power 
of the electrochemical reaction. Especially for their 
application to the industry of stainless steel and also 
that of non-ferrous materials, such as titanium and 
aluminium, a new road, called by the specialists of the 
field the road to green chemistry, has been opened. 

In this respect, a breakthrough has been certainly 
signed by the proposal by Abbot of Choline Chloride 
and urea eutectic for electropolishing steel [7]. With a 
Choline cation and a Chloride anion, Choline Chloride 
is a quaternary ammonium salt which molecular 
formula is C5H14ClNO; it has a Molar Mass of 139.6 g 
mol−1 and decomposes at 302° C. It has a white 
appearance of deliquescent crystals and it has a high 
solubility in water. 

 Choline Chloride enhances and accelerates growth 
in animals during times of rapid development. It is 
especially effective at doing so in poultry, and so it is a 
common poultry feed additive. Choline is particularly 

important for fetal development and for children. 
Human milk contains high amounts of Choline. 
Choline is important for cell membrane structure, for 
synthesizing folic acid and vitamin B12, and for 
protecting the liver from accumulating fat. Choline 
Chloride supplements can be taken in order to protect 
the liver from damage, to lower cholesterol, to improve 
memory, to preserve prostate and to enhance mood. On 
the other side urea, ((NH2)2C=O), that in the reaction  
acts as a hydrogen bond 'donor'  is a common fertiliser. 
Urea mixed with Choline chloride in a 2:1 ratio 
produces a colourless liquid that freezes at ca 12°C, 
which is remarkable, given the melting points of the 
constituents. The lowest melting point of these 
mixtures occurs when the ratio of salt to hydrogen 
bond donor is 1:2. The depression of freezing point and 
the eutectic composition changes with the nature of the 
molecule providing the hydrogen bonds, e.g. oxalic 
acid (HOOCCOOH): Choline chloride has a eutectic 
composition of 1:1 and a freezing point depression of 
212°C. 

Therefore looking to the success of Choline Chloride 
for the electropolishing of steel reported in literature, 
some of the authors of the present paper have explored 
the possibility to modify the Abbot recipe. They were 
the first to succeed in reaching the goal, by discovering 
a new electrolyte for electropolishing Niobium [6]. 
Originally it was observed that the addition of 
Ammonium Chloride to the Urea-Choline Chloride 
eutectic could successfully electropolish Niobium, 
providing a final surface roughness comparable, when 
not even lover, that the one obtainable by the standard 
HF-H2SO4 electrolyte. The 1/1; 2/1; 3/1; 4/1 Molar 
ratios of the Urea and Choline Chloride were explored, 
as well as  the temperature effect at 70 °C, 130 °C, 
190°C and the addition of NH4Cl at   2.5 g/L, 5g/L and 
10g/L concentration. 

Mirror-like finishing and surface roughness values 
more than 30% lower than the one obtained by 
standard HF based procedure were obtainable on 
niobium planar samples with the following recipe: 

Urea:Choline Chloride in ratio 3:1 plus Ammonium 
Chloride 10g/lt at 190°C with a current density of  200 
mA/cm2. 

Further works have explored a large number of 
different mixtures obtained by mainly shifting from the 
eutectic point and by substituting Ammonium Chloride 
with many other possible candidates [8-10].  

Nevertheless the above mentioned process was with 
difficulty applicable to the cavity electropolishing both 
for the non planar shaper of a cavity and for the huge 
amount of bubbles produced during the process both at 
the anode and at cathode. An oxygen bubble for 
instance  enhances the etching in the contact point with 
the metal surface, giving often rise to micro-craters 
with an incredibly flat surface at the centre of the well 
for a microscopical observer,  but a terrible pitting on 
the surface for a macroscopical observer, that travel 
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according the wave length proper of  a radiofrequency 
wave. 

After a long research, but luckily full of intermediate 
successful steps, the authors have found a magic 
component that added to the Choline Cloride and Urea 
mixture extraordinarily works on three-dimensional 
surfaces, giving rise to mirror like surfaces. This magic 
component is the Sulphamic acid. The reason for which 
it was selected in our research lays in the presence of 
the NH2 group that has good solubility in Urea’s melts. 

The final recipe proposed to the interested scientific 
community hence is the following: 

 Choline chloride: Urea ratio 4:1 plus Sulphamic 
acid in the 30 g/l concentration at a temperature of 
120°C, a current density of 0,33 A/cm3, an over-
voltage from 20 to 60 volts and moderate stirring. It 
is important to notice that the etching rate in this exotic 
way approach is about 12 times higher than the etching 
rate obtainable by the standard HF-H2SO4 electrolyte. 

The new original recipe has been rf-tested at 4,2 K 
onto a 6 GHz monocell resonator. Being the theoretical 
Q-factor predicted by the BCS theory or the order of 
3e+07, the displayed results of fig. 1 show that, even if 
heterodoxal, this new way of electropolishing cavities 
is definitely promising. 

 

 
 

Figure 1: Q-factor versus accelerating field at 4,2 K for 
a 6 GHz cavity electropolished by means of the 
standard HF recipe (intermediate curve signed by the 
green dots) and by the Choline Chloride base recipe 
containing Sulphamic acid (lower and higher curve 
signed respectively by the blue and red dots). 
 

 

CONCLUSIONS 
 

Choline Chloride - Urea Based Ionic liquids are a 
possible alternative to the hazardous standard 
electropolishing electrolyte based on hydrofluoric acid. 

The addition of Sulphamic acid solves the problem 
of application to three-dimensional shapes of the 
electropolishing process. 

The solution has been applied to the polishing of a 
6GHz cavity that has been tested at 4,2 K, proofing 
results comparable to the standard approach. A 

measure at 1,8K must be foreseen for having higher 
sensibility. Technological problems could also occur 
whenever one would think to apply the ionic liquid 
electropolishing to the fabrication of niobium cavities 
for particle accelerators. One for example is related to 
the high current density employed for the 
electropolishing. Besides that It must be reported 
however that this work, although still preliminary, 
proofs that other approaches are however possible and 
that with further work on the search of the best recipe, 
the road to substitute a dangerous and hazardous 
process with an ecological one is opened and by sure 
full of pleasant surprises.  
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PROGRESS WITH LARGE GRAIN CAVITIES & SEAMLESS CAVITIES

W. Singer, DESY, Hamburg

Abstract

R&D on cavities fabricated from large grain LG nio-
bium discs explores its potential for the industrial fabri-
cation. Basic material properties, comparing LG material
to standard sheet niobium, material availability, production
and preparation aspects (what is the appropriate treatment
for reasonable and stably reproducible accelerating gradi-
ent) are under investigation. Several laboratories success-
fully RF tested many single cell LG cavities. Eleven 9-
cell LG resonators produced at the company ACCEL from
W.C. HERAEUS discs are in the preparation and partially
RF tested at DESY. Technological aspects of seamless tube
fabrication and cavity production by hydroforming reached
good progress in last years. Problems of multi cell cav-
ity fabrication from bulk niobium are mainly solved. Sev-
eral two cell- and three cell- niobium cavities have been
produced by hydroforming at DESY. A 9-cell cavity of the
TESLA shape has been completed from three sub-sections
at company ZANON. The cavity reached an accelerating
gradient of Eacc = 30.3 MV/m after DESY EP treatment.
Two new 9-cell hydroformed cavities in completion work
at the company E. ZANON

CONTRIBUTION NOT
RECEIVED
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MULTI-WIRE SLICING OF LARGE GRAIN INGOT MATERIAL 

K. Saito#, F. Furuta, KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken, Japan 
H.Umezawa, K. Takeuchi, Tokyo Denkai Co.Ltd., 1-3-20, Higashi Suna, Koto-ku, 

Tokyo-to, Japan 
K. Nishimura, Co. Ltd. TKX, 5-16, Shimizudani-chyo, Tennoji-ku, Osaka-shi, Japan 

T. Hamazaki, J. Oya, Toyo Advanced Technologies Co. Ltd., 5-3-38, Ujina Higashi, Minami-ku, 
Hiroshima-shi, Japan 

Abstract 
The promising cavity performance has been confirmed 

on the niobium large grain cavity at many laboratories: 
Jlab, DESY, and IHEP/KEK in last 4 years R&D. The 
gradient over 35MV/m can be expected. The niobium 
materials for these cavity fabrications were sliced by 
EDM or combination of sawing and surface finishing, 
which are rather expensive and no way for massive 
production like ILC. We have developed multi-wire 
slicing method applying silicon wafer technology. This 
technology could produce 150 circular sheets in 50 hours 
with very smooth surface. So far we have demonstrated 
102 sheets slicing in 50 hours. In this paper, we present 
the results and some cavity test result on these sliced 
materials. 

LARGE GRAIN CAVITY 

Large Grain Cavity 
The cavity made of large grain niobium sheets is under 

development in many laboratories: Jlab, DESY, IHEP, 
KEK, and so on. Large grain cavity more likely has 
several advantages compared to polycrystalline cavity:  
1) High gradient is expected by BCP, not EP, 
2) High Q performance is expected due to the higher 

thermal conductivity by phonon peak. 
3) Material cost should be lower than polycrystalline 

niobium sheet, 
This material might be softer than polycrystalline 
material; however one could solve it by choosing a little 
thicker material. Very promising results have been 
reported on large grain single cell cavity R&D. Fig.1 
shows typical results by P. Kneisel at Jlab [1]. This is on 

LL shape single cell cavities treated by BCP. 40MV/m is 
promising except one result, which is for the cavity made 
a hole on the equator EBW seam and limited to 35MV/m.  
Large grain 9-cell cavity activities also are there in 
DESY, Jlab, IHEP, and KEK. So far the gradient of large 
grain 9-cell cavity is limited around 30MV/m. More 
information is gained in this workshop by W. Singer [2]. 
The strategy by the combination of large grain material, 
LL shape and BCP seems to be very promising. 

 
Current Large Grain Niobium Sheet 
Productions 
  However, current large grain sheet production is 
problematic, which is time-consuming or very costly due 
to lots of material wastes. Fig.2 shows a slicing method 
by the electro-discharge machine (EDM), which Jlab is 
applying so far. It takes about 48 hours for one slicing. On 
the other hand, NingXia in China or Tokyo Denkai in 
Japan uses a more primitive method, which is a 
mechanical sawing  (Fig.2 right) followed by mechanical 
grinding. In this process, one loses a lot of material, in 
addition needs surface finishing. To establish the large 
cavity technology, one issue is to develop a more efficient 
and inexpensive slicing method.  

MULTI-WIRE SLICING 
To date, silicon wafer slicing technology is advanced 

very much. They are routinely slicing 300φ 450L single 
crystal silicon ingots. This slicing machine is 
commercially available. The diameter size is just suitable 
for our niobium ingots, of which diameter is 270-265mm. 

  
Figure 2: Current large grain sheet production. The left 
is the slicing technique by EDM slicing at Jlab, the 
right is mechanical sawing at Tokyo Denkai Co. Ltd. 

 
Figure 1: A typical cavity performance by large grain 
single cell cavity (Courtesy P. Kneisel). 

___________________________________________  
#kenji.saito@kek.jp 
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To apply this technology for the niobium ingots was 
proposed in the Single Crystal-Large Grain Niobium 
Technology Workshop in Brazil 2006 by one of the 
authors in this paper (K. Saito) [3].  

Slicing Principle 
The slicing principle is illustrated in Fig.3. A long piano 

wire of which diameter is 0.16mm is supplied from a wire 
drum. It is wound on the two rolls with multi-channels on 
the surface, of which pitch size depends on the requested 
material thickness. The rolls are fixed firmly on the 
slicing machine body. The wire is rotated back and forth, 
going ahead on the whole. An ingot is pressed on the 
moving multi-wire. Cooled liquid abrasives are sprayed 
on the wire. The friction between the ingot and the 
abrasives on the wire slices the material. 
   If successfully applied this method, one can slice 
directly a round niobium ingot and make directly many 
circular sheets at the same time. So far the commercial 
machine limits the ingot length by 450mm long. 
Supposed the thickness 2.8mm, one can slice 150 sheets 
from a 450mm long ingot. About 500 sheets are required 
every day for three years in ILC mass-production. Only 3-
4 machines are enough for the production. 

Try and Error 
When discussed this idea with experts of the silicon 

wafer, they told us their critical opinions. The typical one 
was that niobium sheet will warp during slicing and the 
wire will be blocked. Anyway we started slicing test from 
small niobium samples. Really a disappointed result 
happened when we used diamond powder impregnated 
wire. Its slicing cost was estimated as 10k US dollars for 
one sheet. K.Nishimura (one of the authors in this paper) 
proposed us to use his company’s slicing machine, where 
they have a lot of experience on silicon slicing for solar 
cells. They are routinely slicing 4 million sheets per year. 
By his help, we succeeded to slice a niobium bar with 
150mm diameter. Since his machine is too busy to test 
270mm diameter niobium ingot, he suggested us bringing 
niobium ingots to a slicing machine maker: Toyo 
Advance Technologies Co. Ltd. 

First Slicing Test for 270mm Diameter Nb Ingot 

We started slicing used 20mm thick Nb ingot with 
270mm diameter at Toyo Advanced Technologies. We 
repeated twice this test to investigate the optimum slicing 
condition. Fig.4 shows the machine, which we used. One 
can see a niobium ingot at the centre of the machine. 
More zoomed picture is shown in Fig.5. One can see the 
multi-expanded piano wire at the bottom. The ingot is 
hung by a support, which presses the ingot on the wire. 
The cooled liquid abrasives are spray from the both sides. 
Fig.6 shows the successfully sliced niobium sheets with 
2.8 mm thick. Totally 6 sheets were sliced from the 
20mm thick ingot. In Fig. 6 one sheet is missing because 
it was sent to Tokyo Denkai. Slicing duration was 45 
hours. 

 
Figure 3: Slicing principle. 

   
Figure 4: A slicing machine for silicon wafer, 
which we used for niobium ingot. 

  
Figure 5: A zoomed picture around the niobium 
ingot. 

 
Figure 6: Successfully sliced niobium sheets 
from Tokyo Denkai. 
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MATERIAL CONFIRMATION BY SINGLE 
CELL CAVITY 

As obtained niobium sheets sliced by the silicon wafer 
machine, we checked first the material quality by 
fabricating a single cell cavity and cold testing. The 
cavity shape is Ichiro End cell shape. No big problem was 
happened in the deep drawing. The half cups are shown in 
Fig.7 as deep drawn. The edge around hole was cracked a 
little but it was not a problem for trimming. Fig.8 shows 
the fabricated LL end single cell cavity. We treated this 
cavity by our standard recipe, excepted for 
electropolishing (EP). EP was replaced by BCP. The deal 
of the recipe is: 
 CBP (80μm)+Light BCP (10μm)+Annealing (750OC for 
3hours)+BCP (160μm)+HPR (55kg/cm2 for 15min) 
+Baking (120OC for 48hours). 
   This cavity was tested after the treatment. The result is 
shown in Fig.9, which is excellent. The gradient higher 
than 42MV/m was achieved at the first test. Q-slope is 
observed at Eacc > 40MV/m but high QO ~1x1010 is 
obtained at 40MV/m. It should be emphasized that the 
preparation is BCP, not EP. It was confirmed that this 
slicing method has no problem on the niobium material 
quality. 

SLICING TESTS FOR MORE SHEETS 
PRODUCTION 

61mm Long Ingot 
As confirmed the niobium material quality by the single 

cell cavity test, we went ahead to establish more sheets 
production. At first, Tokyo Denkai prepared a high purity 
niobium ingot 61mm long and 270mm diameter. We 
succeeded to slice 19 sheets 2.8mm thick within 48 hours 
as shown in Fig.10 left. From these sheets we fabricated a 
LL 9-cell cavity as shown later.  

201mm Long Ingot 
We informed these results to P.Kneisel. He had 

interested in this method and ordered 20 sheets 3.2mm 
thick to Tokyo Denkai. We sliced a 201mm long ingot 
with 270mm diameter in this chance. We successfully 
sliced 58 sheets from this ingot within 48 hours. The 
picture is seen in Fig.10 right.   

307mm Long Ingot 
More recently KEK ordered a high purity niobium ingot 

307 mm long with 265mm diameter to Tokyo Denkai. 
Using this ingot, we successfully sliced 102 sheets within 
50hours as shown in Fig.11. At this stage the machine 
operators at Toyo Advanced Technologies tried slicing 
more carefully, which resulted in taking 50 hours for 
slicing. 

    
Figure 7: The half cups as deep drawn from the sliced 
sheets. 

 
Figure 8: A LL end single cell cavity made of the 
sliced niobium sheets (1300MHz).  
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Figure 9: Cavity performance of the single cell cavity 
made of the sliced niobium sheets. 

  
Figure 10: The sliced 19shteet 2.8mm thick from 61mm 
long niobium ingot (left), Just the finished slicing 58 
sheets 3.2mm thick slicing for 201mm long ingot with 
270 mm diameter. 
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FEATURES OF MULTI-WIRE SLICING 

Weight Variation with Individual Sheet 
We investigated the detail of feature of these multi-wire 

sliced sheets on the 61mm long ingot slicing. 19 sheets 
were measured. Fig. 12 shows the variations with 
individual sheet. The standard deviation is 1.2g (0.09%) 
with the average weight 1387g. It shows very uniform 
between individual sheets. 

Uniformity with Thickness in Each Sheet 
We measured the thickness using an ultra-sound 

thickness meter on 100 points in each sheet. Later we 
noticed that the sound velocity changes a little depended 
on the crystal orientation. Fig.13 contains such a 
measurement error but shows very uniform in the 
thickness too. The standard deviation was only 38μm on 
the average thickness 2.906mm.  

To measure correctly the thickness uniformity, we used 
a micrometer on the 102 sheets sliced out from 307mm 
long ingot. The result is shown in Fig.14. The standard 
deviation was only 20μm (0.7%) on the average thickness 
2.805mm. Very high uniformity has been confirmed on 
this slicing method. 

Surface Roughness 
Surface roughness (Rz) was measured on 4 points in 

each sheet. The result is presented in Fig.15. The average 
roughness was 4.9μm and the standard deviation was 
1.8μm. The surface is smoother than 7μm. The sliced 
surface is smooth enough to go ahead deep drawing. We 
do not need any additional surface finishing. 

    
Figure 11: Sliced 102 sheets 2.8mm thick from a 
307mm long ingot. 
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Figure 15: Surface roughness 19 individual sheets. 
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Figure 14: Uniformity with thickness in individual 
102 sheets, measured by a micrometer. 

sheets. 
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BENEFITS OF THIS SLICING METHOD 

Very Much Simplified Sheet Production on 
Process 

Fig.16 shows the current niobium sheet production for 
SRF cavities and unnecessary process when this slicing 
technology is applied, which is presented cross marks. 
Forging, rolling and on the way mechanical grinding, 
even annealing all become unnecessary. The process 
surprisingly becomes simple. Due to such the 
simplification, if ingot is ready, one could receive 150 
sheets in one week. Currently it takes 1-2 months. Sheet 
production speed is very fast. If one prepares 3-4 
machines, it is enough for ILC scale mass-production. So 
niobium material production is not a bottleneck for the 
ILC. 

Less Material Wastes 
Fig.17 compares the material wastes during the niobium 

sheet production for SRF cavities. One can see that the 
current production wastes the material 45%. The current 
sheet production based on rolling favours square sheets. 
We prefer circular sheets for cavity. The four corners of 
the square are large material wastes, which occupy 27%. 

On the other hand the multi-wire slicing starts circular 
ingot, therefore the material waste is less and becomes 
about 1/3 of the current. 

Lower Material Cost 
So far this slicing cost is not so cheap to be ignored, 

which is 100$ or more per sheet. In the mass-production 
like ILC, we estimate the price could lower to 50-30$ per 
sheet. The current sheet price is about 2-3 times of the 
ingot’s price. Amount of the net material is a half of the 
original ingot because about the half is material wastes, so 
automatically the material price itself becomes double of 
the original ingot. The real price has to include the sheet 
production works. In the multi-wire slicing, the price is 
dominated by the original ingot. Future price of the sliced 
sheet, which is an issue to be negotiated with niobium 
firms, might be a half of the current price. 

UNDER GOING LARGE GRAIN 9-CELL 
CAVITY TEST AT KEK 

We fabricated a LL 9-cell cavity using the sliced 
niobium sheet materials mentioned above. Fig.18 shows 
the completed the cavity. This cavity is under testing to 
evaluate the performance at KEK. This cavity was 
mechanically ground by CBP about 180μm, and made 
light BCP (20μm). After that, it was annealed at 750OC 
for 3 hours, mechanically tuned to have uniform field 
flatness in individual cells (> 96%). Then we made BCP 
totally about 96μm. The cavity was rinsed by HPR. Slow 
evacuation and baking (120OC for 48hours) took place. 
The cavity test result is shown in Fig. 19. The 
accelerating gradient was limited 27MV/m by field 
emission.  

So far we have no BCP system for 9-cell cavities. 

 
Figure 16: Current niobium sheet production 
process and the unnecessary processes in the 
multi-wire slicing. 

 

Figure 18: A completed LL large Grain 9-cell cavity at KEK.  

 
Figure 17  Estimated material wastes during the niobium sheet production. :
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Putting ball vales on both end flanges of the cavity, we 
filled BCP acid about a half of the cavity, then rotated the 
cavity top and down, and opened top valve to exhaust 
generated NO2 gases. The acid crossed much often at the 
centre, so material removal is double at the centre cell 
compared to end cell. The end-cells are not removed 
enough, that we suspect as the reason of the field 
limitation. We are preparing a better BCP system for 9- 
cell cavity. We hope it will start to operate in middle of 
November 2009. 

SUMMARY 
In this paper, we reported that we have successfully 

developed the multi-wire slicing method for niobium 
ingots with 270mm diameter. The advantages of this 
method are cleared: unary uniform, very smooth surface. 
The niobium sheet production becomes very simple 
resulting in a large cost down in the material. The sliced 
material is also qualified by the single sell cavity test. 
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NEW CAVITY SHAPE DEVELOPMENTS FOR LOW BETA
APPLICATIONS ∗

H. Podlech, M. Amberg, A. Bechtold, M. Busch, F. Dziuba, H. Klein, U. Ratzinger
Institute for Applied Physics (IAP), Goethe University Frankfurt, Germany

Abstract

There is an increasing interest world wide in proton
and ion linear accelerators for the low and medium en-
ergy range. Many of these accelerators will be operated
at high duty cycles up to 100%. Superconducting cavities
are favourable or sometimes even technologically neces-
sary. Using conventional low beta cavities (quarter wave,
half wave) leads to a large number of cavities and sub-
systems because of the small number of accelerating cells
per cavity. The recently developed superconducting CH-
cavity is the first multi-cell cavity for low beta applications.
A prototype cavity (19 cells, β=0.1) has been tested with
effective gradiends of 7 MV/m. Presently two optimized
CH-cavities are under construction (β=0.15, 325 MHz, 7-
cell and β=0.059, 217 MHz, 15 cells). Both cavities will
be fully equipped with cryo-module, tuning systems and
high power couplers. It is planned to test both cavities with
beam at GSI, Darmstadt. The paper covers the develop-
ment of the superconducting CH-cavity, different applica-
tions and future plans.

INTRODUCTION

Figure 1: Different H-mode drift tube cavities: 217 MHz
IH-cavity (left), 340 MHz room temperature CH-cavity
(center), 360 MHz superconducting CH-cavity (right).

In many cases the rf linac efficiency can be increased
significantly by the use of multi-cell cavities. For instance,
in case of actual projects involving proton and light ion
driver linacs with rf frequencies between 175 and 350 MHz
there is an obvious lack of efficient superconducting low β-
cavities. In these cases efficient means a high energy gain
per cavity which leads to a low total number of individual
cavities and rf systems. Due to the rf frequency and to the
RFQ voltage gain which is typically between 1 MV and
5 MV the cell length βλ/2 is around 40 mm at the super-
conducting DTL front end. Using conventional supercon-
ducting 2-gap cavities this reduces the filling factor signif-
icantly as cavities with a small number of cells imply a lot
of drift spaces and increase the mechanical complexity of
∗ Work supported by EU, BMBF, GSI

the linac significantly.
The CH-structure is a multi-cell cavity and belongs to the
family of H-mode cavities which are operated in an Hn1-
mode [1] (see Fig. 1). This new structure has been named
CH-structure because of its cross-bar geometry and the
H21-mode [2, 3]. The CH-structure can be used between
150 MHz and 700 MHz. The usable energy range of
the superconducting CH-structure is between 1.4 AMeV
and 100 AMeV depending on frequency, beam current and
charge-to-mass ratio.

CH-structures and multi-spoke cavities have some com-
mon properties like the cross-bar geometry. Main differ-
ences are the “drift tube in stem concept” where drift tubes
with different lengths are welded into the stems to achieve
a flat field distribution and to make allowance for increased
particle velocity within the CH-cavity. Additionally, CH-
cavities have girders which reduce the magnetic peak fields
and give better possibilities for coupling and tuning [3].

SEMI-ANALYTICAL APPROACH

Figure 2: Equivalent geometry of a CH-cavity.

For the design of modern RF cavities powerful codes like
Microwave Studio [4] are used to reach reasonable accu-
racy with respect to frequency and field distribution. How-
ever, sometimes it is from interest to estimate basic param-
eters like frequency, shunt impedance or Q-value from a
semi-analytical model. Even if this model is not able to de-
liver such parameters with the same accuracy as numerical
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simulations it delivers scaling laws how these parameters
scale with the frequency or with β.
The drift tube structure of a CH-cavity changes the field
distribution significantly compared to an empty cylindrical
cavity. The tank wall is at ground potential because the ra-
dial component Er of the electric field vanishes at r = RT

where RT is the tank radius. In the first approximation the
only existing component of the electric field is Eϕ(r) with
Eϕ(RT ) = 0. Within a radius r1 the electric field is almost
constant. It turned out that the longitudinal magnetic field
Bz(r) which is responsible for charging the drift tubes is
approximately given by [5]

Bz(r) = B0

⎛
⎜⎜⎜⎜⎝1 − (RT − r)2

R2
T

⎞
⎟⎟⎟⎟⎠ (1)

These considerations lead to a simplified equivalent geom-
etry (see Fig. 12. Knowing the electromagnetic fields in
the cavity it is possible to calculate the stored energy of the
electric and magnetic field We and Wm. Using We = Wm we
obtain the resonance frequencyω [5]:

ω ≈ c

√
0.73

R2
T

(
25

144 +
25
72 ln
(

RT
r1

)
− 0.5

) (2)

In case of the superconducting prototype cavity RT was
0.136 m and r1 was 0.02 m. This gives a frequency f of
375 MHz. The measured frequency was 360 MHz. Af-
ter calculating the specific inductance and capacitance and
the required power we obtain the Q-value and the shunt
impedance Z0 [5]:

Q0 ≈
μ0cσδ

(
π
2 − 2Δϕ

)
βRTω

5(πcβ + ωΔϕRT )
(3)

Z0 ≈ 1.3 · 10−14
ω7/2R3

T

(
π
2 − 2Δϕ

)2

β(15πcβ + 16ωΔϕRT )
(Ω/m) (4)

σ is the conductivity, δ the skin depth and β is the aver-
age geometrical β along the cavity which can be calculated
knowing the input and output values βi and β f :

β =

⎛
⎜⎜⎜⎜⎜⎝

β3
i + β

3
f

2

⎞
⎟⎟⎟⎟⎟⎠

1/3

(5)

360 MHz CH-PROTOTYPE

A superconducting CH-prototype cavity with 19 accel-
erating cells, β=0.1, f=360 MHz has been developed and
tested in Frankfurt [3]. Figure 3 shows the cavity before
the final welding of the end cells and Figure 4 shows the
experimental setup for the vertical tests. The cavity has
been fabricated from RRR=250 bulk niobium at ACCEL
GmbH (now renamed to Research Instruments RI). Table 1
summarizes the main parameters of this cavity. At the
beginning the gradient was limited to values of 4.7 MV/m
because of a field emission induced quench. Strong X-ray

Figure 3: Superconducting 360 MHz, β=0.1 CH-prototype
cavity.

Figure 4: Experimental setup for vertical tests.

emission could be observed [3]. After a detailed analy-
sis of the X-ray distribution using Thermo-Luminescence
Dosemeters (TLD) a single emission spot could be iden-
tified. After an additional surface preparation including a
mild BCP and HPR an effective gradient of 7 MV/m could
be achieved (see Fig. 5). This corresponds to an effective
voltage of 5.6 MV [5]. In the framework of the HIPPI
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Table 1: Parameters of the Superconducting CH-prototype

cavity type Crossbar H-mode (CH)
β 0.1
f (MHz) 360
cells 19
length (mm) 1048
diameter (mm) 272
G (Ω) 56
Q0 (measured) 6.8 · 108

Ra/Q0 (Ω) 3180
Ra/Q0 per cell (Ω) 167
RaRs (Ω2) 178000
Ep/Ea 5.2
Bp/Ea (mT/(MV/m)) 5.7
W/Ea (mJ/(MV/m)) 92

(High Intensity Pulsed Proton Injectors) research program
a tuning system has been developed [6]. The frequency of
the cavity is changed by pushing the end-cells. This results
in a change in capacitance and finally in a frequency shift.
Measurements at room temperature showed a sensitivity of
400 kHz/mm (per end cell) (see Fig. 6). The prototype

Figure 5: Measured Q-value as function of the gradient for
the 360 MHz CH-prototype cavity.

cavity has been prepared for tests in a horizontal cryo mod-
ule (Fig. 7). In a first step the slow tuner has been tested.
The tuning range could be validated with 400 kHz/mm. In
a next step the fast tuner system which is based on piezo
technology will be tested [6].

325 MHz CH-CAVITY

Recently the construction of a new superconducting
325 MHz, β=0.15 CH-cavity with optimized geometry has
started. The new geometry is optimized for high power ap-
plications like EUROTRANS [7] or IFMIF [7, 9]. The stem
base geometry has been changed to house larger power
couplers. This gives also the possibility to use larger static

Figure 6: Measured frequency shift by changing the end
cell length. Negative values mean stretching and positive
values pushing the end cells.

Figure 7: 360 MHz CH-cavity in the horizontal cryo mod-
ule.

tuners to correct the frequency during the fabrication pro-
cess. In total three different kinds of tuners are foreseen.
The principle of static tuners has been demonstrated al-
ready with the 360 MHz superconducting CH-prototype
cavity [3]. After the fabrication movable cylindrical brass
tuners are screwed into the girder of the cavity. Moving
the tuners into the cavity leads to a decrease of the fre-
quency because of the capacitive effect. After fixing all
tuner heights the brass tuners are removed and replaced
by niobium cylinders which will be welded into the girder.
The new cavity will use 4 static tuners with a diameter of
30 mm and a height between 0 and 60 mm. Figure 8 shows
the frequency as function of the tuner height using all four
tuners. A new slow and fast tuner system has been devel-
oped for this cavity. While the first CH-prototype cavity
was tuned by pushing the end-cells from outside the new
cavity will use bellow tuners inside the cavity. One bellow
tuner will act as slow tuner while the second tuner will use
a piezo to correct fast frequency variations due to micro-
phonics and Lorentz-force detuning. One big advantage of
the new tuner system is that there is no additional longitu-
dinal space required for mechanical installations.
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To achieve a flat field distribution the first prototype had
long end cells. This resulted in an additional drift space
of about 25% of the total cavity length. The drift space
reduced the real estate gradient and it can have a negative
impact on the longitudinal beam dynamics, especially in
case of high current. The new design has inclined stems in
the end cells to increase the inductance in that region. The
result is a very compact cavity with flat field distribution.
The disadvantage of the new stem geometry is an increased
magnetic peak field.
The new cavity will be fully equipped with power couplers
and helium vessel and it will be tested in a horizontal cryo-
module together with two superconducting solenoids. In
addition it is planned to test the cavity with beam at GSI.
The 108.48 MHz Unilac linear accelerator will deliver a
10 mA Uranium beam with an energy of 11.4 AMeV which
corresponds to a β of 0.158. The cavity will have 7 ac-
celerating cells and should provide an effective voltage of
3 MV. It is expected to test the cavity in 2011-2012. Fig-
ure 9 shows the geometry of the new 325 MHz cavity and
Table 2 summarizes the main parameters.

Figure 8: Frequency shift using 4 static tuners with a di-
amter of 30 mm.

APPLICATIONS

EUROTRANS
Accelerator Driven Systems (ADS) for nuclear waste

transmutation require proton drivers with energies between
600 and 800 MeV and beam currents of several mA for
demonstrators and up to 25 mA for a large industrial sys-
tems. The required operation is continuous wave (cw)
which prefers superconducting cavity technology. One ma-
jor issue of these accelerators is reliability and fault toler-
ance to reduce the number of unwanted beam trips. Addi-
tionally, beam losses have to be minimized to avoid activa-
tion of the machine. The European activities are focused in
the EUROTRANS project. The EUROTRANS driver linac
has to deliver a 600 MeV proton beam with a maximum
beam current of 4 mA but it is capable to accelerate up to

Figure 9: Layout of the superconducting 325 MHz CH-
cavity with helium vessel.

Table 2: Parameters of the 325 MHz Superconducting CH-
cavity

cavity type Crossbar H-mode (CH)
β 0.15
f (MHz) 325
cells 7
length (mm) 550
diameter (mm) 356
static tuner 4
bellow tuner 2
G (Ω) 64
Ra/Q0 (Ω) 1250
Ra/Q0 per cell (Ω) 179
RaRs (Ω2) 80000
Ep/Ea 5.1
Bp/Ea (mT/(MV/m)) 13

25 mA. The present reference design for the EUROTRANS
proton driver linac is shown in Figure 10.

In order to improve the overall reliability two 17 MeV,
352 MHz injectors are foreseen. Each injector consists of
a 3 MeV RFQ, two room temperature CH-cavities and four
superconducting (sc) CH cavities. The intermediate energy
section (17-100 MeV) consists of independently phased su-
perconducting spoke cavities. It is followed by a high en-
ergy section with two groups of superconducting elliptical
5-cell cavities. Both front ends are in operation with the
nominal beam current. But only one injector delivers the
beam to the main linac. In case of a beam trip in this in-
jector which can not be handled within a given time (t<1s)
the second injector will deliver the beam. The main accel-
eration of the front end will be provided by four supercon-
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Figure 10: Reference design of the EUROTRANS
600 MeV proton driver linac.

ducting CH-cavities. The design goal is 3.9 MV/m with a
Q-value of 2·108. Figure 11 shows a scheme of the 17 MeV
EUROTRANS front-end and Table 3 summarizes the main
parameters of the first superconducting CH-cavity for EU-
ROTRANS (Fig. 12). The cavity will provide 2.5 MV ef-
fective voltage and will require a power of 18 W at the
design Q-value of 2 · 108 without beam.

Figure 11: Layout of the 17 MeV EUROTRANS front-end
consisting of four 352 MHz superconducting CH-cavities.

Figure 12: The first superconducting CH-cavity of the EU-
ROTRANS front-end.

Table 3: Parameters of the First EUROTRANS CH-cavity

cavity type Crossbar H-mode (CH)
β 0.116
f (MHz) 352
cells 13
static tuner 7
bellow tuner 3
length (mm) 703
diameter (mm) 286
G (Ω) 56
Q0 (goal) 2 · 108

Ra/Q0 (Ω) 1775
Ra/Q0 per cell (Ω) 137
RaRs (Ω2) 99000
Ea (MV/m) 3.9
Ua (MV) 2.5
Ep (MV/m) 26.5
Bp (mT) 40
Pc @Q0=2 · 108 (W) 18

SHE cw Heavy Ion Linac

At GSI (Darmstadt, Germany) the design effort for a
cw operated heavy ion linac has started. This dedicated
linac will be used for the production of super heavy ele-
ments. The linac has to provide ion beams with a A/q of
up to 6 and with energies up to 7.3 AMeV. Above an en-
ergy of 3.5 AMeV the linac is fully energy variable. Due
to the required cw operation the main linac will be su-
perconducting. The front end is the existing high charge
injector (108.48 MHz, 1.4 AMeV) which is presently be-
ing upgraded for the required duty cycle. The main ac-
celeration of about 35 MV will be provided by the su-
perconducting linac consisting of 9 CH-cavities operated
at 217 MHz. The first superconducting CH-cavity is un-
der design and it is planned to test it with beam in 2012.
Each cavity is powered by a 5 kW solid state amplifier.
The different CH-cavities are optimized for a different ge-
ometrical β. To simplify the production and to reach full
energy variability the cell length within one specific cav-
ity is kept constant (EQUUS-concept=EQUidistant mUlti-
gap Structure). Transverse focusing between the cavities
will be provided by superconducting solenoids. Figure 14
shows the layout of the superconducting part of the new
heavy ion linac. Although the gradient is moderate with
5.1 MV/m the real estate gradient is very high compared
with conventional 2-gap structures. This results in a com-
pact linac with a length of about 10 m.

SUMMARY AND OUTLOOK

The superconducting CH-cavity is an excellent candi-
date for proton and ion acceleration in the low and medium
energy range. The major advantage is the large energy gain
per cavity which leads to high real estate gradients and to
a significant reduction of required accelerator components.
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Figure 13: Layout a cw heavy ion linac for the produc-
tion of super-heavy elements (SHE) consisting of nine
217 MHz CH-cavities.

Figure 14: Location of the new cw heavy ion linac which
will be built parallel to the existing Unilac at GSI.

A first prototype cavity has been tested with gradients of
7 MV/m. Presently two more cavities (325 MHz, β=0.158
and 217 MHz, β=0.06) are under construction. Both cavi-
ties will be tested with beam at GSI.
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NEW CAVITY SHAPE DEVELOPMENTS FOR CRABBING 
APPLICATIONS 

 
G. Burt, Cockcroft Institute, Lancaster University, UK 

 
 
Abstract 

Deflecting mode cavities are required in several 
accelerators for use as crab cavities in colliders and light 
sources and as separators. The space requirements for 
these applications are extremely tight due to two or more 
beamlines being close together. In addition the dipole 
mode cavities have lower and same order modes as well 
as higher order modes which require damping to very low 
Q values. A number of designs are proposed for compact 
and/or strongly damped SRF crab cavities. This paper will 
discuss various coaxial type crab cavities which allow the 
design of compact crab cavities operating at frequencies 
below 500 MHz. In addition a number of novel damping 
schemes will be shown and evaluation of these designs 
including multipacting will be discussed. 
 

INTRODUCTION TO CRAB CAVITIES 
Crab cavities are a subset of transverse deflecting 

cavities, where the bunch traverses the cavity at the zero 
kick phase. Due to the finite size of the bunch only the 
centre does not receive a kick, the head and tail of the 
bunch receive equal and opposite kicks [1].  

As we wish to kick the beam transversely and not 
accelerate it we utilise one polarisation of the 
fundamental dipole mode as the operating mode. This 
leaves the fundamental accelerating mode, known as the 
Lower Order Mode (LOM), as an unwanted mode which 
must be damped to avoid disrupting the beam. In addition 
as the dipole mode has two polarisations the other 
polarisation, known as the same order mode (SOM), can 
cause large deflections to the beam due to its high R/Q. 
As the LOM and SOM are usually at frequencies close to 
or lower than the frequency of the operating mode these 
modes are very difficult to damp. 

As the crab cavities use the dipole mode for their 
operation, they are about 30% larger than accelerating 
cavities of the same frequency. This is often problematic 
as the cavities are usually positioned close to an 
interaction point where space is limited. 

The first crab cavities installed in an accelerator were 
the KEK-B crab cavities [2]. These were a pair of single 
cell SRF cavities at 508.9 MHz. They used a racetrack 
cross-section to split the resonant frequencies of the two 
fundamental dipole mode polarisations. To remove the 
accelerating mode a hollow coaxial beam-pipe damper 
was utilised, shown in Figure 1. This hollow coaxial line 
was adjustable and was also able to be used as a cavity 
frequency tuner. The coax was able to avoid coupling to 
the crabbing mode due to symmetry however a notch 
filter was also used in case of misalignment. 

 
Figure 1: A schematic of the KEKB crab cavity showing 
the Coaxial LOM damper. 
 

This was not the first SRF deflecting mode cavity, as 
CERN utilised two S-band SRF deflectors, constructed at 
Karlsruhe, in the 300 GeV proton synchrotron [3]. These 
were two 104 cell periodic π/2 mode niobium deflectors. 
These were the first superconducting, high frequency 
devices made for accelerators, designed and constructed 
in 1970-1977. They originally provided kaon beams for 
the omega spectrometer at CERN but have since been 
moved to IHEP. 

More recently a 13-cell S-band cavity was designed as 
a kaon separator at FNAL. A 9-cell version of this design 
was modified and proposed as the crab cavity for the ILC 
[4]. This cavity is shown in Figure 2. This cavity was 
manufactured cylindrically symmetric and was squashed 
by up to 5 mm after e-beam welding. A hook-type LOM 
coupler was used and the LOM and SOM couplers were 
placed on the electric field null to avoid coupling to the 
crabbing mode. A 13 cell version of the FNAL cavity was 
produced and several single cell tests were performed. 
Aluminium models of this cavity were also produced for 
various cold measurements to verify the simulations. 
 

 
Figure 2: The 9 cell ILC crab cavity showing the various 
couplers .The plot shows the relative electric field 
magnitude of the crabbing mode simulated in Omega3P. 
 

The new crab cavity shape developments can be split 
into two types, those that provide better damping of the 
LOM and SOM, and those that provide compact size 
designs. We will discuss some of the new designs for both 
types in this paper. 
 

LOM 

HOM 

Input 

SOM 

Based on the FNAL CKM 
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NOVEL DAMPING SCHEMES 
The low frequency of the LOM, as well as it coupling 

to the TM01 mode of the beam-pipe as opposed to the 
dipole mode which couples to the TE11 mode, leads to 
the LOM being trapped inside the main cavity body and 
not penetrating far into the beam-pipe. This makes this 
mode difficult to damp, hence we require a mode 
selective damper that penetrates far into the beam-pipe 
near the cavity and that doesn’t couple to the operating 
mode. 

Like-wise, as the SOM is very similar to the operating 
mode, a mode selective coupler is also required [5]. This 
is made more complex by the similar frequencies of the 
two modes. The couplers can be made mode selective by 
either using filters (which can be difficult if the SOM 
frequency is close to the operating mode), or by aligning 
the couplers such that it couples to the SOM but is placed 
in the electric or magnetic node of the operating mode 
(depending on the coupler). Using mode selective 
couplers utilising coupler alignment requires the coupler 
to be perfectly aligned with respect to the 
crabbing/operating mode node. As the SOM is often 
damped to an external Q below 100, this can set very tight 
limits on coupler alignment. 
 
On-cell Damping 

Traditionally mode dampers for SRF cavities are placed 
on the beam-pipes to avoid unnecessary e-beam welds on 
the cavity body. However as the operating mode is 
polarised in deflecting mode cavities, there is a large 
section of the cavity, at 90 degrees to the mode 
polarisation, were no currents flow due to the operating 
mode. This means that if a coupler is placed there it will 
not couple to the operating mode or perturb that mode in 
any way. The LOM and SOM however have large surface 
currents flowing in that region and hence will couple 
strongly to any coupler placed in that region. 
 

 
Figure 3: The proposed ANL crab cavity showing the on-
cell damping waveguide. 
 

An on-cell waveguide damping scheme, where a 
waveguide damper is placed on the cavity equator, is 
proposed for the Argonne Light Source [6] (shown in 
Figure 3) and an option for the LHC luminosity upgrade 
Phase I [7] proposed by Cockcroft, TJNAF and Tech-X 
(shown in Figure 4). The waveguide does not affect the 
operating mode and all welds and pull-outs are place in 
regions of low fields and currents. However the large 
magnetic field from the LOM and SOM cause these 
modes to be damped to external Q factors lower than 100. 

A prototype of cavity utilising this scheme has been 
developed at TJNAF, using the ALS crab cavity design. 
The first ANL on-cell damper structure was made directly 
by machining the equators’ slot to match a “saddle” 
adapter in a 3-D contour. Three pieces were EB-welded 
both from the outside and inside through isises. A second 
adapter joining the “saddle” and waveguide was made for 
the sequenced EB-welds. 

 For the LHC upgrade the cavity is azimuthally 
symmetric (except for the waveguide) and is hence 
polarised by the waveguide damper only, hence the 
operating mode and the coupler are always perfectly 
aligned. The two-cell cavity has an on-cell damper on 
each cell. They are each on separate sides of the cavity so 
that the average offset of the mode due to the couplers is 
zero. The cavity also has an input coupler and a HOM 
coupler on the cavity beam-pipes. Both of these couplers 
are also waveguide couplers. This type of cavity may 
require bellows on the LHe vessel so that when the cavity 
is being tuned the on-cell dampers do not get deformed. 
 

  
Figure 4: The UK-Jlab-TechX LHC crab cavity concept 
utilising on cell damping. The plot shows the relative 
electric field magnitude of the SOM. Simulated in CST- 
Microwave Studio. 
 

There is also another on-cell damping scheme proposed 
for the LHC upgrade Phase I by KEK that utilises coaxial 
dampers located on the cavity wall that penetrate into the 
cavity originally designed for SuperKEKB [8], shown in 
Figure 5. In this scheme the coaxial dampers are placed 
along the electric node of the crabbing/operating mode 
where there are no surface currents. For strong coupling 
to the LOM the inner conductor stretches to the other wall 
of the cavity. The cut-off frequency of the TE11 mode in 
the coaxial line is made higher than the crabbing mode 
and in addition a notch filter is added to avoid coupling to 
the crabbing mode. This damping scheme has an external 
Q for the LOM of 25. This scheme also uses cross shaped 
waveguide dampers to damp the SOM and higher order 
modes (HOMs). Although these couplers are placed in the 
same polarisation of the crabbing mode they are placed at 
locations where the do not cut the surface currents hence 
avoiding coupling to or perturbing the crabbing mode.  
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Figure 5: The KEK LHC crab cavity concept.  
 
Coax-Coax Beam-pipe Damping  

The KEK-B crab cavity used a long hollow coaxial 
beam-pipe to extract the LOM from the cavity to an 
external load. This scheme while effect was very 
difficult to implement and accurately align. In order to 
reduce the alignment problems it is proposed to e-beam 
weld the hollow coaxial inner conductor to the beam-pipe 
close to the cavity in order to shorten the coax length. In 
order to remove the power from the hollow inner 
conductor a 2nd coaxial line is capacitively coupled to the 
inner conductor at a right angle, shown in figure 6. As this 
2nd coaxial line is at 90 degrees to the beam-pipe it can be 
aligned such that it will couple to the LOM and SOM but 
not the operating mode, as the tip of the coupler is placed 
at the electric node. This also allows the LOM and SOM 
to be damped to external Q’s below 100. Connecting the 
coax to the beam-pipe, however, poses several 
manufacturing and processing questions that require 
further study. 
 

 
Figure 6: The SLAC coax-coax damping scheme 
proposed for LHC. The plot shows the relative electric 
field magnitude for the SOM simulated in Omega-3P. 
 

Such a scheme is proposed as one of the options for the 
LHC luminosity upgrade Phase I [9]. In this design the 
cavity has a racetrack cross-section and hence the coupler 
needs to be accurately aligned to the cavity polarisation. 

A variant of this cavity scheme also is able to damp the 
other mode in the crabbing passband. This is often a 
major problem in crab cavities as the passband of crab 
cavities is often very narrowband and the phase stability 
requirements are tight. In this scheme a very long beam-
pipe, half wavelength long, is used to separate the two 
cells.  This means the cavity operates in the 0 mode as 
opposed to the pi mode. The large separation allows the 
use of a standard coaxial coupler to be placed into the iris. 
As the fields of the o and pi modes are very different in 

this region we can preferentially couple to the unwanted 
mode. 
 

MULTIPACTOR 
In accelerating cavities, experience has lead to the 

elliptical shape which suppresses multipactor. However 
for deflecting cavities the multipacting trajectories are 
very different and these shapes do not suppress 
multipactor in dipole modes.  

All of the 800 MHz elliptical cavities proposed for the 
LHC luminosity upgrade have shown signs of multipactor 
in simulations, including CST-Particle Studio, VORPAL 
and Track-3P [10]. In all cases this is a two point low 
order multipactor on either side of the electric node 
azimuthally on the central iris where the electric field is 
weak, shown in Figure 7. In this region we have the 
maximum magnetic field which causes the electrons to 
loop back and forth in a semi-circle around the electric 
node. A similar type of multipactor was found in the 
KEK-B 509 MHz cavities [11]. This is similar to the 
multipactor often found in Quarter wave resonators at the 
peak magnetic field. 
 

 
Figure 7: Multipacting trajectories in the LHC crab 
cavity, modelled in CST- Particle Studio. 
 

Simulations using CST-Particle Studio have shown that 
the voltage at which this multipactor band occurs is 
determined by the peak magnetic field in the iris. 
Multipacting is found to always occur at the same peak 
magnetic field value and is related to the cyclotron 
resonant frequency of the electrons. Simulations in CST-
Particle Studio have shown that in order to avoid 
multipactor is necessary to minimise the ratio of peak 
magnetic field to transverse kick. This can be achieved by 
using a small iris radius or by optimising the cavity shape 
in the iris region. 

In the high frequency cavities such as the ILC and 
FNAL 3.9 GHz cavities there was no evidence of this 
multipactor as a cyclotron frequency that high would 
require a much higher magnetic field beyond the limit of 
most SRF cavities. 

It is well known that in waveguides, grooves can alter 
the behaviour of multipactor and suppress certain bands. 
Simulations using Track 3P at SLAC has shown evidence 
that placing a groove on the cavity wall around the 
electric mode can significantly reduce the multipactor in 
these cavities [10]. The manufacture and processing of 
this groove in the region of highest surface currents is 
potentially problematic. 
 

E-field 
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COMPACT CAVITIES 
As the crab cavities operate in the fundamental dipole 

mode they are approximately 30% larger than an 
accelerating cavity of the same frequency. In addition 
deflecting and crabbing cavities are often required in 
locations where there is limited space, such as the 
interaction region of a collider or in a stack of beam 
separators in a light source. Reducing the transverse size 
of the cavity would greatly ease the installation and 
design of crab cavities and hence a number of exotic 
compact cavity shapes are under investigation. For 
example for the LHC luminosity upgrade the preferred 
operating frequency is 400 MHz of maximum luminosity 
however the space will only allow a 800 MHz elliptical 
cavity hence a compact solution is required for Phase II in 
order to utilise a 400 MHz cavity. The increase in 
luminosity is between 12% and 43% depending on β*. 
Most of these designs are based on the use of a coaxial 
cavity rather than a pillbox/elliptical type cavity. Another 
type of compact crab cavity utilises the radial electric 
field variation of an accelerating mode near the wall. 
 
Four Rod Cavity 

Although there have been no SRF compact crab 
cavities installed in an accelerator there has been 
successful operation of a compact normal conducting 
deflecting cavity in CEBAF for the separation of electron 
beams [12]. This cavity is based upon a parallel bar 
transmission line enclosed in a stainless steel outer can, 
where the bars are parallel to both the beam and each 
other. In order to produce the radial variation of the 
longitudinal electric field, required for a deflecting field, 
there is a gap in the centre of the transmission line formed 
by using four rods attached to the outer can. The 
capacitive gap between the rods makes the cavity slightly 
shorter than a half wavelength longitudinally. It is also 
possible to use a quarter wave version with two bars and a 
capacitive gap between the bars and the outer can. These 
cavities have very small transverse dimensions. As most 
of the electric energy is contained in the centre of the 
cavity this design has a very high R/Q. 

For the LHC luminosity upgrade Phase II an SRF 
version of this cavity is proposed by the Cockcroft 
Institute and TJNAF [7]. In order to make the cavity 
suitable for an SRF construction the inner rods of the 
cavity must be made thicker to reduce microphonics in 
the cavity, without reducing the crabbing field. This is 
performed by using conical rods where the rods are thick 
near the outer can connections and thin at the tips, shown 
in Figure 8. In addition as this cavity is for the LHC the 
spacing between the rods must be increased to allow 
clearance for the larger LHC beam. As most of the losses 
occur on the rods the outer can could be made from low 
RRR Niobium while the rods are made from high RRR 
Niobium. 
 

 
Figure 8: The 4-rod crab cavity design, proposed for the 
LHC luminosity upgrade, showing the relative magnetic 
field magnitude simulated in CST- Microwave Studio. 
 

In this cavity the rods provide a natural polarisation as 
we use a TEM type mode which can only have one 
polarisation, hence there is no SOM. However the 
separation between the crabbing mode and a accelerating 
type mode (similar to the LOM) becomes much closer 
together as the operating/crabbing mode is a TEM mode 
supported between the two rods, and the LOM is a TEM 
mode supported between the inner rods and the outer 
cans. These modes can be separated with careful 
optimisation of the capacitive gap between the rods. In 
order to damp this LOM-like mode we can use either a 
waveguide or a coaxial line attached to the outer can at 
the field null of the crabbing mode. The coupling to this 
mode can be enhanced by using a squashed outer can 
profile. 
 
Parallel Bar Cavity 

Another compact crab cavity based on parallel bar 
transmission lines is the parallel bar crab cavity designed 
at TJNAF [13], shown in Figure 9.  This design again 
utilises a pair of parallel bars however this time the bars 
are parallel to the direction of the beam. As the bars are 
terminated in a short rather than a capacitive gap, the two 
rods must be a half wavelength long. A half wave cavity 
of this design hence has a crabbing field at the centre of 
the cavity. In addition as the beam-pipe is not in a 
location of high surface currents this design has a very 
low surface magnetic field. The peak surface fields can be 
reduced by tapering the rods near the centre where the 
electric field is highest. Another possible improvement 
can be made by bowing the rods such that they as close at 
the centre and far apart at the connections to the outer 
can.  
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Figure 9: The parallel bar crab cavity concept. 
 
A simple multiple cell version has also been proposed by 
adding a periodic longitudinal array of rods in the outer 
can. An analytical model of this cavity has been 
developed that is found to give excellent agreement with 
simulations due to its simple geometry. Again this cavity 
does not have a SOM or LOM but does have a degenerate 
accelerating mode. 
 
Half-wave Resonator 

A SLAC design aiming at a half-wave resonator 
(HWR), typically referred to as quarter-wave resonator 
(QWR) for the accelerating mode, is proposed for the 
LHC upgrade Phase II [10]. This design is different from 
accelerating QWRs as the cavity mode is not a TEM 
mode but the TE11 mode of the coaxial line. This gives 
the appearance of a half-wave resonator as there is a 
quarter wavelength down one side and a quarter 
wavelength back up the other side, as can be seen in 
Figure 10. The cell profile is optimised to minimise the 
electric and magnetic fields. In order to break the 
symmetry between the operating mode and the SOM, the 
cell shape is squashed, with the shorter axis in the 
horizontal plane making the SOM 40 MHz lower in 
frequency. 
 

 
Figure 10: The HWR crab cavity design proposed by 
SLAC for the LHC Luminosity upgrade. 
 

The SOM and LOM are damped by adding a coaxial 
probe to the wall at the electric mode of the crabbing 
mode, and are able to achieve damping to external Q’s in 

the region of 100. This coupler avoids coupling to the 
crabbing mode via symmetry so again tight tolerances are 
required. This design would require 3-4 cavities per beam 
in the LHC due to its low transverse kick. 

A similar design is under fabrication for use in RHIC to 
improve the losses at transition and collision energy 
operated at TM010 mode. It maybe possible to drive this 
structure when installed in the deflecting mode to probe 
several issues related to hadron colliders. 
 
Monopole Cavities 

It has also been proposed a monopole cavity could be 
used for crabbing applications. A conventional pill-box 
structure with offset beam-pipes close to the cavity 
equator can utilize the kick from the magnetic field of this 
mode. At the cavity walls the magnetic field is at a 
maximum and the electric field is zero. However the 
beam cannot travel along the wall so it has to propagate 
slightly away from the wall, hence there is a finite 
longitudinal electric field which will lead to beam-loading 
and HOM excitation.  

A multi-cell version of this was originally proposed as 
an exotic alternative for the ILC crab cavity but was 
considered to be less optimal than the 3.9 GHz elliptical 
design. There is also a BNL proposal to use this type of 
cavity for the LHC [14], shown in Figure 11. In the BNL 
scheme the cavity profile would be altered to obtain a 
maximum magnetic field at the position of the beam-
pipes, optimising the kick. The BNL scheme has however 
not been simulated and is just a concept at present. 

The advantage of this scheme is there is no lower order 
mode and the peak surface fields are much smaller. Also 
as the beam travels close to the wall the transverse space 
issues become simpler. Although the concept is 
conceptually simple and HOM damping relatively simpler 
compared to the other designs, the large offsets in the 
cavity may lead to higher order cavity modes to couple to 
the beam very strongly which is not desired. Additionally, 
the non-zero longitudinal electric field needs to be 
compensated. Multipacting needs careful to be evaluated 
in such a configuration. 
 

 
Figure 11: All the compact crab cavity shapes proposed 
for the LHC luminosity upgrade. 
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A KEK proposal to use a similar pill-box type structure 
but with beam-pipes mounted transversely to the cavity as 
opposed to the nominal pill-box [14], also shown in 
Figure 11. In a pillbox cavity, if the beam traverses the 
cavity transversely the beam will experience a kick from 
both the electric and magnetic fields however they will 
cancel each other out, as can be seen by Panofsky-Wenzel 
theorem as there is no transverse varying electric field in 
the direction of beam propagation. In this configuration 
the transverse electric field is use to deflect the bunch and 
special nose cones are required to shield the magnetic 
field, this also creates a transverse varying longitudinal 
electric field. The simple shape means the cavity is much 
easier to process and clean. The cavity also has no lower 
order mode which will additionally make the damping 
scheme simpler. 
 
Mushroom Cavity 

A similar design to the HWR is the FNAL mushroom 
type cavity which uses the typical concept of the elliptical 
cavities but with dramatic bends to reduce the transverse 
size [14], shown in Figure 11. This is similar to the 
folded-waveguide concept often used in TWT design. 
This scheme uses a hollow beam-pipe coaxial line on both 
beam-pipes for damping the LOM or coax-to-coax 
couplers for the LOM and HOMs.  This structure is also 
prone to heavy multipacting near the bend regions which 
need detailed study and a similar structure is under testing 
but at higher frequencies. 
 
Spoke Resonator 

A spoke structure operating in the deflecting mode is 
also proposed by SLAC as a possible candidate for a 
compact LHC crab cavity design [14], shown in Figure 
11. This design is very similar to the spoke resonators 
used as accelerating cavities. A minimum iris radius of 60 
mm is required for effective cell-to-cell coupling. This 
structure although mechanically stable has strong 
multipacting issues and kick gradients are typically 
smaller than the elliptical counter parts.  
 

CONCLUSION 
There are a number of novel cavity concepts for 

utilisation as crab cavities in accelerators. The designs 
primarily address the concerns of LOM and SOM 
damping or cavity transverse size.  

The new damping shapes all use either couplers 
attached directly to the cavity or the use of hollow coaxial 
beam-pipes. Both of these design concepts bring with 
them problems in cavity manufacturing and processing 
which will require further investigation. ANL have 
constructed a single cell prototype of the on-cell damper 
which may address some of these issues. 

The compact designs are based on TEM mode cavities, 
folded waveguide or monopole type cavities. These 
designs are all novel but much can be adapted from the 
construction of low-beta cavities. 

The fact that each accelerator requires a very small 
numbers of these cavities, and that they are not 
completely essential components (a collider will still 
collide albeit at a lower luminosity) allows the designers 
to attempt brave new concepts that would not be 
considered for accelerating cavities. 

There are also a number of normal conducting shape 
developments in crab cavities which are not covered in 
this paper. Specifically there is the H-type deflector 
developed by FZJ and IHEP [15], and the TE11n 
deflector proposed by Paramonov [16]. 
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Abstract 
Activities on high power input couplers at KEK are 

reported. High power performances of the STF-I input 
couplers in the STF phase-1 and conditioning results of 
the TTF-V input couplers delivered from LAL are 
presented. Current developing status of the STF-II input 
couplers for the S1-Global and the cw input couplers for 
the cERL injector cryomodule is described. 

INTRODUCTION 
High power performance of input couplers is crucial to 

achieve a stable operation at high accelerating gradients 
or high beam currents in a superconducting cavity system. 
An rf window for transferring rf power and maintaining a 
vacuum is a key component in a high power input coupler. 
A coaxial disk rf window with a choke structure was 
initially developed for the 508 MHz Tristan input 
couplers [1] and was applied to the KEKB input couplers 
in later years [2]. The Tristan/KEKB input couplers were 
used for superconducting cavities operating in cw mode. 
The same type of a coaxial disk rf window has been also 
applied to the 805 MHz SNS input couplers at ORNL [3] 
and the 972 MHz ADS input couplers at JAEA/KEK [4] 
in a pulsed operation. In the SNS and ADS input couplers 
which have only one warm rf window, the high power 
performance up to 2 MW in a pulsed operation with high 
duty factors had been already successfully demonstrated 
at the test stand, [3, 4]. The 1.3 GHz STF-I input couplers 
[5] with a cold and a warm coaxial disk rf window have 
been developed for the STF  (Superconducting rf Test 
Facility) cryomodule, which includes four Tesla-like 9-
cell cavities in the STF phase-1. High power tests of the 
STF cryomodule equipped with four STF-I input couplers 
had been carried out in 2008, [6]. Other similar input 
couplers, like the STF-II input coupler for the S1-Global 
cryomodule and the cw input coupler for cERL injector 
cryomodule are under development at KEK. 

On the other hand, the TTF-III input coupler [7] for 
FLASH/XFEL at DESY has two cylindrical ceramics rf 
windows. The TTF-V input coupler [8] was originally 
designed at DESY and has an enlarged structure of the 
TTF-III coupler to increase high rf power capability. Four 
TTF-V couplers were fabricated at LAL-Orsay in addition 
with some mechanical modifications. Two of four TTF-V 
input couplers had been successfully processed at LAL 
[9]. Two TTF-V couplers were delivered to KEK under 
the FJPPL collaboration [10] in order to carry out 
conditioning with much higher rf power level at KEK.  

COUPLER ACTIVITIES 
Current activities of input couplers at KEK are 

summarized as follows: 
• The STF-I input couplers used in the cryomodule tests 

called the STF phase-1.  
• The TTF-V input couplers from LAL 
• The STF-II input couplers to be used for the S1-Global 

cryomodule. 
• The cw input couplers for the cERL injector 

cryomodule. 
Schematic drawings of the STF-I coupler and the TTF-V 
coupler are shown in Figure 1. The type of the rf window 
is different in each other; one is a coaxial disk ceramics 
and another is a cylindrical ceramics. However, they have 
a very similar structure, like a diameter of the input port 
(60 and 62 mm), a fixed coupling without bellows, and an 
rf characteristic impedance of a coaxial line of 50 Ω.  

The input rf power levels required for XFEL and ILC 
are listed in Table 1. Conditioning at the test stand is 
carried out under the matching condition terminated at a 
dummy load. Conditioning in the cryomodule at room 
temperature is carried out under the total reflection 
condition reflected at a cavity. Conditioning of the TTF-
III input couplers has been routinely carried out up to 1.0 
MW at the test stand and 250 kW in the cryomodule, [11]. 
The conditioning power level for ILC is required up to 
2.0 MW at the test stand and 500 kW in the cryomodule 
in a pulsed operation (0.5 msec), in order to transfer rf 
power of 350 kW in a beam operation at 31.5 MV/m. The 
rf power level for conditioning is twice higher than that 
for XFEL.  

 

 
 

Figure 1: Schematic drawings of an STF-I input coupler 
(top) and a TTF-V input coupler (bottom). 

___________________________________________  
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Table 1: Input rf power required for XFEL and ILC  
  
XFEL : TTF-III input coupler 
 Conditioning RF Power Operation 
 Test stand 1.0 MW/ 0.5 MW 0.4 ms/ 1.3 ms 
 Cryomodule 250 kW/ 125 kW 0.4 ms/ 1.3 ms 
Beam operation 125 kW 23.6 MV/m 
 
ILC : STF-I, II input coupler, TTF-V input coupler 
 Conditioning RF Power Operation 

 Test stand 2.0 MW/ 1.0 MW 0.5 ms/ 1.6 ms 
 Cryomodule 500 kW/ 250 kW 0.5 ms/ 1.6 ms 
Beam operation 350 kW 31.5 MV/m 

 

STF-I INPUT COUPLER 
Tristan-type coaxial disk rf window with a choke 

structure [1] is used for a cold and a warm part of the 
STF-I input couplers. Ceramics disks are made of Al2O3 
with the purity of 95%, (HA95 from NTK). The disk sizes 
of a cold and a warm rf window are 6.2 and 6.6 mm in the 
thickness, 92 and 116 mm in the outer diameter, 
respectively. Thermal shock tests of the ceramics disks 
were repeatedly carried out by liquid nitrogen. After this, 
coating with TiN on the surface of the vacuum side was 
performed, and the thickness of the deposited layer is 
about 10 nm. First brazing for fabricating rf windows was 
carried out at about 1000 oC in a hydrogen furnace. The 
second step of the brazing procedure is the joining of rf 
windows and coaxial parts which consist of an inner 
conductor (antenna) and an outer conductor. The coaxial 
parts are made of stainless steel, and copper plating of 30 
μm on the rf surface was carried out, except an outer 
conductor of a cold part (< 5 μm) to reduce heat losses at 
2 K. The completed STF-I input couplers after the second 
brazing at about 800 oC are shown in Figure 2.  

Prior to assemble with 9-cell cavities, conditioning of 
the input couplers was carried out at a high power test 
stand with a pulsed klystron of 5 MW, as sown in Figure 
3. Conditioning was initially started in a short pulse 
operation of 10 or 100 μsec, and rf power level was 
increased very carefully. Finally, conditioning up to 1.0 
MW in a pulsed operation with 1.5 msec and 5 Hz was 
successfully performed in four input couplers. The 
conditioning time at the test stand was about 50 hours, as 
shown in Figure 4.  

After installation of the cryomodule in the STF tunnel 
as shown Figure 5, connection of a warm coupler with a 
cold coupler was carried out in a working area covered 
with a special clean booth to keep a clean environment. 
In-situ baking of cold rf windows inside the cryomodule 
was carried out at 85oC for 15 hours. Baking of the cold rf 
windows prior to conditioning is very effective to reduce 
the conditioning time. Conditioning of the input couplers 
at room temperature before cool-down was carried out up 
to 240-330 kW under the total reflection condition. The 
conditioning time was 11-17 hours, as shown in Figure 6. 

 
 

Figure 2: The STF-I input couplers with a fixed coupling. 

 
 

 
 

Figure 3: Set-up of the high power test stand. 

 
 

 
 

Figure 4: Conditioning time of two pairs of input couplers 
at the test stand under the matching condition.  
 
 
Conditioning of the No.3 coupler (C/#2 cavity) was 
carried out twice, and the conditioning time in the second 
was remarkably short. It is considered that a memory of 
the previous conditioning has been preserved. 

After the cryomodule was cooled down at 2 K, the 
input rf power of 200~360 kW was successfully 
transferred into four cavities to achieve the high 
accelerating gradients at 25~34 MV/m in a short pulse 
operation with 0.6 msec and 5 Hz, [6]. Trial to check the 
limitation of the power capability of the STF-I input 
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couplers was carried out at room temperature, after all of 
the cryomodule tests at 2 K had been finished. The 
maximum input rf power of 625 kW in a pulsed operation 
with 1.5 msec and 5 Hz was attained through the 
conditioning for several hours. The limitation was caused 
by discharge around the high power rf distribution system 
like a circulator or a power divider, not at the input 
coupler itself. Achievement of the input rf power of 625 
kW is very encouraged for the target in ILC. 
 
 

 
 

Figure 5: Installation of the cryomodule in the STF tunnel. 
Four input couplers were connected with the high power 
rf distribution system. 
 

 

 

Figure 6: Conditioning time of four input couplers in the 
cryomodule under the total reflection condition.  

TTF-V COUPLER 
Main purpose of the FJPPL collaboration work [10] is 

to perform conditioning with a higher power level by 
using the high power rf system with a 5 MW pulsed 
klystron at KEK. Assembly of the TTF-V couplers shown 
in Figure 7 and 8 was carried out in a clean room at LAL. 
The TTF-V couplers (#3 and #4) were packed in a special 
box, and were transported to KEK. After arriving at KEK 
in January 2009, vacuum valves, vacuum gauges and 
viewing windows for arc sensors were attached with the 
couplers in a clean room. The TTF-V couplers were 
installed in the test stand at STF, and were baked at 130 
oC for 60 hours. Then, the waveguide transitions were 
installed in the cylindrical ceramics, and were connected 
with the high power rf system. 

Conditioning of the TTF-V input couplers were carried 
out in three steps as follows: 

 
 

Figure 7: The TTF-V input coupler from LAL-Orsay. 
 

 
 

Figure 8: The TTF-V input couplers. The original rf 
design was carried out by DESY, the mechanical design 
was done by LAL-Orsay, and these couplers were 
fabricate by RI (Research Instruments, Germany). 

 
• Step 1 is the same conditioning procedure as the TTF-

III couplers for FLASH/XFEL;  
1.0 MW (< 400 μsec) and 500 kW (1.3 msec), 5 Hz. 

• Step 2 is the required power level for ILC;  
2.0 MW (< 500 μsec), 5 Hz. 

• Step 3 is the required power level for ILC;  
1.0 MW (1.5 msec), 5 Hz. 

Conditioning was started in a short pulsed operation with 
20 μsec and 5 Hz, and rf power was increased very 
carefully. The interlock level of the vacuum pressure 
observed near the rf windows was set to initially 1x10-4 Pa, 
then relaxed a little. After conditioning for 45 hours, the 
input rf power level reached to 1 MW, and then the pulse 
width was gradually extended. Finally, the input rf power 
of 500 kW was achieved in a pulsed operation with 1.5 
msec and 5 Hz after conditioning for about 60 hours. This 
conditioning time was twice longer than that in the #1 and 
#2 TTF-V input couplers at LAL, [9]. In the step 2, the 
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input rf power level was increased very smoothly up to 2 
MW within the 200 μsec. But, after discharge occurred 
once in the 400 μsec operation, the conditioning was 
needed to continue for rather longer time. Finally, it took 
for about 120 hours to achieve a stable operation at 2 MW 
with 400 μsec and 5 Hz. In step 3, the target power level 
of 1 MW in a long pulse operation with 1.5 msec was 
achieved without any troubles. Therefore, the TTF-V 
couplers achieved the target input rf power for ILC after 
total conditioning time for about 200 hours. 
 

 
Figure 9: RF conditioning in the first step up to 1 MW 
(500 kW) in the 400 μsec (1.5 msec) pulsed operation: 
Time evolution of the input rf power (top) and vacuum 
pressure (bottom). 
 

 
Figure 10: RF conditioning in the second step up to 2 
MW in the 400 μsec and 5 Hz pulsed operation. 
 

 
Figure 11: RF conditioning in the third step up to 1 MW 
in the 1.5 msec and 5 Hz pulsed operation. 

STF-II INPUT COUPLER 
Several modifications in the STF-II input couplers for 

S1-Global were made by considering the results of the 
cryomodule tests in the STF Phase-1, [6]. The schematic 
drawing and the calculation result by HFSS are shown in 
Figure 12. Main improvements in the STF-II input 
couplers are summarised as follows: 
• Bellows were attached at the antenna tip of the inner 

conductor, so that the variable coupling of +/- 30% will 
be available. 

• RF characteristic impedance was changed from 50 Ω to 
41.5 Ω, because the diameter of the inner conductor 
was enlarged in order to insert a mechanism for the 
variable coupling inside the inner conductor. 

• Thermal anchors at 5 K and 80 K were improved to 
suppress heat losses more efficiently. 

• Doorknob transition was modified to the compact size 
to reduce the total length to connect with a waveguide 
system. 

Two STF-II input couplers have been already completed 
as shown in Figure 13. Rf conditioning of the STF-II 
input couplers will be started soon. 

 
 

 
 

Figure 12: A schematic drawing of the STF-II input 
coupler (left) and an rf calculation result by HFSS (right). 
 
 

 
 

Figure 13: A set of a cold window part and a warm 
window part in the completed STF-II input coupler. 
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INPUT COUPLERS FOR CERL 
The cERL injector cryomodule [12, 13] contains three 

2-cell cavities as shown in Figure 14, and each 2-cell 
cavity has two input couplers facing each other. The 
required rf power is 170 kW per an input coupler in a cw 
operation at 14.5 MV/m with a beam current of 100 mA, 
(see, Table 2). This required rf power is very challenging 
issue for developing this input coupler. The schematic 
drawing and the calculation result by HFSS are shown in 
Figure 15. Water cooling channels are installed inside the 
inner conductor. The static and dynamic thermal losses at 
2 K in an input coupler are estimated to be about 2 W and 
6 W, respectively. The rf losses at 2 K on a cavity surface 
are about 6 W, so that total thermal losses at 2 K are 
estimated to be about 54 W in the cERL injector 
cryomodule. The cERL injector input couplers have been 
already completed as shown in Figure 16. The rf 
conditioning will be carried out in the high power rf 
system with a cw 300 kW klystron, [14]. 

 
 

 

 

Figure 14: Cryomodule for the compact ERL injector linac. 
Total six input couplers are installed in the cryomodule. 
 

Table 2: Input rf power required for cERL injector. 
 
cERL : Injector input coupler 
 Condition RF Power Operation 
 Test stand 200 kW cw 
 Cryomodule 50 kW cw 
Beam operation 170 kW 14.5 MV/m 

 

SUMMARY 
Advance and performance of the input couplers at 

KEK were reported in this paper. The current progresses 
are summarised as follows; 
• Conditioning of the STF-1 input coupler up to 625 kW 

was achieved in the cryomodule at room temperature. 
• Conditioning of the TTF-V input couplers up to 2 MW 

was achieved in the test stand. 
• Conditioning of the STF-II input couplers and the 

cERL injector input couplers will be started soon. 

 
 

Figure 15: A schematic drawing of the cERL-injector 
input coupler (left) and an rf calculation result by HFSS 
(right). 
 

   
 

Figure 16: A completed cERL injector input coupler for a 
cw operation. 

ACKNOWLEDGEMENTS 
The authors would like to thank members of the KEK-

STF project, consisting of LLRF group, HLRF group, 
cryomodule group, cryogenics group and linear collider 
office. Special thanks are given to the staffs of TOSHIBA 
Electron Tubes & Devices Co., Ltd for manufacturing the 
STF input couplers and Furukawa C&B Co., Ltd. for 
fabricating the doorknob-type waveguide transitions. 

REFERENCES 
[1] S. Noguchi, E. Kako and K. Kubo., “Couplers – 

Experience at KEK”, 4th SRF Workshop, KEK, 
Tsukuba, Japan, (1989) p397-412. 

[2] S. Mitsunobu et al., “High Power Input Coupler for 
KEKB SC Cavity”, 9th SRF Workshop, LANL, Santa 
Fe, NM, USA (1999) WEP032. 

[3] M. Stirbet et al., “High Power RF Test on 
Fundamental Power Couplers for the SNS Project”, 
EPAC2002, Paris, France (2002) p2283-2285. 

Proceedings of SRF2009, Berlin, Germany THOBAU02

08 Ancillary systems

489



[4] E. Kako, S. Noguchi and T. Shishido, “Input 
Couplers for 972 MHz Superconducting Cavities in 
the High Intensity Proton Linac”, 11th SRF Workshop, 
Luebeck/Travemuende, Germany, (2003) ThP27. 

[5]  E. Kako et al., “High Power Input Couplers for the 
STF Baseline Cavity System at KEK”, 13th SRF 
Workshop, Peking University, Beijing, China, (2007) 
TUP60. 

[6]  E. Kako et al., “Cryomodule Tests in the STF Phase-
1 at KEK”, 14th SRF Workshop, Berlin, Germany 
(2009) TUPPO021. 

[7]  W.-D. Moeller et al., “High Power Coupler for the 
TESLA Test Facility”, 9th SRF Workshop, LANL, 
Santa Fe, NM, USA (1999) THA010. 

[8]  B. Dwersteg, D. Kostin, W.-D. Moeller, “TESLA RF 
Power Coupler Development at DESY”, 10th SRF 
Workshop, KEK, Tsukuba, Japan (2001) PT001. 

[9]  H. Jenhani et al., “Studies on Input Couplers for 
Superconducting Cavities”, LINAC08, Victoria, BC, 
Canada (2008) p972-974. 

[10] FJPPL (France Japan Particle Physics Laboratory) 
Collaboration, http://fjppl.in2p3.fr/, A_RD_3 : R/D 
for High Power Couplers for the ILC. 

[11] H. Jenhani, T. Garvey, A. Variola, “RF Conditioning 
Studies of Input Couplers for Superconducting 
Cavities Operating Pulse Mode”, NIM-A 595 (2008) 
p549-560. 

[12] K. Watanabe et al., “SC Cavity System for ERL 
Injector at KEK”, 14th SRF Workshop, Berlin, 
Germany (2009) TUPPO056. 

[13] K. Umemori et al., ”Compact ERL Linac”, 14th SRF 
Workshop, Berlin, Germany (2009) FROAAU04. 

[14] S. Fukuda, private communication. 

THOBAU02 Proceedings of SRF2009, Berlin, Germany

08 Ancillary systems

490



RESULTS FROM ANL/FNAL AND WELD ZONE QUENCHING* 
G. Wu, Fermilab, Batavia, IL, U.S.A.

Abstract 
   A series of single cell and 9-cell cavities has been 

processed at ANL/FNAL facility. Those cavities represent 
major cavity and niobium material vendors. All cavity 
defects are characterized by temperature mapping and 
replica technique. Most of the defects are located in or 
next to the electron beam weld zone. Majority of the 
cavities reached high gradient despite of the defects 
located in high magnetic field region. 

INTRODUCTION 
To support Fermilab’s ILC R&D effort and Project X 

development, a joint Superconducting Surface Processing 
Facility was established in collaboration between 
Fermilab and Argonne National Labs (ANL) at ANL 
campus. The facility includes a jointly developed state-of-
the-art Electropolishing (EP) system [1], and an ultrasonic 
rinsing system, a high pressure water rinsing system 
(HPR) and cleanroom assembly area.  

Work has been in progress to fully commission the 
facility and to develop the optimized cavity procedures 
both for single-cell and multi-cell cavities.  

Since the beginning of the facility operation, 7 single-
cell cavities, 3 nine-cell cavities and two dressed nine cell 
cavities have completed 22 complete or partial cycles. 
The majority of the single cells were being 
electropolished and achieved above 35 MV/m. Field 
emission (FE) of single cell cavities was completely 
under control. Electropolished nine-cell cavities achieved 
24 MV/m in the very first attempt [2]. Nine-cell cavity 
rinsing and clean assembly was demonstrated on a cavity 
which reached 38 MV/m. 

The single-cell cavities were thoroughly investigated 
through the camera inspection system [3] and T-map 
systems [4,5]. Identifiable geometric defects were 
investigated through a replica technique [6] and their 
computer modelling is in progress.  

CAVITY PROCESSING AND TESTING 
The electropolishing system at the joint ANL/FNAL 

facility is capable of electropolishing a single cell or 9-
cell cavities in a simple setup. The acid/water 
temperatures, flow rates, current, voltage, air flow can be 
controlled remotely and individually to allow process 
optimization [1]. A 50°C or higher ultrasonic bath at 1% 
detergent concentration is available for cavity rinsing 
immediately after electropolishing.  

Cavity handling has been designed to only allow clean 
parts to move inside the cleanroom. All activities after 
evacuation such as baking, active pumping and test stand 
mounting are conducted in separate clean environment. 

Cleanroom activities between HPR and final sealing off 
cavity ports have been kept to a minimum. The 
evacuation is controlled not only to minimize the 
turbulent flow near the vacuum joint, in the valve and also 
to keep the molecular flow in the main vacuum hose 
connected to the cavity valve.  

Various cavity surface temperature monitoring tools are 
available to help diagnose the cavity performance 
limitation during vertical test. The diode based full body 
temperature mapping system [5] can find quench 
locations and hot spots on cavity surfaces. The fast 
thermometry system is simple to use, and the quench 
location can be identified through one or two RF tests. 
Second sound based detectors for quench location are 
being tested in collaboration with Cornell University [7]. 

All the cavities were inspected by an optical inspection 
system [3] before and after chemical processing to 
document the cavity defect history. For those cavities 
with visible geometrical defects, a replica technique [6] 
was used to obtain fine details for further computer 
simulations.  

CAVITY PERFORMANCE AND 
LIMTATIONS 

Cavity Performance Statistics 
Six single-cell cavities representing three vendors and 

various histories are shown in table 1. All but one cavity 
reached above 35MV/m after first EP. Cavity NR-1, 
TE1AES004 and TE1AES005 had been buffer chemical 
polished (BCP) at Cornell University. Cavities 
TE1ACC001, 2 and 3 had no chemistry treatment after 
receipt from the vendor. The EP removal was set around 
100 µm, except in cavity TE1AES004, for which the 
removal was substantially less. All but one cavity was 
limited by quench and had no detectable field emission. 
The results indicated the EP setup, HPR and clean 
assembly at the joint ANL/FNAL facility are performing 
as expected. The overall cavity performance is plotted in 
Figure 1. 

After the performance of single-cell cavities 
demonstrated the facility’s capability, two nine-cell 
cavities were used to further investigate the performance 
of the electropolishing and clean assembly of 9-cell 
cavities. ACCEL6 and TB9ACC014 were electropolished 
at Jlab and both achieved above 35 MV/m [2]. The first 
several attempts indicated that field emission was the 
major limitation. It is believed the main control valve for 
slow evacuation was failing, which caused a sudden 
pressure surge in main pumping line and also turbulence 
within cavity. In the sixth attempt, a limiting valve was 
used between the main control valve and cavity. So the 
cavity volume can be protected if main control valve fails. 
The sixth cavity test achieved 38 MV/m, clearly showing 

*Work supported by U.S. Department of Energy under contract # DE-
AC02-07CH11359.  
#genfa@fnal.gov 
 

Proceedings of SRF2009, Berlin, Germany THOBAU03

05 Cavity performance limiting mechanisms

491



the importance of slow evacuation. All the test results are 
plotted in Figure 2 and also listed in Table 2. 

 

Table 1: Recent 6 single cell cavities history and 

Cavity BCP* 
[µm] 

EP 
[µm] 

Eacc 
[MV/m] Limitation 

NR-1 150 93 26.5 Quench 

TE1AES004 107 65 39.2 Quench 

TE1AES005 104 100 36.3 Quench 

TE1ACC001  99 41.3 FE 

TE1ACC002  112 37.1 Quench 

TE1ACC003  119 42.1 Quench 

* BCP conducted at Cornell University. 
 
 
 

1.E+08

1.E+09

1.E+10

1.E+11

0 10 20 30 40

Eacc [MV/m]

Q
0 TE1AES004

NR-1

TE1AES005

TE1ACC002

TE1ACC001

TE1ACC003

 

Figure 1: Q-Eacc of six single cell cavities.  
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Figure 2: Q vs. Eacc of two nine cell cavities. (Data 
courtesy of J. Ozelis) 

Table 2: Recent two 9-cell cavities cerformance 

Cavity RF test Eacc [MV/m] Limitation 

ACCEL6 1 30 
FE and RF 

power 

ACCEL6 2 32 
FE and RF 

power 

TB9ACC014 3 26 
FE and RF 

power 

TB9ACC014 4 26 FE and quench 

ACCEL6 5 22.8 
FE and RF 

power 

TB9ACC014 6 38 RF power 

 

Performance Limitations 
Among the six single cell cavities listed in Table 1, 

TE1ACC001 showed strong field emission before 
reaching the quench field. Nevertheless, this cavity 
reached 41 MV/m. Post-EP optical inspections did not 
show any significant features. The cavity will be rinsed 
again to eliminate the field emission and to identify the 
performance limiting location. 

NR-1 initially suffered heavy oxidation due to strong 
acidic water residue. The oxidation extends from beam 
line flange to the cavity equator as shown in Figure 3.  

 

Figure 3: Oxidation mark in NR-1. (Courtesy of M. Ge) 

However, the T-map data from Cornell University [8] 
and Fermilab both indicated a quench on the equator was 
not at oxidation location. Once the oxidation was 
removed at Cornell University, the cavity reached the 
same field level and was still limited by an equator 
quench. Optical inspections showed no distinguishing 
feature present throughout the cavity equator. A replica 
technique will be used to obtain detailed surface geometry 
before the cavity is electropolished again.  

Cavity TE1AES005 has a similar oxidation spot caused 
when the high pressure nozzle stopped rotating while 
cavity was moving vertically during the HPR. The 
oxidation mark extends from beam pipe to a little over 
equator as shown in Figure 4. It will be rinsed using 

performance limitations 

limitations 
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hydrofluoric acid to remove the oxidation before it is 
tested again. 

 

  
                    (a)                                      (b) 
 

Figure 4: Oxidation caused by the high pressure water jet 
malfunction in TE1AES005. (a) The oxidation mark 
extends from the beam pipe through equator (Courtesy of 
M. Ge); (b) The temperature map shows heating at the 
oxidation location (Courtesy of A. Mukherjee).   

 
TE1ACC002 was another cavity for which the quench 

location has no distinguished features.  
Both TE1AES004 and TE1ACC003 have unique 

geometric features as shown in Figure 5 and Figure 7. 
While the TE1AES004 defect is large and has inner peak, 
the TE1ACC003 defect is a commonly observed “cat 
eye” shape. The locations of these defects are also unique. 
The TE1AES004 defect sits right at the edge of the 
electron beam path. The TE1ACC003 defect is clearly out 
of recrystalization area next to the electron beam path. 
The T-map data show the TE1AES004 defect is merely a 
hot spot instead of a quench, while TE1ACC003 defect 
was really causing the cavity quench. Despite of these 
distinguishing defects, these two cavities reached 
remarkably high surface field. A replica technique was 
used to extract the geometrical contour of the defects. The 
obtained 3D surface data includes important edge 
curvature and the defect depth information which was 
used to estimate the local magnetic field enhancement 
(Figure 6 and Figure 8). The calculation shows the 
magnetic field enhancement is consistent with the highest 
surface field reached in the cavity. 

 

 

Figure 5: Picture of geometric defect on equator of 
TE1AES004.  

 

 

Figure 6: 3D surface profile of replica of TE1AES004 
equator defect. 

 

Figure 7: Picture of geometric defect near equator of 
TE1ACC003.  

 

 

Figure 8: 3D surface profile of replica of TE1ACC003 
near equator defect. 
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DISCUSSION 
While the effort at the joint ANL/FNAL continues its 

progress, several interesting facts have been gathered.  
While optical inspection tools remain popular and 

useful, their capability to identify the true defects is 
limited. This observation has been reported elsewhere [9]. 
The defects’ shape and origin cannot be explained in a 
single theory. While the TE1ACC003 defect was present 
as received from vendor, it does not seem to be caused by 
electron beam welding since it is out of the heat affected 
zone. The number of potential causes can be 
overwhelming if the manufacturing details of the original 
material are considered. Even though we don’t have the 
full history of TE1AES004 cavity defect before acid 
etching, the 3D shape suggests that it is caused by a 
crystal grain being dislodged during manufacturing or 
processing.  

It is widely believed the BCP process roughs up the 
fine grain niobium surface, yet the subsequent EP in those 
single cell cavities shows it can polish the surface to 
achieve high gradient. Even in the case of pits, EP can 
smooth out the defect’s edges so it will not cause 
significant magnetic field enhancement. 

CONCLUSIONS 
The test results from cavities processed and assembled 

at the joint ANL/FNAL facility proved is capable of 
providing high gradient cavities to meet ILC and other 
project goals. EP on single-cell cavities showed 
remarkably high gradients. Single-cell cavity field 
emission is completely under control. 9-cell HPR and 
clean assembly at ANL/FNAL facility also proved to be 
able to produce high gradients.  

A replica technique proved to be very useful to 
understand the pit geometries. 

Future work will focus on improving the 9-cell 
performance and yield. In parallel, single-cell cavities will 
continue to be indispensible tools for SRF R&D.  
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SPIRAL2 CRYOMODULES: STATUS AND FIRST TESTS RESULTS 

G. Olry, D. Longuevergne, H. Saugnac, CNRS/IN2P3, Université Paris-Sud, IPN Orsay, France, 
P. Bosland, CEA Saclay Irfu/SACM, 

Y. Gómez-Martínez, LPSC, UJF, CNRS/IN2P3, INPG. Grenoble, France 

Abstract 
The SPIRAL2 superconducting linac will be composed 

of 19 cryomodules of two different types: 12 low-beta 
cryomodules (so called A) housing a single Quarter-Wave 
Resonator (QWR) each (beta 0.07, 88 MHz) followed by 
7 high-beta cryomodules (so called B), housing a couple 
of QWRs each (beta 0.12, 88 MHz). 

A prototype of each cryomodule type (called qualifying 
cryomodule) has been constructed by the industry and 
successfully tested at 4.5 K and high power (Pmax=10 kW) 
in 2009. The results of these qualification tests will be 
presented as well as the status on cryostats, cavities and 
RF couplers production. 

INTRODUCTION 
The GANIL’s SPIRAL 2 project [1] aims at delivering 

high intensities of rare isotope beams by adopting the best 
production method for each respective radioactive beam. 
The unstable beams will be produced by the ISOL 
“Isotope Separation On-Line” method via a converter, or 
by direct irradiation of fissile material. On the basis of 
referee reports of international experts and committees, 
the positive evaluations by IN2P3/CNRS and DSM/CEA, 
GANIL, and the support of the region of Basse-
Normandie, the French Minister of Research took the 
decision on the construction of SPIRAL 2 in May 2005.  

The driver will accelerate protons (0.15 to 5 mA – 33 
MeV), deuterons (0.15 to 5 mA – 40 MeV) and heavy 
ions (up to 1 mA, Q/A=1/3 14.5 MeV/u to 1/6 8.5 
MeV/A). The superconducting linac is composed of a low 
energy section with 12 cryomodules A with one cavity 
(β=0.07) followed by a high energy section composed of 
7 cryomodules B housing two cavities (β=0.12), see Fig. 
1. Doublets of warm quadrupoles and diagnostics are 
inserted between each cryomodule. 

Cryomodules A are developed by CEA/Saclay while 
cryomodules B are developed by IPN/Orsay. Both types 
of cavities will be equipped with the same power coupler, 
designed for a maximum power of 40 kW CW (in 
Travelling Wave mode), developed and conditioned at 
LPSC Grenoble [2].  

General development programs are quite similar for 

both cryomodule types: the qualifying cryomodules have 
been firstly tested at low power (critical coupling with 
antenna) [3] then at high-power this year before starting 
the series production. These two qualifying cryomodules 
will be part of the driver with minor modifications which 
we will detail hereafter. Cryostats, cavities and power 
couplers productions have started. Cavities are firstly 
tested in vertical cryostat then mounted together with a 
power coupler inside their cryomodule for high power 
and final cryogenic test. Therefore, each cryomodule will 
be individually tested and validated before their shipment 
to GANIL for their installation in the linac tunnel, in 
2011. For that purpose, CEA/Saclay and IPN Orsay have 
developed their own test stand for cryomodule. 
Laboratories have also the responsibility of: chemical 
treatments, High Pressure Rinsing and assembly in clean 
room. 

CRYOMODULE A OVERVIEW 
Details on cryomodule and cavity designs were 

described previously in [4]. 
Each cryomodule A contains only one QWR, β=0.07, 

88.05 MHz. Due to beam dynamic considerations, the 
cryostat flange-to-flange length was minimized to 610 
mm. This could have been realized by developing the 
cavity tuning system that deforms the cavity, 
perpendicularly to the beam axis (Fig. 2). The cavity 
mechanical design was optimized in order to reach a full 
tuning range of 25 kHz at 4.5 K without plastic 
deformation of the niobium cavity. 

The capacitive power coupler is mounted vertically on 
one cavity bottom port. The external coupling factor is set 
to 5.5 106 for all cavities A (fixed coupler) in order to 
deliver a maximum power of 10 kW at the nominal 
gradient of 6.5 MV/m (accelerating length defined as 
βλ/2). 

The first cavities of the accelerator low beta section 
will work at low accelerating field (Ea≈0.5 MV/m) while 
the last cavities of the section will work at about Ea=6.5 
MV/m. 

 
Figure 1: Layout of the linac (total length 35 m). 
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Figure 2: Cryomodule A final preparation before closing. 

TEST OF THE CRYOMODULE A 
A specific test stand (Fig. 3) has been installed at 

Saclay in order to qualify all cryomodules A. The 10-kW 
solid-state amplifier, providing RF power to the cavity, 
and the cryogenic valves box used for this test, will also 
be installed in the Linac tunnel. 

 
Figure 3: Cryomodule A connected to the valves box and 
the 10-kW RF amplifier coupler. 

The cryomodule was tested with the qualifying cavity 
(so-called AZ1) that showed abnormal RF dissipations 
during vertical cryostat tests (Qo=2 108 instead of 
expected 2 109). The assembly of the cryomodule with 
this cavity was made before we found the reasons of those 
losses [5]. In this configuration, the cavity dissipation was 
100 W at its maximum accelerating field (Ea=11 MV/m), 
leading us to modify the cryogenic system, initially 
designed for a 40 W maximum load. 

RF power tests were performed from end of December 
2008 to April 2009. As the large clean room that is being 
built at Saclay was not ready at that time, all the 
cryomodule assembly has been performed in the IPN 
Orsay SUPRATech clean room. This operation was made 
by CEA Saclay’s team with the help of the cryomodule B 
team of IPN Orsay. 

Cryogenic Measurements 
The copper thermal shield is cooled down first to about 

100 K. Before the cavity temperature reaches 250 K, the 
liquid helium valve is opened and the cavity temperature 
dropped down to 4.5 K within about 1 hour (see dark 
blue, curve on Fig. 4). One can note that the tuning 
system temperature goes down very slowly (> 3 days to 
reach 50K). The coupler window temperature is regulated 
around 273°C by mean of “warm” air forced flux (pink 
curve). 
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Figure 4: Cool down of the cryomodule A.

Static losses of the cryomodule have been measured by 
isolating it from the valves box and connecting the helium 
return gas to a pressure stabilized helium pipe. The 
measurement of the return gas flow and of the helium 
level decrease gave us the same result: between 6.5 W and 
7.0 W. These values are higher than the theoretical 
calculations (4 W) but still remain below the SPIRAL2 
cryogenic requirement of 8.5 W. 

Dynamic cryogenic losses (including the LHe transfer 
line losses, the valves box losses and the static losses of 
the cryomodule) have been measured around 35 W. This 
is higher than expected (about 15 W). One of the reasons 
was the undersized helium gas return pipe that causes 
pressure increase, then additional loads. As a 
consequence, the helium level was difficult to stabilize 
and modifications of the gas return pipe solve this 
problem. 

Cavity Cool Down 
The dismountable Niobium bottom flange of the cavity 

was thermalized by several copper breads connected to 
the liquid helium bath. This thermalization was not 
effective enough, and then the bottom flange temperature 
remained between 14 K and 17 K (yellow curve on Fig. 
4). Taking into account the power coupler load by 
conduction (1.5 W), further thermal simulations showed 
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that the copper breads cannot evacuate the load coming 
through the coupler. The efficiency of this cooling system 
is in fact limited by the thermal resistance of the contacts 
between the breads and the copper blocks fixed on the 
Helium vessel. 

RF Power Tests 
The power coupler was conditioned up a couple of time 

to the full power of 10 kW: at room temperature before 
cooling down and when the cavity was at 4.5 K. 
Conditioning was performed at 89 MHz, 90 MHz and 
87.69 MHz (i.e. the cavity frequency at 300K) at 50 Hz 
repetition rate and impulsion width ranging from 20 μs to 
CW. Multipactor barriers appeared during conditioning at 
300 K at 4, 26, 131 and 220 W. Those barriers 
systematically reappeared after conditioning of the next 
level. 

External Q factor has been measured by two means 
transmission method: using the 10-kW amplifier and a 
network analyser, and using the decay time factor (at low 
field, 5 Hz, 5% duty cycle). Measured values are 5.2 105 
and 5.4 105 respectively, for 7 mm of penetration of the 
coupler’s antenna inside the cavity. This is in very good 
agreement with calculations: 5.5 105 

The RF power test was hampered by the low Q factor 
of the AZ1 cavity. The RF losses of the cavity were about 
10 times higher than expected, thus the RF power 
dissipated by the cavity was about 35 W at 6.5 MV/m 
accelerating field (i.e. the design accelerating gradient). 

The maximum accelerating field reached was 10.3 
MV/m, above the design value required by the SPIRAL 2 
project (6.5 MV/m). However, the duty cycle was reduced 
down to 5% (5 Hz) in order to limit the thermal load that 
could make the cryogenic system unstable. 

Continuous mode could be maintained at 6.5 MV/m for 
about 40 minutes. 

Tests of the Tuning System 
As described in previous papers, the tuning system 

works by deforming the cavity in the region of the 
accelerating gaps [6]. The tuning system is screwed on the 
cavity on one side, and a sliding system was put on the 
other side. Therefore, it can be used to squeeze the cavity 
but not to pull it. The cavity has to be tuned in such a way 
that at the working frequency (88.052 MHz at 4.5 K) the 
tuner is working around the middle of its full tuning range 
(25 kHz). 

For the first test, the tuning system was initially just on 
contact with the cavity (at the extremity of its stroke), and 
not bolted to it. After a first cooling down and warming 
up cycle, the cavity frequency was permanently lowered 
by 5 kHz. This can be explained by the differential 
shrinkage between niobium (of the cavity) and stainless 
steel (of the tuning system) (see Fig. 5). 

During the cool down of the copper thermal shield with 
nitrogen (0 to 1500 min on Fig. 5), the cavity and the 
tuning system temperatures were decreasing slowly. As 
the tuning system, made of stainless steel, shrinks three 

times more than the niobium cavity, the cavity is squeezed 
by the tuning system. 

 

Figure 5: Differential shrinkage of the cavity and tuning 
system during cool down. 

During the cool down with liquid Helium (from 1500 
min on Fig. 5), the shrinkage of the cavity is higher than 
the one of the tuning system: thus, the cavity is free. 
Then, while the tuning system temperature cools down 
slowly, its shrinkage becomes once more higher than the 
one of the cavity, now stabilized at 4.5 K (between 2000 
and 6000 min on Fig. 5). As a consequence, the cavity is 
constrained one more time. It shall be remembered that 
the niobium elastic limit is 40 MPa at room temperature 
and around 400 MPa at 4 K. Therefore, while the 
deformations caused by the differential shrinkage at 4.5 K 
remain only in the elastic domain, the cavity is plastically 
deformed during the nitrogen cool down phase. 

Thus, before any cool down, the tuning system shall be 
placed some 1.3 mm away from the cavity. This was 
performed during the next cool downs and no more 
permanent frequency shifts were observed. 
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Figure 6: Cavity frequency versus the motor steps (the 
slight hysteresis of 1 kHz disappeared after 2 cycles). 

The measured sensitivity of the tuning system is about 
27 kHz/mm (25 kHz/mm expected). Full excursion of the 
tuning system and way back show a slight hysteresis of 
about 1 kHz (Fig. 6). This hysteresis disappeared after 2 
cycles. Frequency linearity downward is slightly better 
than upward. One can explain it by the fact that the tuner 
contact on the cavity is better when the force applied is 
stronger. 
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Cavity Alignment 
Alignment tolerances of the cavities’ beam axis in the 

SPIRAL 2 superconducting LINAC are +/-1 mm. 
Displacements of the cavity inside the cryomodule 

during pumping, cool down and warming up operations 
have been measured by two means. First, the beam port 
flanges of the cavity were equipped with special copper 
vacuum seals. These seals were machined with lug-
shaped sights (three per seal), which allowed to check the 
cavity movements by optical means in all directions. 
Second, a displacement sensor (Swema) qualified for 
cryogenic temperatures operation was mounted on the 
bottom flange of the cavity. The movable part of the 
captor was tied on the cryostat top and bottom walls with 
an Invar wire in order to check vertical displacement of 
the cavity. 

Pumping shows a vertical displacement of the beam 
axis lower than 0.1 mm. 

Cool down show a vertical displacement of 1.13 mm by 
optical method and 1.07 mm by the displacement captor. 
No horizontal displacement is measured. These 
measurements are similar to the estimated value of 1.11 
mm upward during cool down. 

Therefore the cavities will be shifted downward of 1.1 
mm during the cryomodule assembly phase in order to 
compensate for the beam axis displacement during cool 
down. 

CRYOMODULES AND CAVITIES A 
PRODUCTION STATUS 

Cryomodules 
The production of 11 cryomodules A has started in 

June 2009. The first cryomodule shall be delivered at the 
beginning of 2010 and tested for validation. Then, the 10 
following ones will be delivered between July and 
December 2010. 

In parallel, the qualifying cryomodule will be 
assembled again and tested by the end of 2009. The goal 
is to test the new magnetic shield. It consists in a 1-mm 
thick foil of Mumetall® set on the inner surface of the 
cryostat (at room temperature). 

Cavities 
The two first cavities (AZ2 and AS3) reached the 

required performances in vertical cryostat tests. 
Production of the 10 remaining cavities was shared 
between two manufacturers. Next cavities will be 
delivered between May and July 2010. 

CRYOMODULE B OVERVIEW 
Each cryomodule B houses two QWR, beta 0.12, 88.05 

MHz cooled at 4.5 K with liquid Helium (Fig. 7). The 
overall flange-to-flange cryomodule length is 1360 mm 
(for a resonator flange-to-flange length is 450 mm).  

The cryomodule vacuum vessel and the 60 K thermal 
shield are made from 3 different parts in order to facilitate 
the assembly inside the clean room and to limit the 

probability of dust pollution. Due to the small cryostat 
dimensions and mainly to the very low tuning sensitivity 
to cavity body mechanical stiffness ratio, an alternative 
tuning system has been developed. It consists in a high 
RRR Niobium plunger, cooled at 4.5 K, which is inserted 
on the top of the resonator (inside the magnetic volume). 
The static tuning range is + 50 kHz with a dynamic range 
of +/- 4 kHz. The cavity alignment is performed by 
optical means. Each of the 14 resonators is specified for a 
maximum dissipation of 10 W at 6.5 MV/m. The 7 
cryomodules are specified for static cryogenic losses of 
11 W at 4.5 K. 

 
Figure 7: Qualifying cryomodule B 

TEST OF THE CRYOMODULE B 
The cryomodule B was tested in Orsay in the same 

conditions as those of the cryomodule A. Each cavity has 
its own power coupler (two 10 kW amplifiers are installed 
on site). 

Cryogenic Measurements 
The thermal shield is cooled by liquid nitrogen at 

atmospheric pressure (~ 80K). After 9 hours, the thermal 
shield is around 80 K and regulated between 80 K and 
100 K. The static losses are around 60 W at 80K. 

The time needed to cool down the whole helium circuit 
is estimated at around 5 hours. Both cavities are cooled by 
the bottom and in parallel through only one feeding valve. 
The upper parts of cavities and the inner central conductor 
(stem) remain less than 1 hour between 150 K and 50 K 
(Fig. 8). This limits significantly possible Q-disease 
effect. 

Once the helium buffer is filled in up to 20%, the liquid 
helium flows directly into it. An analogical feeding valve 
controls the helium flow to keep a constant level in the 
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helium buffer. In this continuous filling mode, the static 
losses have been measured around 32 W. 

 
Figure 8: Cavity cool down. 

When the feeding valve is closed and the cryomodule is 
isolated, the static losses fall down to 16 W. Half of losses 
is due to transfer lines and valves box losses. The 
theoretical static losses (evaluated at 11 W) are not 
reached because of undersized heat sinks between the 
thermal shield and the couplers and the higher 
temperature of the thermal shield. Measurements at the 
level of heat sinks have shown that the coupler 
temperatures stay around 100 K and 120 K. 

In continuous filling mode, the helium bath pressure 
stability is +/- 2 mbar. 

Power Coupler Processing 
Power couplers have been processed in open loop up to 

10 kW in continuous wave. Multipactor barriers and 
vacuum deteriorations have been recorded only between a 
few Watts up to 150 W (Fig. 9). It took less than 1 hour to 
get through. Above 150 W, nothing was observed up to 
10 kW. The external coupling factor is equal to 106 to 
achieve a critical coupling at 6.5 MV/m with a 5 mA 
deuteron beam. 

 
Figure 9: Power coupler conditioning in continuous wave. 

RF Power Tests 
The unloaded Q0 has been evaluated through the helium 

gas flow when all RF power is reflected. At 4.5 K the 
quality factor at 88 MHz is indeed well above the loaded 
quality factor. Below 4 MV/m, the RF losses are too 
small to be accurately measured with respect to the 
cryogenic static losses. On Fig. 10, we show two different 

measurements of Q0 vs. Eacc for the MB02 cavity: in 
vertical cryostat (critical coupling) and cryomodule (over-
coupling). Differences between the two configurations are 
mainly the tuning system (plunger) and power coupler. 

Results in cryomodule are in good agreement with the 
one in vertical cryostat. The quality factor is not degraded 
at 6.5 MV/m (Qo>1.4 109), but one can note that the 
maximal accelerating gradient was lower in the 
cryomodule configuration (7.2 MV/m instead of 9.2 
MV/m in vertical cryostat). We suspect a defect on the 
plunger of being the cause of that deterioration. This 
plunger was chemically polished by only several microns. 
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Figure 10: Quality factor versus accelerating gradient in 
two different configurations for MB02 cavity. 

Multipacting, Lorentz Forces Detuning and 

Two multipacting barriers were observed: the first one 
around 50 kV/m and the second one around 1 MV/m. 
These barriers were much more easily processed in 
cryomodule configuration than in vertical cryostat thanks 
to the power coupler over-coupling. 

The frequency shifts during operation are caused by 
Lorentz forces and pressure drop. The Lorentz factor K 
has been measured in vertical cryostat where pressure 
drops are negligible. K was around -1.8 Hz/(MV/m)2. The 
pressure sensitivity of the cavity has been evaluated to – 7 
Hz/mbar (same value measured at 300 K).  

Test of the Tuning System 
Tests on moving plunger have shown an excellent 

mechanical reliability after hundreds of cycles. The 
reproducibility of the displacement (stroke of 8 mm) is 
better than a few microns. The mechanical backlash stays 
constant around 70 microns over several cycles. This will 
be compensated, in the case of slow tuning, by 
implementing in the controller a fast displacement order 
each time the stepping motor rotation is changing (see 
example on green curve, Fig. 12). 

The tuning sensitivities are linear on the full range and 
equal to 976 Hz/mm and 908 Hz/mm for diameters of 
respectively 29.7 mm and 28.5 mm (Fig. 11). These 
results are in good agreement with simulations. The 
tuning range is about +/- 4 mm giving a frequency tuning 
range of about +/- 3.5 kHz. The total reduction of 8 

Pressure Sensitivity 
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steps/μm (gear box and ball screw) allows a frequency 
regulation below 5 Hz or 5°. 

We created artificial pressure variations on the Helium 
bath (by closing the exhaust gases valve) to try to regulate 
the frequency cavity by the tuning system. The cavity 
phase and accelerating gradient were regulated by a 
LLRF loop. The phase error signal consists of the 
difference between output and input cavity phases. An 
order, proportional to the phase error was sent each 500 
ms to the motor controller. In order to relieve the motor, 
the order is forced to zero if the phase error is below 5°. 

Results are encouraging. Pressure variation up to 32 
mbar has been compensated. The phase deviation stays 
within the cavity bandwidth for pressure perturbations 
rate lower than 0.4 mbar/s. 
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Figure 11: Cavity frequency shift versus displacement for 
two different plungers. 

 
Figure 12: Cavity phase regulation with moving plunger. 

CRYOMODULES AND CAVITIES B 
PRODUCTION 

Cryomodules 
The production of 6 cryomodules B has started in 

March 2009. The first cryomodule shall be delivered mid 
November 2009. After a 2-month test period and its 
validation, the 5 remaining cryomodules will be delivered 
every 3 months. 

A new intermediate part of the vacuum vessel is 
delivered end of September 2009 and will replace existing 
one (shown on Fig. 7). Modifications on flanges will 
make this qualifying cryomodule be part of the Linac. 

Cavities 
Production of the 16 beta 0.12 cavities will end in 

November 2009. Among about ten cavities already 
delivered, seven have been already tested and validated at 
4.5 K in vertical cryostat (Fig. 13). One is ready for 
testing and the two others are being BCP treated. 

Cavity MB03 has been baked for 55h at 110°C. Losses 
at 6.5 MV/m have been reduced by 37% (7 W � 4.4 W)

 
Figure 13: Vertical test results 

POWER COUPLERS PRODUCTION AND 
RF CONDITIONING 

The Laboratory of Subatomic Physics and Cosmology 
(LPSC) in Grenoble has made the design of the power 
coupler (electromagnetic, thermal and mechanical 
simulations) and produced the technical drawings for 
fabrication. They are also in charge of the preparation and 
RF conditioning of all power couplers. Details on these 
topics can be found in [2] and [7].  

This power coupler has been designed to provide 10 
kW CW (nominal power for an accelerating field of 6.5 
MV/m) and be assembled of both cryomodule and cavity 
types. All couplers must handle 100% reflected power at 
maximum forward power.  

Production of 30 power couplers has started in 
September 2008. Since then, the first batch of five 
couplers was delivered and tested at LPSC. RF windows 
of these couplers were coated differently: two of them 
were TiN coated with 30 ± 5 nm, one with only 1 ± 0.2 
nm and, finally, two without any coating. All windows 
were made in the same run.  

RF Conditioning 
The first window with 30 ± 5 nm coating broke at 7 kW 

CW, after only 25 min of normal conditioning process 
and strong and continuous deterioration of the vacuum 
pressure at 2 kW CW. As illustrated on Fig. 15, the power 
coupler showed a “burnt” surface state. 

For the second 30 ± 5 nm coated window conditioning, 
the power ramp-up timescale was increased (level of 50 s 
instead of 10 s previously). Additionally, a sensor was set 
on the external conductor, close to the brazed joint of the 
window for monitoring. After 85 min, the window broke 
at 4 kW CW while the window temperature rose up to 
120°C (pink curve on Fig. 16). By comparison, one can 
see on the same Fig. B, the temperature evolution (up to 4 

.
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kW CW also) of one of the power couplers with non-
coated window (purple curve). 

      
Figure 15: SS-03 power coupler before (left) and after 
(right) RF conditioning up to 7 kW CW and the break of 
the window. 

 
Figure 16: Temperature (°C) and power (W) versus time 
(s) of n°SS-02 coupler (30 ± 5 nm TiN coated) and n°S3 
coupler (non-coated). 

Following RF conditioning of remaining couplers were 
successful. The three couplers (with a TiN coating of 1 ± 
0.2 nm and without TiN coating) were conditioned up to 
35 kW CW, in travelling wave mode (resp. Fig. 17, 18). 
One has to note that the coupler with coated window 
showed an important multipacting activity at low power 
levels (blue peaks on Fig. 17) together with a warm-up of 
the external conductor (close to the brazed joint of the 
window). 

 
Figure 17: Power (W) level and multipacting activity (μA) 
versus running time for the 1 ± 0.2 nm TiN coated 
coupler. 

Studies are currently under progress to understand the 
breaks of the 30 ± 5 nm TiN coated windows. Was the 
TiN coating thickness too thick? Was there a problem 

during the coating process taking into account that the 
coating was made before the brazing of the window? 

Figure 18: Power (W) and multipacting activity (μA) 
versus running time for a non-coated coupler. 

PRODUCTION STATUS 
As a conclusion, TiN coating on coupler window 
produces an extra thermal load to the superconducting 
cryomodules and doesn’t help for multipacting reduction. 
For these reasons, we chose not to continue with coated 
windows for the remaining power couplers production. 
Production of the twenty five couplers left is now under 
way. Next delivery of five more couplers is expected at 
the end of October 2009. The goal is to condition the last 
coupler mid of 2011. 
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Abstract 

The first module of the superconducting linac at the 
Inter-University Accelerator Centre (IUAC) has been 
commissioned and several different beams have been 
accelerated and delivered for experiments. The niobium 
quarter wave resonators for the first module were 
constructed in collaboration with Argonne National Lab, 
USA. For constructing the resonators for the second and 
third modules a resonator fabrication facility was 
commissioned at IUAC in 2002. Several resonators have 
been constructed using this facility. Based on the 
operational experience with the first linac module, some 
design modifications have also been done. In addition, 
several existing resonators have been successfully 
reworked and restored from a variety of problems. Apart 
from building resonators for the in-house programs, a 
project to build two single spoke resonators for Project-X 
at Fermi Lab, USA has also been taken up. A Tesla-type 
single cell cavity is also being built in collaboration with 
RRCAT, Indore. This paper presents details of the 
fabrication, test results and future plans. 

INTRODUCTION 
The superconducting linear accelerator at the Inter-

University Accelerator Centre (IUAC) consists of three 
cryomodules, each holding eight niobium quarter wave 
resonators [1]. The prototype niobium quarter wave 
resonator (QWR) was designed and developed in 
collaboration with Argonne National Laboratory (ANL), 
USA [2]. In addition to the prototype resonator, all the 
resonators for the first linac module, superbuncher and 
rebuncher were also built at ANL [3]. This portion of the 
linac has been commissioned [4] and several beams have 
been accelerated and delivered for user experiments [5]. 
For constructing the QWRs for the 2nd and 3rd modules, as 
well as resonators for future projects, a Superconducting 
Resonator Fabrication Facility (SuRFF) was setup at 
IUAC [6]. The facility was commissioned in 2002.  

In the first phase, a single QWR was fabricated and 
tested. Subsequently two completely indigenous QWRs 
were built and tested. While the first QWR was built 
using all the in-house facilities, the next two QWRs were 
built using SuRFF, and the machining and forming 
facilities at a local vendor keeping future production and 
fabrications in mind. After the successful testing of the 
indigenously built QWRs, production of 15 QWRs for the 
2nd and 3rd modules began [7]. The production is presently 
nearing its completion. In addition to the in-house 
projects, two single spoke resonators for Fermi National 
Lab, USA, and a Tesla-type single cell cavity in 
collaboration with RRCAT, Indore, are also being built. 

 

SUPERCONDUCTING RESONATOR 
FABRICATION FACILITY (SURFF) 

For constructing the niobium resonators indigenously, 
three major facilities were setup at IUAC. An electron 
beam welding facility (EBW), a surface preparation 
laboratory (SPL) for electropolishing the niobium 
resonators and a high vacuum furnace (HVF) for 
annealing and heat treatment of the resonators and its 
components. Besides this, a simple test cryostat (STC) 
was also fabricated and commissioned. 

The EBW, procured from M/s Techmeta, France, is a 4-
axis CNC controlled machine having maximum beam 
power of 15 KW (60 kV, 250 mA). The vacuum chamber 
is 2.5 m × 1.0 m × 1.0 m, which is pumped by two large 
diffusion pumps having water cooled baffles. The 
machine is equipped with a rotary fixture with tilting 
facility. It is programmed and run using the CNC-ICN 
system through a PC and touch screen. For viewing, a 
CCD camera is provided which can be used both during 
the setting up of the job, and also during actual welding. 
In figure 1, the EBW facility is shown. 

 

 
Figure 1: Electron beam welding facility at IUAC. 

 
The SPL is set up for electropolishing (EP) the 

resonators. The EP process, which is well established [8], 
uses a mixture of sulphuric and hydrofluoric acids in the 
volumetric ratio 85:15. A constant voltage power supply, 
typically operating at 18 V DC, is used. The power supply 
is switched ON for one minute and switched OFF for one 
to two minutes, which constitutes one cycle. The acid 
temperature is maintained between 30-35 °C. During the 
OFF time the acid mixture is re-circulated. Twenty cycles 
removes approximately 25 µm from the niobium surface. 
Typically the resonators are polished 150-200 cycles. 
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The SPL has all the facilities of a chemical lab suitable 
for electropolishing, e.g. large fume hood, sink, 0-20 V, 
1000 A power supply, water chiller for maintaining the 
acid temperature, acid handling pumps, large ultrasonic 
cleaner, safety shower, storage refrigerator etc. A separate 
clean room area has been built for assembling and storing 
of the resonators. Although a high pressure rinsing system 
has been installed, it has not been commissioned and used 
for rinsing resonators. The entire EP process is monitored 
and controlled through a computer. 

The HVF, procured from M/s Hind High Vacuum, 
India, is a bottom loading type furnace which can operate 
upto a maximum temperature of 1300 °C. The furnace is 
pumped by a 6000 l/s oil free turbo pump, which 
maintains the vacuum at < 5 × 10-6 mbar. The furnace can 
be programmed & monitored, both manually, as well as 
through a PC. A niobium cylindrical chamber of size φ600 
mm × 1000 mm (size of the hot zone) is used for 
enclosing the resonator. In figure 2, the furnace is shown. 
 

 
Figure 2: High vacuum furnace at IUAC. 

RESONATOR FABRICATION 
1st QWR 

After the SuRFF was commissioned and the various 
facilities had been calibrated, tested, and in the case of 
EBW the welding parameters were developed, fabrication 
of a single QWR was taken up in the first phase. During 
the resonator production at ANL several additional 
niobium parts, as spares, were made. We decided to use 
them in order to fabricate the first QWR so that all the 
facilities are checked. Some components, such as the 
niobium housing, top flange, ports etc. were made using 
the in-house workshop. However, most of the critical 
electron beam welds, electropolishing and heat treatment 
were done using the SuRFF facilities, and it provided us 
the opportunity to fine tune the systems. In figure 3 the 
offline performance of the 1st QWR is shown. 

 
Figure 3: Offline performance of the first QWR as a 
function of the accelerating electric field Ea at 4.5 K. 
 
Completely Indigenous QWRs 

In the second phase of construction, two more QWRs 
were built. Unlike for the first QWR, all components for 
these two resonators were indigenously built. The 
niobium machining and forming was done at a local 
commercial vendor, while the electron beam welding, 
electropolishing and heat treatment was done at IUAC 
using the SuRFF facility. The commercial vendor was 
developed keeping in mind the QWR production for the 
2nd & 3rd cryomodules, and future projects. Considerable 
effort was put in training the vendor’s manpower for 
niobium machining, sheet metal forming, handling and in 
assembling the resonator components. In figure 4, an 
indigenously built QWR along with its niobium slow 
tuner bellows is shown. 
 

 
 
Figure 4: A completely indigenously fabricated QWR 
along with its slow tuner bellows. 
 

In offline test at 4.5 K one of the QWRs that was 
tested, indicated a low field Q of ∼ 1.5 × 109. The 
resonator was pulse conditioned for just 10 minutes and it 
could easily perform at 3.5 MV/m accelerating electric 
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field with 3.5 W input power, very close to the nominal 
design goal of 4 MV/m accelerating electric field at 6 W 
rf power. Due to shortage of time the full performance of 
the resonator was not achieved at that time.  

The second indigenous resonator performed at 4.4 
MV/m accelerating electric field at 6 W rf power, 
exceeding the nominal design goal. In figure 5, the offline 
performance of the resonator is shown. 

 
Figure 5: Offline performance of the indigenous QWR as 
a function of the accelerating electric field Ea at 4.5 K. 
 
QWR Production 

After the successful construction of the indigenous 
resonators, production of fifteen QWRs for the 2nd and 3rd 
modules began in the third phase. All the niobium 
machining & forming work has been done at the local 
commercial vendor and the electron beam welding, 
electropolishing and heat treatment were done at IUAC 
using the SuRFF facilities.  

Based on the operational experience with the existing 
resonators in the first linac module, several design 
modifications were incorporated in the production 
resonators as described in the following. The original 
resonator design had three coupling ports [2]; one each 
for the drive coupler and RF pickup and a third port for 
the VCX fast tuner. However, the resonator control 
module for the IUAC linac was designed using the 
dynamic phase feedback control [9], which made the third 
port redundant. The production resonators therefore have 
only two coupling ports.  

During the operation of the resonators in the first linac 
module it was found that their performance was 
substantially lower than in the test cryostat [4]. The 
possible reduction in the performance in the linac cryostat 
was thought to be due to trapping of helium gas bubbles 
between the niobium top flange (where the rf current 
reaches its maximum) and the stainless steel flat flange of 
the connection to the helium vessel, whereas in the test 
cryostat a large diameter SS connection was used. When 
the attachments in the linac cryostat were suitably 
modified into a hemispherical dome, the performance of 
the QWRs improved and reached close to the values 
obtained in the test cryostat. In the production resonators 
the hemispherical dome has been welded to the outer SS 
jacket, making it an integral part of the resonator. The 
dome would attach to the helium vessel through a CF 

flange. This design has the added advantage that the 
resonators can be baked to a higher temperature, which is 
known to improve its performance [10]. 

Two of the resonators built during the resonator 
production at ANL got punctured at the upper cap on the 
coaxial line (see details in the following section). The 
upper cap, which is formed in two steps, was made out of 
1.6 mm thick niobium and the uniformity of the final wall 
thickness depended on the geometrical alignment of the 
cap with respect to the forming die. Subsequent heavy 
electropolishing further compromised with the wall 
thickness, which finally resulted in the puncture at the 
thinnest region. In order to avoid this problem on the 
production resonators the upper caps (and end caps) on 
the drift tube of the coaxial line are made out of 3.2 mm 
thick niobium.  

For the production work the EBW fixtures were 
designed, wherever possible, to weld several parts in a 
single pump down. Similarly multiple assemblies were 
electropolished in a single setup to save time and effort. 
Although most of the tooling was available from previous 
constructions, additional tooling and fixtures were made, 
as required, to replace those which had become unusable 
from wear and tear. Several intermediate steps were 
incorporated in the fabrication process to make the 
resonators more reliable in construction. All the coupling 
and beam port bellows, and subsequently their 
assemblies, were thermally shocked and pressure tested to 
ensure vacuum leak tightness. Leaks from the coupling 
port bellows on several of our existing resonators had 
been a major problem which prompted us to go through 
more stringent testing (see details in the following 
section). The work hardened niobium slow tuner bellows 
(without the Nb-Cu top disc) were stress relieved by 
vacuum annealing the convolutions at 800 °C. Some 
critical electron beam welds on the drift tubes were 
radiographed to check porosity and other defects. 
Although during the welding parameter development we 
had gone through the procedure quite exhaustively, we 
felt that it would be prudent to check some welds. 

The major niobium sub-assemblies of the QWR were 
individually electropolished to remove 150 µm from the 
surface. The resonators were then frequency tuned and the 
sub-assemblies were welded together to complete the bare 
niobium resonator. Based on the frequency values of the 
resonators they were electropolished in two different 
ways. Those resonators whose frequency was below or 
near the design value were fully electropolished to 
remove 50-100 µm from the surface depending on how 
far away their frequency was. The remaining resonators, 
whose frequency was higher than the design value, were 
first preferentially electropolished in the inductive region 
of the coaxial line to drop the frequency, followed by 
electropolishing of the full resonator to remove ~50 µm. 
The amount of preferential electropolishing was decided 
by how far away the frequency was compared to the 
design value. This approach ensured that most of the 
resonators were within ±20 kHz of the design frequency 
at that point of fabrication. After all the electropolishing 
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was completed each resonator was heat treated to 1100 °C 
in vacuum <5 × 10-6 mbar. The resonators were then 
jacketed with the outer stainless steel vessel. At present 
twelve, of the fifteen, resonators and fourteen, out of the 
fifteen, slow tuners are ready. In Figure 6a, the production 
QWRs are shown. In Figure 6b, the niobium slow tuner 
bellows are shown. Cold testing of the resonators will 
begin soon. 

 

 
 

 
 
Figure 6: (a) Top-Production QWRs ready with the outer 
stainless steel jackets. (b) Bottom-Slow tuner bellows.  

RESONATOR REPAIRS 
Puncturing of the Central Conductor 

Two of the resonators built during the QWR production 
at ANL [3], got punctured at the upper cap on the central 
conductor of the coaxial line (figure 7). The upper cap is 
located where the capacitive drift tube joins the inductive 
loading arm. The resonators were cut open from the 
shorted end and the punctured upper caps were cut and 
removed from the coaxial line. After adjusting the drift 
tube length the new caps were welded in place. The 

length of the inductive loading arm also had to be 
adjusted in order to retain the overall length of the central 
conductor, thereby maintaining the rf frequency. The 
niobium outer housing length was also adjusted so that 
the beam ports on the central conductor could match the 
housing. The freshly inserted niobium parts on the drift 
tube and loading arm were electropolished to remove 100 
µm from the surface, and the complete drift tube and 
loading arm assemblies were further electropolished to 
remove ~50 µm. They were then welded together and 
heat treated at 800 °C in vacuum < 5 × 10-6 mbar. After 
the repair, the resonators were lightly electropolished to 
remove ~5 µm before the cold test. Since the resonators 
had been heavily electropolished, before they had 
punctured, we did not want to risk puncturing the original 
closure weld and decided to only lightly electropolish 
them. In cold test at 4.5 K one of the resonators 
performed as shown in figure 8. The inferior performance 
of the resonator as compared to its performance before it 
punctured [11], as shown in the figure, could possibly be 
due to the very light final electropolishing done before the 
cold test. However, the performance is still at an 
acceptable level that it could be used in the rebuncher 
cryostat of the superconducting linac, where the 
accelerating electric field required is lower than the linac 
module. 
 

 
 
Figure 7: Punctured upper cap on the central conductor of 
the coaxial line. 

 
Figure 8: Offline performance of a repaired resonator at 
4.5 K after the repair and before puncturing. 
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Vacuum Leaks from the Coupler Ports 
Several QWRs in the first cryomodule had developed 

vacuum leaks through the coupling port transition flange 
bellows assembly. They were replaced with the new 
design as and when they occurred. Since the resonator 
and cryostat vacuums are common this affected the linac 
operation. Recently we decided to replace all the 
assemblies on all the resonators regardless of any leak. 

The original design had used niobium-stainless steel 
explosively bonded flange and welded SS bellows to 
provide the transition from niobium to stainless steel. An 
alternate assembly was designed using formed SS 
bellows, but retaining all the other features of the original 
assembly [12]. The formed bellows were commercially 
procured with appropriate end fittings and the Nb-SS 
flange was electron beam welded to it. Prior to welding to 
the flange, the bellows were thermally shocked from 300 
to 77 K atleast half a dozen times and then pressure 
tested. After the bellows were welded to the flange, the 
assemblies were again thermally shocked and then 
pressure tested, before welding them to the resonators. 
This procedure, which was also adapted on the production 
resonators, ensured that the resonators were leak tight. 
The resonators were individually pressure tested in the 
test cryostat, lightly electropolished and tuned, before 
mounting in the cryomodule. This entire effort has 
resulted in the cryostat vacuum improving from low 10-7 
to high 10-9 mbar. In the recent linac run the cryomodule 
turbo pump could be isolated without degrading the 
cryostat vacuum level. 

COLLABORATIONS 
Single Spoke Resonators 

Apart from constructing resonators for the in-house 
programs, IUAC has also taken up a project to build two 
niobium single spoke resonators for Project-X at Fermi 
National Accelerator Laboratory (FNAL), USA [13]. An 
exploded view of the resonator, designed for β=0.22 
operating at 325 MHz, is shown in figure 9. 
 

 
Figure 9: 325 MHz, β=0.22 single spoke resonator. The 
outer shell diameter is 498 mm. 
 

The single spoke resonator has three major sub-
assemblies, namely the outer cylindrical shell, the spoke - 

which is formed in two halves and welded together, and 
the end walls with its beam port and stiffening ribs. The 
outer stainless steel jacketing of the resonator would be 
done at FNAL. Apart from the smaller dies required for 
forming the spoke to shell collar and the coupler port 
pullout, the major dies required are for forming the half 
spoke and the end wall, both of which are non-trivial to 
make. Most of the initial effort went into making these 
two large dies. 

Just like the QWRs, the spoke resonators are also being 
fabricated using the in-house SuRFF facilities and the 
local commercial vendor developed for the niobium work. 
The dies for forming the half spoke and end wall have 
been developed and several trials were done on copper 
sheets. The half spoke is formed in two steps; first the 
central flat is formed followed by the loft and the circular 
ends. In figure 10a, a half spoke formed in copper is 
shown after machining the edge. The end wall is formed 
in three steps; the nose is formed in two steps using two 
different punches. This is followed by forming of the end 
radius (where the shell meets the end wall). In figure 10b, 
an end wall formed in copper is shown. The edge has not 
been machined. In addition, the die for forming the spoke 
to shell collar has been developed and several trial pieces 
in copper have been formed. Development of the coupler 
port pull out die is also nearing completion. Apart from 
fabricating the dies, several machining fixtures have also 
been designed and built. The brazed beam ports and 
coupler ports will be supplied by FNAL. For the coupler 
ports, a niobium tube has been rolled, welded, sliced and 
sent to FNAL for brazing. At present the two outer shells 
have been rolled in niobium and they are being readied 
for the seam welding. The electron beam welding and 
electropolishing fixtures are also under fabrication. We 
expect the resonators to be ready by the middle of next 
year. 
 

 
Figure 10: (a) Left – Half spoke formed in copper and 
after machining the edges & ends. (b) Right – End wall 
formed in copper. The edge has not been machined. 
 
Tesla-type Single Cell Cavity 

Raja Ramanna Centre for Advanced Technology 
(RRCAT), India, in collaboration with IUAC is 
fabricating a Tesla-type single cell cavity in niobium. In 
figure 11, a picture of the cavity being built is shown. All 
the dies, tooling and fixtures required for the fabrication 
have been developed and built by RRCAT. IUAC is 
extending its fabrication facilities and expertise and 
several fixtures have been designed based on its input. 
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The first half cell has been fabricated, which is shown in 
figure 12. The second half cell is also nearing completion. 
For developing the e-beam welding parameter for the 
equator joint some trials are being performed. Once the 
parameter has been optimized the two halves would be 
welded together. We plan to complete the fabrication of 
the single cell cavity by October this year.  

 
Figure 11: Tesla-type single cell cavity. The overall 
length is 392 mm. 
 

 
 
Figure 12: Half cell of the Tesla-type single cell cavity. 

FUTURE PLANS 
A high current injector (HCI) system is being 

developed at IUAC for injection of highly charged ions 
having higher beam current (than currently available from 
the existing 15 UD Pelletron) into the superconducting 
linac. The HCI would consist of a high temperature 
superconducting ECR ion source [14] which will inject 
the beam of A/q=6 at ~8 keV/n into a room temperature 
radio frequency quadrupole (RFQ) [15]. The RFQ will 
accelerate the beam to ~180 keV/n and feed into the drift 
tube linacs (DTL) [16]. The DTL section would accelerate 
the beam to ~1.8 MeV/n for injection into the 
superconducting linac. In order to provide flexibility in 

the HCI system, as well as for increasing the mass range 
that could be injected into the superconducting linac from 
the Pelletron accelerator, a superconducting low beta 
module is also being planned. Figure 13 shows a 
schematic of the proposed system. The low beta niobium 
resonators in this module would be optimized for β=0.05, 
which is the average velocity for heavier ions from the 
Pelletron accelerator. The preliminary design and 
modelling work on the resonator has started. We expect 
the prototype resonator to be ready for tests in the second 
half of next year. 

 

 
Figure 13: Proposed high current injector system at 
IUAC. 

CONCLUSIONS 
The Superconducting Resonator Fabrication Facility at 

IUAC has been fully operational since July 2002. 
Presently this is the only facility in India for constructing 
superconducting niobium resonant cavities. The facility is 
primarily being used for constructing niobium quarter 
wave resonators for the linac project. IUAC has 
successfully fabricated quarter wave resonators which 
have been installed in the first cryomodule of the 
superconducting linac. Production of fifteen resonators 
for the second and third modules is almost complete. The 
second and third cryomodules will be commissioned by 
the middle of next year. IUAC has also developed 
expertise in carrying out a variety of critical and 
challenging repairs on existing resonators. Two resonators 
have been successfully restored by repairing the 
punctured central coaxial line. While their present 
performance is inferior to their performance before they 
got punctured, it is still at an acceptable level. Several 
resonators have been repaired to fix recurring vacuum 
leaks from the coupling port bellows using an 
indigenously developed design. It has resulted in 
achieving better vacuum in the first linac module. In 
addition to building resonators for the in-house projects, 
construction of two single spoke resonators for Fermi 
Lab, USA has been taken up. Although this project has 
got slightly delayed, considerable progress has been made 
in the last ten months in developing the tooling. RRCAT, 
India in collaboration with IUAC is fabricating a Tesla-
type single cell cavity in niobium, which would be ready 
for cold tests by next month. 
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LESSONS LEARNED FROM THE 9 MA TEST

B. Chase, Fermilab, Batavia

Abstract

The ILC Reference Design Report specification pushes
the operating envelope in many dimensions of RF power
and control. The goal of the “9 mA Test” is demonstrate
the feasibility of the ILC Reference Design RF Unit by op-
erating the DESY FLASH accelerator as close to ILC op-
erating conditions as possible. This test is a collaborative
effort between DESY, KEK, Fermilab, Argonne and SLAC
and has been staged over the last two years, with the most
recent tests taking place in September 2009. Test results
and analysis as related to the ILC design are presented.
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SUPERCONDUCTING 5-CELL CAVITY DESIGN AND COPPER PROTOTYPE CAVITY 
FOR AN ENERGY RECOVERY LINAC AT THE ADVANCED PHOTON SOURCE* 

Z. Liu A. Nassiri,+ , G. Waldschmidt 
Argonne National Laboratory, Argonne, IL, U.S.A.

Abstract 
A 100-mA 5-cell cw superconducting cavity operating 

at 1.4 GHz has been designed for the proposed ERL 
upgrade project at the Advanced Photon Source.  In order 
to achieve high current, the cavity shape was optimized 
and large end-cell beam pipes were adopted. The beam 
break-up (BBU) threshold of the cavity was estimated 
using the code TDBBU, which showed a high threshold 
for a 7-GeV energy recovery linac model.  A copper 
prototype cavity was built using half-cell modules that 
were initially assembled by clamping the cells together. 
The rf parameters of the cavity and higher-order modes 
were measured and compared with the simulation results 
from Microwave Studio. 

INTRODUCTION 
In order to meet the needs of the upgrade of the 

Advanced Photon Source (APS) [1, 2], a 100-mA 5-cell 
cw superconducting cavity was designed and studied. An 
important issue for a high-current superconducting cavity 
is the beam break-up (BBU) threshold limit. In order to 
provide a high BBU threshold for the cavity, large end 
beampipes and low cell numbers were used. The cell 
shape was also optimized to give a low Epk/Eacc and 
Bpk/Eacc. A copper prototype cavity was fabricated and 
measured using bead pulls and compared with simulation 
results. 

BBU THRESHOLD 
The expression of the BBU threshold for a single 

parasitic mode was given by [3, 4, 5] 
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where e is the elementary charge, λ is the mode number, 
(R/Q)λ is the ratio of shunt impedance and quality factor, 
Qλ is the quality factor, θλ is the polarization angle from 
the x direction, tr is the bunch return time, and the matrix 

T relates the transverse momentum to transverse 
displacement after one turn. 

From Eq. (1) we see that the BBU threshold is 
inversely proportional to (R/Q)λQλ and ωλ. As a result, the 
BBU threshold may be improved by lowering either the 
(R/Q)λQλ value or the cavity operating frequency. Since 
reducing the cavity frequency will increase the 
construction and operation cost as well as the risk of 
surface contamination, the BBU threshold was improved 
by decreasing the (R/Q)λQλ value of the cavity. 

CAVITY DESIGN 
The cavity design is focused on lowering the (R/Q)Qe 

of the higher-order modes (HOMs) while maintaining the 
(R/Q)Qe of the accelerating mode (π mode), where Qe is 
the external quality factor. A large iris was used to 
increase the coupling factor to greater than 3%, and large 
end beampipes were used to decrease the Qe of the HOMs. 
The cell shape was optimized to lower the Epk/Eacc and 
Bpk/Eacc. In order to keep the field flatness larger than 
99%, the end half-cell was optimized separately. The end 
beampipe was designed to transition smoothly to the end 
half-cell to lower the Qe of the HOMs. Although the R/Q 
was lowered by approximately 15 Ω for the operating 
mode, this structure reduced the Qe of the HOMs 
significantly. Figure 1 shows the optimization parameters 
of the cell shape, and Figure 2 shows the cross-section of 
the cavity structure with the π-mode electric field in the 
cavity. The parameters of the final cavity are shown in 
Table 1. 

 

Figure 1: Cell shape optimization parameters. 

 

Figure 2: Optimized cavity shape and π-mode field 
contours calculated by Superfish. 
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Table 1: Cavity parameters 

Type Elliptical 

Frequency (MHz) 1407.7 

Q0 9.3x109 

No. of cells 5 

RIris (mm) 38 

Rpipe (mm) 45 

Requator (mm) 96.07 

R/Q (Ω) 467 

Ep/Eacc 2.62 

Bp/Eacc  (mT/(MV/m)) 4.19 

Q0*Rs (Ω) 276 

Loss factor (for σz=1mm) 

(V/pC) 

5.6 

Field flatness (%) >99 

 

HIGHER-ORDER MODES 
The Qe of the HOMs of the cavity were calculated by 

Microwave Studio (MWS) and compared with the 100-
mA BBU limits for monopole, dipole and quadrupole 
modes [6].  

For the monopole modes close to the 2N × 1407.7 
MHz beam harmonics, assuming an upper power limit of 
200 W per mode in a single cavity, the impedance limit is 

2500
R

Q
Q

< Ω ,                         (3) 

Dipole modes: 
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1.4 10
R Q
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,                (4) 

Quadrupole modes: 
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,                  (5) 

where (R/Q) is the ratio of shunt impedance to quality 
factor using the circuit definition, Q is the quality factor, 
and f is the frequency of the HOM. 

Monopole modes that are resonant with the beam 
harmonic frequency should be avoided as the beam power 
loss is extremely high. The simulation results show that 
there is no resonant monopole mode between 2815 ±34 
MHz and between 5631 ±16 MHz, thus it satisfies the 
monopole limit. Comparing Figs. 3-5 with the BBU 
threshold limit for 100-mA current in Eqs. (4) and (5), the 
cavity can be seen to be capable of delivering 100-mA 
beam current.  

 

Figure 3: Monopole modes of the cavity. 

 

 

Figure 4: Dipole modes of the cavity. 

 

 

Figure 5: Quadrupole modes of the cavity. 
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BBU SIMULATION 
The code TDBBU [7] developed at JLAB was used to 

calculate the BBU threshold of the cavity. The model 
consists of a 7-GeV one-pass ERL with an injection 
energy of 10 MeV and an accelerating gradient of 20 
MV/m. Figure 6 shows the displacement of the bunch 
leaving the accelerator as a function of bunch number in 
both the x (horizontal) and y (vertical) directions. After 
about 50,000 electron bunches, the displacement of the 
bunch leaving the accelerator reaches a steady state. The 
convergence of the displacement shows that the beam 
current is below the BBU threshold.  
 

 

 

Figure 6: TDBBU simulation results for 100-mA 
accelerating beam current. The plots above show the 
displacement of the bunch leaving the accelerator as a 
function of bunch number. 

 

COPPER PROTOTYPE CAVITY 
A copper prototype cavity was built to verify the 

simulations of MWS. The copper cavity is shown in 
Figure 7. The cavity was bolted with 12 bolts between 
each mating surface for good electrical contact. Two 
orientation sticks were used to maintain alignment 
between cell halves. After tuning, 98.8% field flatness 
was measured by the bead pull method (see Figure 8). 
The measured dipole modes and the corresponding 

simulation results are shown in Table 2.  Six major dipole 
modes were found and measured in the copper cavity and 
were in good agreement with the simulation results. The 
π-mode frequency error was found to be approximately 
0.1 MHz for the copper prototype cavity.  Figure 9 shows 
the field comparison of three major dipoles. 

 

Figure 7: Copper prototype cavity. 

 

 

Figure 8: Field flatness of the π mode. 

Table 2: Comparison of six major dipole modes 

Major 
HOMs

Frequency (GHz) 
(Simulation  /  Copper cavity) 

TE111 

1.74273  /  1.7457 

TM110 

1.85807  /  1.8611 

TM110 

1.99041  /  1.9918 

TE111 

1.81258  /  1.8158 

TE111 

1.95653  /  1.9583 

TM110 

2.00725  /  2.0082 
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Mode frequency(MWS) MWS simulation results  
( 10 mm off axis ) 

Copper cavity measurements 
( 10 mm off axis ) 

 
 

1.74273GHz:  x-direction 

  
 
 

1.74273GHz: y-direction 

  
 
 

1.81258GHz: x-direction 

  
 
 

1.81258GHz: y-direction 

  
 
 

1.99041GHz: x-direction 

  
 
 

1.99041GHz: y-direction 

  
Figure 9: Comparison of dipole modes found in the copper cavity and the MWS simulation. 

 

CONCLUSION 
A 100-mA 5-cell superconducting cavity operating at 

1.4 GHz was designed and studied for the proposed APS 
upgrade. The cavity was shown to have efficient damping 
of higher-order modes while maintaining a high R/Q for 
the operating π mode and a high geometry factor. The 
copper prototype cavity bead pull measurements were 
found to be in good agreement with simulation results 
both on field patterns and frequencies. The BBU 
threshold for this cavity was shown to be larger than 100 
mA as predicted by the code TDBBU.  

Although the cavity is designed for a 7-GeV ERL at the 
APS, it may be used in other ERLs of varying energies 
and frequencies. 
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SOME ASPECTS OF 704 MHz SUPERCONDUCTING RF CAVITIES∗

R. Calaga
Brookhaven National Lab, Upton, NY, U.S.A.

Recent developments in 704 MHz superconducting RF
have prompted modifications of the cavity design geared
towards high average current with high accelerating gradi-
ent structures. Some aspects of improvement of accelerat-
ing gradient and efficient extraction of higher order mode
power in this frequency range is discussed.

INTRODUCTION

Recently superconducting RF (SRF) technology in the
704 MHz frequency range is increasingly popular for high
average current and high intensity electron and proton
linacs. The need for high duty factor (in some cases CW
beams) make it favorable for linac technology with sub-
giga Hertz frequencies both for overall accelerating effi-
ciency and handling of higher order modes (HOM). De-
tailed studies from CW electron linacs and high intensity
proton linacs have converged to the specific 700 MHz fre-
quency [1, 2, 3]. Additionally, the number of cells per
structure which is a typically a trade off between acceler-
ating gradient and HOM performance has realized into a
generic five-cell structure. Three future machines planned
to work in the 700 MHz frequency range are listed in Ta-
ble 1.

Table 1: Some parameters for

β

Parameter eRHIC SPL ESS-S
Inj energy [MeV] 5 180 200
Max energy [MeV] 3-10 4-5 2.5
Beam current [mA] 50 20-40
Pulse Length [ms] - 0.4-1.9 1.5-2.0
Repetition rate [Hz] CW 2-50 20
Peak Power [MW] 0.05 1.0 1.0
Cav/Cryomodule 6 8 8
Duty Factor CW 4% 4%
Energy recovery eff > 99.95 % - -

Each accelerating structure is expected to comprise of
several five-cell SRF cavities (Niobium) in a single cry-
omodule operating at approximately 1.8 K as shown in
Fig. 1. A continuous superconducting channel using super
fluid helium is desired to reduce cryogenic complexity and
avoid external noise sources onto the accelerating struc-
tures. The only existing SRF cavity at this frequency is cav-
∗ This work was partially performed under the auspices of the US De-

partment of Energy

ity designed for the electron cooling project at RHIC [1].
The design and development of this SRF module has served
as a valuable test bed and a successful demonstration of the
technology. The first design although adequate for single
high current module, presented a few shortcomings which
required modifications for long linacs.

This paper will outline some cavity optimization proce-
dures starting from an original design developed for the
electron cooling. The initial objective of the electron cool-
ing project was to accelerate ampere class beams and which
required strong HOM damping at the cost of real estate gra-
dient. In this paper the focus is directed towards increasing
the accelerating efficiency while retaining the properties of
the HOM damping from the original design. The focus is
therefore directed towards optimizing cavity-transition sec-
tion for a long cryomodule hosting 6-8 five-cell cavities.
This cryomodule will serve as a fundamental unit for the
machines specified in Table 1.

GEOMETRICAL DESIGN

The original design was proposed as a solution to pro-
vide a strongly damped multi-cell structure for CW energy
recovery in the high current regime [1, 2]. The approach
taken to reach the original design involved

• Optimization of fundamental mode RF parameters
(see Fig. 2)

• Adopt a large aperture to reduce the overall power lost
into the higher order modes (HOMs) and subsequently
damp them strongly

• Mechanically stiff to provide a stable design to combat
lorentz forces without cavity stiffners.

As a result, a five-cell cavity with large iris aper-
ture (17cm) effectively operating as a single mode cavity
emerged. The end-group transition from 17cm to 24 cm
beam pipe was adopted to allow for efficient propagation of
HOMs through the beam tube. They are later intercepted
in the warm region using lossy ferrites similar to the strat-
egy adopted in B-factories with single cell cavities. The
exact aperture of 24 cm for the ferrites was fixed due to the
availability of ferrites modules from a Cornell design [5].
The adoption of broad-band beam pipe dampers was an im-
portant step to ensure a simple and robust design for high
current operation to extract large HOM beam power (a few
kW) in cryogenic environment.

The virtue of the design providing strong mechanical
stiffness and the cell-to-cell coupling made the cavity less
sensitive to fabrication errors. Therefore, it required less
mechanical tuning to reach the desired frequency and field

Abstract

three future accelerators
anticipated to utilize 704 MHz superconducting elliptical
cavities for the high section of the linac
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Eight Cavity Cryomodule > 2K Transition Section

Figure 1: Schematic of an eight cavity cryomodule. The transition section between the cavities will host the couplers,
tuners, HOM dampers and interconnections.
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Figure 2: Parametric optimization of cavity geometry as
a function relevant RF characteristics of the fundamental
TM010 mode of the cavity [1, 2].

flatness. However, further mechanical analysis and fabri-
cation of the five-cell cavity, it was found that the cavity
stiffness was close to the yield strength of Niobium. It was
determined that large tuning of the cavity by elongation or
compression could potentially lead to cracks in the equator
region where the cavity cells are welded. Additionally, it
could result in plastic deformation of the cavity [6]. There-
fore, it was deemed necessary to modify the cavity shape
to reduce the stiffness while keeping the HOM characteris-
tics similar. The RF optimization for reduced stiffness the
cavity body was pursued in approximately three steps.

Fundamental Mode

Fundamental mode optimization was performed similar
to the generation I cavity but for reduced cavity angle to
relax the stiffness. The cavity peak fields, R/Q and cell-to-
cell coupling were optimized for the mid-cell. As a result
of the scan, the stiffness was approximately reduced by a
factor of 2 and the peak surface magnetic field by 18% or
more. This reduction in the peak magnetic field should help
improve the real estate gradient proportionally. The exact
reach of the gradient will however depend on the overall
cavity design and appropriate treatment procedure.

HOM Frequency Scan

In addition to the fundamental mode, the mid-cell was
geometry was also studied for the behavior of the first few
cavity HOM modes. The HOM frequencies and their re-
spective cut-off frequencies were scanned simultaneously
as a function of the geometrical parameters. In general, the
behavior of the HOM frequencies can have complicated de-
pendencies, but the goal of this study was to identify a gen-

eral trend and establish the highest frequencies for HOMs
for a given aperture. This could enable in specific cases,
propagation of modes which are near or slightly below the
cutoff frequency of the beam pipe. Figure 3 shows the fre-
quency dependence of various HOMs (both monopole and
dipole) as a function of different geometrical parameters.
It should be noted that for each change in the cavity ge-
ometry, the fundamental frequency was tuned to 704 MHz.
Based on these two criteria, the mid-cell geometry is deter-
mined. In general, the optimum values for the fundamental
mode overlap well with the desired values from the HOM
frequency scans.

End Cell Tuning

The cavity end group (end cell and a short beam pipe
section) is typically constructed from the same description
of the cavity mid cell and tuned for the resonant frequency
using either the equator height and/or the wall angle (α) of
the end cell (for example, BNL I design). This frequency
tuning sometimes results in field enhancement in the end
cell which may ultimately prove to be the limiting factor
the maximum cavity gradient. A trivial method is to reduce
the peak fields in the end cell is to reduce the beam pipe
aperture, but this is highly undesirable from field sensitiv-
ity and HOM point view. Only the cavity wall angle and iris
region were optimized for minimum field enhancement for
the end cell which is shown in Fig. 4. The equator ellipse
is not modified to have the least impact from Lorentz force
detuning. The end cell parameters with better peak mag-
netic field is listed in Table 2. For a comparison, the peak
magnetic field is 1.6% smaller in the cavity structure with
modified end cell compared to a structure using the same
geometrical parameters as the mid-cell. It should also be
noted that no mechanical considerations are taken into ef-
fect here and may impact the proposal to reduce the cavity
wall angle.
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Figure 3: The frequency evolution of the first five monopole modes (top) and first five dipole modes (bottom) as
function of geometrical parameters. 

HOM CONSIDERATIONS

There are also important criteria for HOM damping in
SRF structures which will confine the aperture to an op-
timum values. As the number of cells grow in multi-cell
cavities, the cell-to-cell coupling becomes of great signif-
icance to avoid trapped modes and perform efficient tun-
ing of individual modes. In addition, the weaker coupling
can impact the field sensitivity and thereby play a signifi-
cant role in field flatness and mode damping due to cavity
imperfections. Cell-to-cell coupling and difference in the
mid-cell and the end-cell as suggested in Ref. [1, 2, 7] are
evaluated.

Mid-cell

The iris aperture of the mid and the end-cells are var-
ied with the cavity parameters fixed to previous optimized
values (see Table 2). The cell-to-cell coupling is defined as

1
κ
=

1
2

fM − fE

fM + fE
(1)

where fM and fE correspond to frequencies calculated with
boundary conditions imposed on cavity ends. Figure 5
shows the cell-to-cell coupling for first five monopole and
dipole modes of the cavity mid-cell and end-cell as a func-
tion of aperture. The aperture radius of 8.5 cm is reason-
ably suited for both monopole and dipole modes to have
sufficient cell-to-cell coupling without compromising the
fundamental performance. It is also evident from this scan
that a decrease of the aperture to 7.5 cm has relatively
small effect on the HOMs while minimizing the relative
frequency shift of fundamental mode to mechanical imper-
fections.

End-cell, Frequency Domain

The addition of the end group with beam pipes require
the tuning of the mainly by the end-cell to rematch to the
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Figure 5: Top: Aperture scan to calculate cell-to-cell cou-
pling for first few modes in the mid cell with monopole
dipole modes. Bottom: Aperture scan to calculate cell-to-
cell coupling for six modes in the end group with monopole
and dipole modes.

resonant frequency. Due to the retuning of the fundamen-
tal mode, it is possible that the mid-cell and end-cell res-
onate differently for different HOM passbands [1, 2]. If the
frequency difference becomes vastly different, it becomes
difficult to avoid trapped modes in the center of the cavity
without easy means to damp them. The reduction of the
frequency difference in the BNL II design is studied only
as a function of the iris aperture as the other parameters are
already fixed from previous scans. From Fig. 6, the reduc-
tion of the frequency difference between mid-cell and end-
cell calls for a reduction in the aperture. An aperture radius
of approximately 7.5 cm can reduce the frequency differ-
ence for most modes with some marginal compromise on
the cell-to-cell coupling.

End-cell, Time Domain

Time domain simulations were also carried to estimate
the longitudinal and transverse impedances as a function
of aperture to understand the coupling impedance charac-
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Figure 6: Aperture scan to estimate the influence on the
frequency difference between the mid and end cells for the
first few modes with monopole and dipole modes.

teristics. The impedance is obtained from wake potentials
calculated numerically using ABCI [8] for end groups with
varying radii, but always tuned to 704 MHz for a funda-
mental mode frequency. Figure 7 shows impedance spec-
trum of both monopole and dipole modes as a function of
iris aperture. The impedance is calculated from a wake of
100 m corresponding to a medium range wake. It should be
noted that the exact impedance for modes below the cut-off
of the beam pipe may not be accurate due to artificial wake
truncation. However, the trend of the impedance spectra is
clearly visible.

Figure 7: Aperture scan to estimate the impedance influ-
ence on the frequency difference between the mid and end
cells for the first few modes with monopole and dipole
modes.

Although there is no single optimum aperture, a min-
imum aperture suited for HOM damping is preferred to
maintain the best acceleration efficiency. Based on the fre-
quency and time domain results, the minimum aperture can
be confined to 7.5cm which is used as a baseline for further
calculation in the multi-cell models. An alternative 8.5 cm
iris is also used for comparison when required.

FINAL DESIGN

It should be noted once again that the parametric scans
are non-orthogonal and there exists no unique solution that
satisfy requirements for all modes in the cavity. However,
the above optimization relies on general trends observed
from these scans to find a well chosen region which is not
always obvious from complex structures. A set of parame-
ters are proposed for a ”semi-optimum” design for the im-
proved BNL II design listed in Table 2. The corresponding
middle and end cells are depicted in Fig. 8 for the two de-
signs.

Table 2: Cavity geometrical parameters

Parameter BNL I BNL II
{Mid, End} {Mid, End}

Frequency [MHz] 703.75 703.75
Iris Radius, Riris [cm] 8.5 8.5
Wall Angle, α [deg] 25 {14,12}
Equatorial Ellipse, R = B

A 1.0 1.0
Iris Ellipse, r = b

a 1.1 1.2
Cav wall-iris plane, d [cm] 2.5 {1.7,1.2}
1
2 Length, L = λβ4 [cm] 10.65 10.65
Eq. Radius [cm] 20.9 {19.7,19.4}
Cavity Beta, β = v

c 1.0 1.0
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Figure 8: Top: Mid and end cell geometries for 703.75
MHz superconducting cavity. Bottom: Almost final five-
cell geometry of the BNL II design compared to the origi-
nal BNL I design. The two curves represent BNL I (origi-
nal) and BNL II modified designs.

TRANSITION SECTION

Unlike the design goal of BNL I cavity which was aimed
at minimizing trapped modes and accomplish strong damp-
ing, it is desirable to minimize the length of the transition
section between subsequent cavities. It is envisioned that
the typical 704 MHz cryomodule will consist of 6-8 cavi-
ties and the cyomodules will stacked in a long linac con-
figuration at 2K with minimal thermal transitions. This

Table 3: RF parameters for final mid and end cells for the
BNL II design compared to the original BNL I design

Parameter BNL I BNL II
Frequency [MHz] 703.75 704
Number of cells 5 5
Ep/Ea 1.97 2.16
Hp/Ea [mT/MV/m] 5.78 4.45
R/Q [Ω] 404 497
dF/dR [MHz/mm] 4.18 3.83
Cell-cell coupling 3% 2.99%
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eliminates the possibility of using 300 K ferrite absorbers
on the beam pipes which required at the very high current
and CW regime. Therefore, alternate solutions are consid-
ered to design a short transition section (≤0.5-0.6 m) while
maintaining two important criteria

• Maintain strong damping as in BNL I and use the
beam pipe to propagate the HOMs to the dedicated
couplers located within the transition section.

• Minimize cross talk for the operating mode between
the cavities.

Therefore, three different options are being considered
for the most effective interconnection as shown as in Fig. 9.
The exact diameter of the transition from end-cell to the
beam pipe will be the outcome of future studies to improve
the propagation of HOMs into the transition section. Based
on the final aperture of the beam pipe, the transition step
will be optimized to minimize cross talk. The step will
additionally provide an enhancement of the HOM fields so
increase the coupling to the HOM probes located across the
step.

14 cm

14 cm

O
ption 1

14 cm

22 cm
O

ption 2

14 cm

22 cm

O
ption 3

Figure 9: Three different transition sections concepts for
the interconnection between two cavities.

High current CW beams may require stronger damp-
ing of potentially semi-trapped dipole modes (for example,
TM110) to suppress transverse instabilities. Therefore, a
special four ridged (or three ridged) structure is proposed
for the beam pipe to enhance the propagation of dipole and
other HOMs to the probes located across the transition step.
A conceptual schematic is shown in Fig. 10.

Figure 10: A ridged beam pipe concept to suppress the
fundamental mode propagation into the beam pipe while
retaining the propagation of dipole and HOMs.

A unique feature of the ridge allows selective suppres-
sion of the fundamental mode, first used in the B-factory at

Cornell in the form of flutes [9]. Figure 11 shows the sup-
pression of the fundamental mode propagation as a func-
tion of beam pipe length. Two different transition sections
(8.5 cm and 8.5-to-12 cm) are compared to the ridge struc-
ture. The exact suppression will depend on the final ridge
dimensions.

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

 10  15  20  25  30  35  40

C
av

ity
 to

 B
P

 C
ou

pl
in

g 
[%

]

Beam Pipe Length [cm]

TM010 coupling to beam pipe

Cavity cell-to-cell coupling (5%)

Rad = 8.5 cm
Rad = 8.5 cm to 12 cm

Rad = 8.5 cm, 24 cm Ridged
10-5

10-4

10-3

10-2

10-1

100

 10  15  20  25  30  35  40

E
z 

at
 B

P
 E

nd
  [

%
 In

t(
E

z)
]

Beam Pipe Length [cm]

0.05% of the integrated Ez

Rad = 8.5 cm
Rad = 8.5 cm to 12 cm

Rad = 8.5 cm, 24 cm Ridged
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CONCLUSION

A detailed design evaluation of the original 703.75 MHz
cavity developed for electron-cooling led to modifications
suited for future high energy linacs operating near 704
MHz. The modifications were incorporated and the cav-
ity was further optimized for both fundamental mode and
HOMs. Further studies are needed to evaluate the exact
cavity geometry together with the interconnection for effi-
cient extraction of HOMs and reduced losses from the fun-
damental mode.
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WAKE FIELDS IN THE CORNELL ERL INJECTOR ∗

Russell Wolf, M. Liepe† , Cornell University, Ithaca NY, USA

Abstract

Cornell University is currently commissioning a novel,
100 mA electron injector for an energy-recovery linac
based X-ray light source. Substantial wake fields will be
generated by the short bunch, high current beam when it
passes through the injector cryomodule, hosting five super-
conducting microwave cavities together with six broadband
beam pipe microwave absorbers. In this paper we present
wake field and loss factor calculations for all components
inside this cryomodule, including RF cavities, microwave
absorbers, flanges, gate valves, and beam pipe radius tran-
sitions. The dependence on bunch length is discussed as
well as a comparison of results from different numerical
wake field codes.

INTRODUCTION

Cornell University is proposing the construction of a
new hard x-ray light source driven by an Energy-Recovery
Linac (ERL) [1]. The x-ray performance and the scien-
tific potential of such a light source would be transforma-
tional, greatly surpassing any existing storage-ring based x-
ray source [2]. One of the key technological challenges of
an ERL based x-ray light source is the production of a high
current (100 mA), very low emittance beam in its injector
(< 1 × 10−6 m rad at a bunch charge of 77 pC). In order
to demonstrate the feasibility of such an electron injector,
Cornell University has developed and set up a prototype of
this injector, which is currently under commissioning and
extensive testing [3].
One of the main components of the ERL injector is its
energy booster cryomodule, hosting five superconducting
RF (SRF) 2-cell cavities (1.3 GHz fundamental mode fre-
quency). Each of these cavities will be transferring up to
100 kW of RF power to the electron beam to increase its
energy from a few 100 kV after the DC electron gun to
over 5 MeV at the exit of the booster cryomodule. The
parameter space of the beam passing through the SRF in-
jector cryomodule is far outside what has been achieved
previously, and the resulting challenges are manifold.
One of these challenges is the excitation of substantial
electromagnetic fields by the 100 mA bunched electron
beam while it passes through the SRF injector cryomod-
ule. These so-called wake fields can cause emittance in-
crease, beam instability and significant heating of sections
of the walls of the beam line elements. Detailed qualita-

∗Work supported by NSF Award PHY-0131508, the Empire State De-
velopment Corporation (ESDC) Energy Recovery Project #U316, and by
Cornell University.

† MUL2@cornell.edu

tive and quantitative understanding of the excitation of the
wake fields in the injector cryomodule is therefor a must.
The average power transfered from the beam to electro-
magnetic fields while the beam passes on axis through a
beam line element (e.g. a SRF cavity, gate valve...) is given
by [4]

ΔP = k||Iq , (1)

where I is the average beam current, q the charge per
bunch, and k|| is the longitudinal loss factor of the given
beam line element. The loss factor itself depends on the
geometry of the beam line element, as well as on the length
σ of the particle bunches. It can be computed from the
wake potential W||(s) via the integral

k|| =
∫ ∞

−∞
W||(s)λ(s)ds , (2)

where s is the spatial coordinate along the beam axis, and
λ(s) the longitudinal charge distribution function of the
bunch. The wake potential generated by a particle bunch
itself also depends on the bunch length, and can be com-
puted numerically for a given geometry of a beam line ele-
ment.
In this paper we use two wake field computation codes to
calculate the wake potentials and resulting longitudinal loss
factors for the ERL injector beam line. The focus here is
on

• comparing the relative contributions of the different
elements in the injector module beam line to the total
loss factor of the injector cryomodule,

• studying the dependence of the loss factors on bunch
length,

• exploring the potential reduction of the loss factor per
length for the somewhat periodic beam line in the in-
jector module, and

• comparing the numerical results from two different
wake field codes.

In the following we will first give an overview of the nu-
merical codes used to calculate the wake potentials, fol-
lowed by an overview of the ERL injector beam line. We
then present and discuss results from these codes for the
Cornell ERL injector cryomodule.

COMPUTATIONAL DETAILS

For this study, two programs where used to simulate the
wake fields trailing the bunches passing through the ERL
injector module beam line and to compute loss factors.
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Figure 1: CAD model view of the Cornell ERL injector cryomodule beam line. Beam line components from left (beam
entrance) to right (beam exit): gate valve; 106 mm half HOM load; first SRF cavity; 78 mm HOM load; second SRF
cavity; 106 mm HOM load; third SRF cavity; 78 mm HOM load; fourth SRF cavity; 106 mm HOM load; fifth SRF
cavity; 78 mm HOM load; 78 mm to 60 mm diameter transition; gate valve; 60 mm to 35 mm diameter transition.

These were NOVO, written by Alexandre Novokhatski [5],
and ABCI (Azimuthal Beam Cavity Interaction), written by
Yong Ho Chin [6]. This allowed for verification of results
by comparing the outputs of the two programs, especially
at short bunch lengths where small spacial resolution be-
comes critical. Both programs assume axial symmetry, and
use finite difference algorithms to compute the fields gener-
ated by a bunch traveling through the input geometry, and
from there compute wake potentials and loss factors.

ERL INJECTOR MODULE BEAMLINE

Figure 1 shows a CAD model view of the ERL injector
module beam line. It consists of the following beam line
elements, connected by conflat type flanges:

• 2-cell SRF cavities (neglecting the two input coupler
ports on one end of the cavity), facing in two opposite
directions, with 78 mm diameter beam pipes on one
end and 106 mm diameter pipes on the other end;

• two types of full Higher-Order-Mode (HOM) loads,
one at 78 mm diameter and one at 106 mm;

• one 106 mm diameter ”half” load at the beam entrance
side of the cryomodule, which includes a transition
from 60 mm to 106 mm diameter;

• two beam pipe diameter transitions, one from 78 mm
to 60 mm and a second from 60 mm to 35 mm;

• and RF shielded gate valves on either end of the mod-
ule.

Wake fields and loss factors have been first computed indi-
vidually for each of these element types, including the dif-
ferent diameter conflat flanges used. Then, the entire beam
line has been simulated.

ANALYSIS OF INDIVIDUAL
COMPONENTS

For each type of element in the beam line of the ERL
injector cryomodule the wake potential and the resulting

Figure 2: (color) Wake potential computed by ABCI for
the 2-cell cavity at bunch lengths ranging from 0.1 mm to
1.0 mm. Shorter bunches result in a deeper potential well.

longitudinal loss factor where calculated for bunch lengths
between 0.1 mm and 1 mm. The nominal bunch length in
the ERL injector (after compression) is 0.6 mm. Figure 2
for example shows the wake potential of the 2-cell cavity
for this range of bunch lengths. The obtained longitudinal
loss factors for the individual beam line elements as func-
tion of bunch length are summarized in Figure 3 (as com-
puted by ABCI) and Figure 4 (as computed by NOVO).
The mesh sizes used where 0.05 mm to 0.1 mm for NOVO
(denser meshes are not supported by the version of NOVO
used here) and 0.01 mm to 0.05 mm for ABCI. The ratio
of the results by ABCI and NOVO for given bunch length
and geometry are shown in Figure 5 for relative compari-
son of the two wake field programs. With two exceptions,
the results from the two programs agree well within a few
percent for bunch lengths of 0.2 mm and greater. The rea-
son for the ≈7% difference in the loss factors of the cavities
and the significant ≈20% lower loss factors from ABCI for
the half HOM load are unclear and warrent further studies.
Descrepancies at 0.1 mm bunch length might results from
the relative corse mesh used in NOVO.

THPPO004 Proceedings of SRF2009, Berlin, Germany

07 Cavity design

520



Figure 3: (color) Loss Factors for individual components
as a function of bunch length as computed by ABCI.

Figure 4: (color) Loss Factors for individual components
as a function of bunch length as computed by NOVO.

The SRF cavities and the beam diameter transitions (note
that the half HOM load includes a pipe diameter transi-
tion from 60 mm to 78 mm) have the largest loss factors,
which increase rapidly for shorter bunch lengths. Note that
even though the SRF cavities are the primary component
in the injector cryomodule, they nevertheless contribute
only ≈50% to the total loss factor of the entire beam line.
The loss factor of the HOM loads is comparible small (≈1
V/pC at 0.6 mm bunch length), so that they contribute only
≈10% to the total loss factor. This demonstrates the effec-
tive shielding of the bellow sections in the HOM loads by
the absorber support plates; see Figure 1. As expected, the
flanges and gate valves with their relatively small changes
in tube radius contribute to the total loss factor only on the
few percent scale.

ANALYSIS OF THE FULL INJECTOR
MODULE

For long bunches, the single-element approximation can
be used to calculate the total wake potential and loss fac-

Figure 5: (color) Ratio of the loss factors calculated by
ABCI and NOVO (kABCI/kNOV O). At shorter bunches,
there is more discrepancy between the two programs. The
legend is the same as in Figure 3 and 4.

Figure 6: Comparison of electric force lines computed by
NOVO for a bunch entering the two-cell cavity after also
traveling through the beam entrance section of the cry-
omodule (left) and after just traveling though the 2-cell cav-
ity in isolation (right).

tor of the entire beam line in the injector cryomodule. In
this approximation it is assumed that the bunch keeps the
same field pattern in its vicinity before and after it trav-
eled through the beam line element (for the longer bunch,
the electric force lines are almost radial after passing the
element, as they were at entering it). The excitation of
wake fields is then identical in each element of given type,
i.e. independent of its relative longitudinal position in the
beam line and the total energy loss of the beam is simply
the sum of the energy loss in the individual beam line el-
ements. Figure 7 and 8 show the total wake potential of
the beam line in the ERL injector cryomodule as obtained
from the wake potentials of the individual elements under
this long bunch approximation. The total longitudinal loss
factor of the entire beam line obtained this way is shown in
Figure 9.
However, for short bunches, the field pattern changes sig-
nificantly after passage through a section of the beam line,
and the single-element approximation is no more valid; see
also Figure 6. For periodic or quasi-periodic beam lines
(like long chains of identical cavities) it has been found
that this effect can lead to a significant reduction in the loss
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Figure 7: (color) Total wake potential the entire beam line
of the injector cryomodule, as computed by adding indi-
vidual wake potentials for each component, as computed
by ABCI, for bunch sizes ranging from 0.1mm to 0.8mm.

Figure 8: (color) Total wake potential the entire beam line
of the injector cryomodule, as computed by adding indi-
vidual wake potentials for each component, as computed
by NOVO, for bunch sizes ranging from 0.1mm to 0.8mm.

factor per length of beam line [7]. In order to explore if this
reduction by periodicity at short bunch lengths is still sig-
nificant for the case of the injector module beam line, the
loss factor of the entire beam line has been calculated by
ABCI for different bunch lengths; see Figure 9. As can be
seen, the loss factor at 0.2 mm bunch length is only half of
the sum of the loss factors of the individual elements. This
is remarkable, since the beam line in the injector cryomod-
ule has many breaks in periodicity.
At the nominal bunch length of 0.6 mm, the total loss factor
computed is about 30 V/pC, which results in a total average
power loss of 230 W for a 100 mA beam with 77 pC bunch
charge.

CONCLUSIONS AND OUTLOOK

Detail numerical studies of the wake fields excited in
the Cornell ERL injector cryomodule have been done. The
two numerical wake field programs ABCI and NOVO show
mostly good agreement in their computations of wake po-
tentials and loss factors. A significant reduction in the loss
factor of the entire beam line at short bunch lengths has
been found as compared to the sum of the loss factors of
individual beam line components. Although the loss factor
of individual components may be small, they can add con-
siderably for a large number of elements. Even though the
most significant loss is due to the SRF cavities, they con-
tribute only about 50% to the total loss factor of the entire
beam line in the ERL injector cryomodule.
During the next year we plan detailed measurements of the
loss factor vs. bunch length at the Cornell ERL injector to
test these numerical results.
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A GENERAL PERTURBATION THEORY FOR CAVITY MODE FIELD
PATTERNS

D. Meidlinger∗, CLASSE, Cornell University, Ithaca, NY, 14853, USA

Abstract

The electric and magnetic field patterns of all modes in a
cavity each form a complete set of eigenfunctions with the
square of the mode angular frequency serving as the corre-
sponding eigenvalue. Slater’s theorem provides a formula
for predicting the first-order shift in the eigenvalue when
the cavity surface is deformed slightly. A similar formula
for predicting the shift in the eigenfunction (i.e.the field
pattern) is derived from first principles. With this formula,
it is possible to apply perturbation theory to find higher-
order corrections to both the frequencies and the field pat-
terns of a deformed cavity.

INTRODUCTION

Given a known cavity geometry, the electric and mag-
netic field pattern of the eigenmodes may be numerically
solved by various computer codes. If the cavity geometry
is perturbed slightly, Slater’s theorem may be used to cal-
culate the first-order shift δω in the angular eigenfrequency
ω:

δω

ω
=

∫ (
μH2 − εE2

)
dτ

4U
(1)

where H and E are respectively the magnetic and electric
fields of the unperturbed cavity mode; μ is the permeabil-
ity; ε is the permittivity; and U is the total energy stored in
the unperturbed cavity mode. The integration occurs only
over the perturbed volume of the cavity space.

Eq. 1 allows us to calculate the new eigenfrequency of
the perturbed cavity without needing to bother with the
time and labor of numerically solving for the field pattern
of the new eigenmode. It would be helpful to have simi-
lar formulas for the field patterns. Once the perturbed field
patterns are known, the change in any cavity parameter or
figure of merit may be calculated. Fortunately, such formu-
las can be written by using perturbation theory to solve for
the new field patterns of the perturbed cavity modes. The
method outlined here for doing this is a minor extension of
Slater’s derivation of his theorem[1].

DEFINITIONS

The cavity volume is a region contained by a closed sur-
face which may be divided into regions having only one
of two possible boundary conditions: electric walls which
have E only normal to the surface EW while H has only
tangential components; and magnetic walls which have H

∗ djm226@cornell.edu

only normal to the surface MW while E has only tangential
components.

The infinite set of electric field patterns for the cavity
eigenmodes form a complete set by which any divergence-
free vector field F may be uniquely described:

F =
∑

i

eiEi. (2)

The infinite set of magnetic field patterns for the cavity
eignemodes form their own complete set by which we
could expand the arbitrary vector field F:

F =
∑

i

hiHi. (3)

The field patterns satisfy the following orthogonality rela-
tionships:

ε

2Ui

∫
Ei ·Ejdτ = δij (4)

μ

2Ui

∫
Hi ·Hjdτ = δij (5)

where the integration takes place over the entire cavity vol-
ume. The field patterns have zero divergence and we as-
sume their curls are proportional to each other:

∇×Ei = kiZ0Hi (6)

∇×Hi =
ki
Z0

Hi (7)

ki =
ωi

c
(8)

c =
1√
εμ

(9)

Z0 =

√
μ

ε
. (10)

MODELING THE CAVITY

Maxwell’s equations allow us to predict, given known
boundary conditions, the distribution of E and H in space
and their evolution with respect to time. When E and H
are the fields contained in a cavity, Eq. 2 and Eq. 3 are
particularly useful:

E =
∑

i

eiEi (11)

ei =
ε

2Ui

∫
Ei · Edτ (12)

H =
∑

i

hiHi (13)

hi =
μ

2Ui

∫
Hi ·Hdτ. (14)
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The Ei and Hi are stationary; i.e. they do not change with
time. If the values of all ei and hi are known for all times
t, then we know E(t) and H(t) via Eq. 11 and Eq. 13. If
we know the values of E and H at all points in the cavity
at t = 0, then the initial conditions may be calculated by
performing the integrations in Eq. 12 and Eq. 14. The time
evolution of the expansion coefficients is then produced by
solving Maxwell’s equations. The time dependence of E
and H is completely contained in the time dependence of
the expansion coefficients ei and hi.

If the cavity is unperturbed, then the time dependence of
the expansion coefficients is trivial:

ei = ei(0) e
iωit (15)

hi = hi(0) e
iωit . (16)

If the cavity shape is slightly perturbed, then the Ei and Hi

are no longer eigenmodes, and Eq. 15 and Eq. 16 are no
longer solutions. Eq. 11 and Eq. 13 are still valid- the Ei

and Hi are still a complete set-but the solution is compli-
cated by the fact that the differential equations determining
the dynamics of the expansion coefficients are all linearly
coupled to each other. Only special linear combinations of
the expansion coefficients will have the simple time depen-
dence of Eq. 15 and Eq. 16:

ẽi = ei +
∑

j �=i

ajej (17)

h̃i = hi +
∑

j �=i

bjhj. (18)

It follows that the stationary field patterns which undergo
simple harmonic oscillations are

Ẽi = Ei +
∑

j �=i

ajEj (19)

H̃i = Hi +
∑

j �=i

bjHj . (20)

These are the eigenmodes of the perturbed cavity. The new
angular eigenfrequencies, to first order, are determined by
Eq. 1:

ω̃i = ωi + δωi (21)

By deriving the general form of Maxwell’s equations in
terms of the expansion coefficients, not only will we be
able to calculate the values of the cj , but also the higher
order corrections to Eq. 21.

MAXWELL’S EQUATIONS

To find the general differential equation which deter-
mines the time evolution of the expansion coefficients, we
must reformulate Maxwell’s equations in terms of them.
Beginning with Faraday’s law

∇× E = −μ
∂H

∂t
(22)

we take the dot product of both sides with Hi and integrate
over the cavity volume:

∫
Hi · (∇×E) dτ = −μ

∫
Hi · ∂H

∂t
dτ. (23)

Substituting Eq. 13 and Eq. 64 into equation 23 gives Fara-
day’s law in terms of the expansion coefficients:

ωiei +
1

2Ui

∮
(E×Hi) · da = −dhi

dt
. (24)

Next, we take the dot product of Ei with both sides of Am-
pere’s law:

∇×H = ε
∂E

∂t
(25)

∫
Ei · (∇×H) dτ = ε

∫
Ei · ∂E

∂t
dτ. (26)

Substituting Eq. 11 and Eq. 68 into Eq. 26 gives Ampere’s
law in terms of the expansion coefficients:

ωihi − 1

2Ui

∮
(Ei ×H) · da =

dei
dt

. (27)

Eq. 24 and Eq. 27 are two coupled, first-order differen-
tial equations which are decoupled into two independent,
second-order differential equations by solving for ei or hi

in one expression and substituting into the other:

d2ei
dt2

+ ω2
i ei = − ωi

2Ui

∮
(E×Hi) · da

− 1

2Ui

d

dt

∮
(Ei ×H) · da (28)

d2hi

dt2
+ ω2

i hi = +
ωi

2Ui

∮
(Ei ×H) · da

− 1

2Ui

d

dt

∮
(E×Hi) · da. (29)

PERTURBATION THEORY

Now, we would like to describe the fields inside a cavity
which has exactly the same shape except for a small, local
deformation on the boundary. If we knew the field patterns
of the eigenmodes of the new, perturbed system, then any
field within the new cavity boundary could be described in
terms of this complete set, and Maxwell’s equations would
take the same form as Eq. 24 and Eq. 27:

ω̃iẽi +
1

2Ũi

∮ (
E× H̃i

)
· dã = −dh̃i

dt
. (30)

ω̃ih̃i − 1

2Ũi

∮ (
Ẽi ×H

)
· dã =

dẽi
dt

(31)

where all surface integrations occur over the perturbed ge-
ometry. In this case, the surface integrals in Eq. 30 and
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Figure 1: Along the perturbed electric wall, both the per-
turbed fields and the unperturbed fields are non-zero; how-
ever, the perturbed fields are zero along the unperturbed
geometry.

Eq. 31 are all zero and the perturbed expansion coefficients
exhibit simple harmonic motion:

ẽi = ẽi(0) e
i ω̃it (32)

h̃i = h̃i(0) e
i ω̃it . (33)

While this solution is simple, it requires numerically solv-
ing for the perturbed field patterns, and we would like to
avoid doing this extra work. We choose instead to analyze
the fields contained within the perturbed boundary using
the complete set of eigenmodes of the unperturbed cavity.
Maxwell’s Equations now take the form

ωiei +
1

2Ui

∮
(E×Hi) · dã = −dhi

dt
, (34)

ωihi − 1

2Ui

∮
(Ei ×H) · dã =

dei
dt

(35)

and produce the same differential equations as Eq. 28 and
Eq. 29 but with the surface integration performed over the
perturbed geometry ã. When the cavity is unperturbed, the
right sides of Eq. 28 and Eq. 29 are zero and each differen-
tial equation is independent of the rest. The ith unperturbed
cavity mode oscillates with angular frequency ωi. When
the cavity geometry is perturbed, the right sides of Eq. 28
and Eq. 29 are generally finite and the differential equa-
tions are now linearly coupled to each other. By evaluating
the surface integrals over the perturbed geometry, the cou-
pling coefficients are then known and the new eigenvectors
and new eigenvalues may be found. The surface integrals
can be simplified by noting that the total perturbed fields, E
and H, will be equal to that of the unperturbed fields for re-
gions far from the perturbation; therefore, the contribution
to the surface integrals is zero. The surface integrals only
need to be evaluated at places where the perturbed fields
are different from the unperturbed ones-i.e at the locations
of the perturbation; see Fig. 1.

When a magnetic wall is perturbed, the second integral
on the right side of Eq. 28 is zero since n×H = 0 along the
perturbed magnetic wall of ã. The remaining integration to

perform is
∫

˜MW
(E×Hi) · dã =

∫

δ˜MW
(E×Hi) · dã (36)

where δM̃W is the area on the perturbed surface that de-
viates from the unperturbed magnetic wall. The integral
can be more easily evaluated by including the unperturbed
surface into the region of integration. This is permissible,
since, at this location, E = 0 along the unperturbed mag-
netic wall, the contribution to the total surface integral is
zero:

∫

δ˜MW
(E×Hi) · dã = −

∮

δ˜MW
(E×Hi) · dã. (37)

This allows us to use the divergence theorem to evaluate
the left side of equation 37:

∮

δ˜MW
(E×Hi) · dã =

∫

δ˜MW
∇ · (E×Hi) dτ̃ . (38)

Substituting equation 11 into the right side of equation 38
gives
∫

δ˜MW
∇ · (E×Hi) dτ̃ =

∑

j

ej

∫

δ˜MW
∇ · (Ej ×Hi) dτ̃ .

(39)
The right side of equation 39 can be further evaluated by
noting that

∇ · (Ej ×Hi) = Hi · (∇×Ej)−Ej · (∇×Hi) . (40)

Upon substituting Eq. 6 and Eq. 7 into the right side of
Eq. 40 we have
∫

δ˜MW
∇ · (E×Hi) dτ̃

=
∑

j

ej

∫

δ˜MW
(ωjμHi ·Hj − ωiεEj · Ei) dτ̃ .

(41)

We define a new matrix

Mij ≡
∫

δ˜MW
(ωjμHi ·Hj − ωiεEj ·Ei) dτ̃ (42)

and have finally
∫

δ˜MW
(E×Hi) · dã = −Mijej. (43)

For perturbations along electric walls, it is similarly conve-
nient to define a new matrix

Eij ≡
∫

δ˜EW
(ωiμHj ·Hi − ωjεEi ·Ej) dτ̃ (44)

because it will be found that the second integral on the right
side of Eq. 29 is zero since n×E = 0 along the perturbed
electric wall of ã. It is similarly found that the remaining
integration may be written as

∫

δ ˜EW
(Ei ×H) · dã = −Eijhj. (45)
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Magnetic Walls

For the case that perturbations occur only along electric
walls, the differential equations which determines the time
evolution of the expansion coefficients are

d2ei
dt2

+ ω2
i ei =

∑

j

(
ωi

2Ui

)

Mijej (46)

d2hi

dt2
+ ω2

i hi =
∑

j

(
ωj

2Ui

)

Mijhj . (47)

Electric Walls

For the case that perturbations occur only along mag-
netic walls, the differential equations which determines the
time evolution of the expansion coefficients are

d2ei
dt2

+ ω2
i ei = −

∑

j

(
ωj

2Ui

)

Eijej (48)

d2hi

dt2
+ ω2

i hi = −
∑

j

(
ωi

2Ui

)

Eijhj . (49)

Electric and Magnetic Walls

For the case that perturbations occur along both electric
and magnetic walls, the differential equations which deter-
mines the time evolution of the expansion coefficients are

d2ei
dt2

+ ω2
i ei =

∑

j

[(
ωi

2Ui

)

Mij

−
(

ωj

2Ui

)

Eij

+
∑

k

(
EikMkj

4UiUk

)]

ej. (50)

d2hi

dt2
+ ω2

i hi =
∑

j

[(
ωj

2Ui

)

Mij

−
(

ωi

2Ui

)

Eij

+
∑

k

(
MikEkj

4UiUk

)]

hj . (51)

First-Order Perturbations

For an unperturbed cavity, the differential equation for
the ith electric expansion coefficient is

d2ei
dt2

= −
∑

j

ω2
i ejδij . (52)

When the cavity is perturbed, these differential equations
are linearly coupled since the Ei are no longer eigenmodes

for the new perturbed geometry. In this case, Eq. 52 be-
comes

d2ei
dt2

=
∑

j

Aijej. (53)

The matrix Aij may be factored as

Aij = −ω2
i δij + αij (54)

where the components of αij are found by inspecting the
right sides of Eq. 46, Eq. 48, or Eq. 50 for the case that the
perturbation is along a magnetic wall, an electric wall, or
both electric and magnetic walls respectively. When solv-
ing for the new eigenvalues and eigenvectors, we assume
that the perturbation is small enough that only terms to first-
order in the components of αij need to be retained. Ac-
cording to this first-order approximation, the new ith eigen-
value is

ω̃2
i = ω2

i + αii. (55)

This first-order correction to the angular frequency results
in the same formula as in Slater’s theorem. The new eigen-
mode electric field pattern for the perturbed cavity is pri-
marily that of the unperturbed cavity with an additional,
small correction from all of the cavity higher-order and
lower-order modes as expressed in Eq. 19. To first-order,
the formula for expansion coefficient aj is

aj =
αij

(ω2
i − ω2

j )
. (56)

Similarly, the differential equation for the ith cavity mode
magnetic field may be written as

d2hi

dt2
=

∑

j

Bijhj (57)

where the matrix Bij may be factored as

Bij = −ω2
i δij + βij (58)

and the components of βij are found by inspecting the right
sides of Eq. 47, Eq. 49, or Eq. 51 for the case that the per-
turbation is along a magnetic wall, an electric wall, or both
electric and magnetic walls respectively. The expression
for the first order correction to the eigenvalue

ω̃2
i = ω2

i + βii (59)

is identical to Eq. 55 and the first-order formula for the
expansion coefficients in Eq. 20 is

bj =
βij

(ω2
i − ω2

j )
. (60)

DISCUSSION

Eq. 56 and Eq. 60 provide a formula for the first-order
correction to the electric and magnetic field patterns; how-
ever, higher-order corrections are possible by retaining
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higher-order terms of the αij and βij elements in the al-
gebraic solution for aj and bj . Additionally, higher-order
corrections to the angular frequency which exceed the ac-
curacy of Slater’s theorem may be possible. These higher-
order corrections would involve the additional computa-
tional complexity of the non-orthogonality of Ei and Hi

in the region of the perturbed cavity. Eq. 4 and Eq. 5 are
no longer true when the volume integration is performed
over the perturbed geometry. There is an additional first-
order correction to the orthogonality relation whose ele-
ments will appear in the final results for orders second or
higher.

The first-order derivation involved expansions over an
infinite set of cavity modes; however, a real numerical
solver will have an upper limit to the higher-order modes
which it can faithfully reproduce. This upper limit on
the higher-order modes determines the lower limit on the
size of the cavity wall deformation, since a perturbation
of size λ will require the higher-order mode expansions in
Eq. 19 and Eq. 20 to be carried out to at least the frequency
ν ≈ c/λ, where c is the speed of light, for accurate conver-
gence to the perturbed field.

The case of degenerate modes may be handled using the
conventional approach of degenerate perturbation theory:
any degeneracies or near-degeneracies are identified and
diagonalized first, so that the corresponding elements of
αij and βij are zero.

For cavities which are azimuthally symmetric, the mode
patterns and frequencies may be numerically calculated
with a 2D code. The perturbative formulas for the field pat-
terns have the advantage of being applicable for perturba-
tions which are not azimuthally symmetric while requiring
field values from only the azimuthally symmetric cavity.
In this way, the use of computationally intensive 3D codes
may be avoided.

APPENDIX

Some care is required in finding an expression for the
expansion coefficient of the curl of either E or H. We are
often interested in cases where both E and H have tangen-
tial components along some portion of the cavity bound-
ary, allowing power transfer; however, either Ei or Hi will
have zero tangential component along the boundary. For
this reason, the rate of convergence of the infinite series
in Eq. 11 or Eq. 3 will be much lower at the boundaries.
For such cases of non-uniform convergence, the limiting
process of the infinite expansion does not generally com-
mute with the limits implicit in the derivatives of ∇×E or
∇×H: i.e. the curl of the infinite expansion will not equal
the infinite expansion of the curl. We start by noting that

∇ · (E×Hi) = Hi · (∇×E)

−E · (∇×Hi) , (61)

∫
∇ · (E×Hi) dτ =

∮
(E×Hi) · da, (62)

∮
(E×Hi) · da =

∫
Hi · (∇×E) dτ

−
∫

E · (∇×Hi) dτ. (63)

After substituting Eq. 5 and Eq. 7 into Eq. 63, we arrive at
an expression for the ith expansion coefficient for the curl
of E:

∫
Hi · (∇×E) dτ =

∮
(E×Hi) · da

+

(
2Uiki
εZ0

)

ei. (64)

There is an extra term on the right side of this equation
which does not appear if one simply takes the curl of both
sides of equation 11. By including the extra term on the
right of equation 64, we can now use these field patterns to
describe more general cases.

A similar term is added to expansion for the curl of H:

∇ · (Ei ×H) = H · (∇×Ei)

−Ei · (∇×H) (65)
∫

∇ · (Ei ×H) dτ =

∮
(Ei ×H) · da (66)

∮
(Ei ×H) · da =

∫
H · (∇×Ei) dτ

−
∫

Ei · (∇×H) dτ. (67)

After substituting Eq. 4 and Eq. 6 into Eq. 67, we arrive at
an expression for the ith expansion coefficient for the curl
of H:

∫
Ei · (∇×H) dτ =

(
2UikiZ0

μ

)

hi

−
∮

(Ei ×H) · da. (68)

There is an extra term on the right side of this equation
which does not appear if one simply takes the curl of both
sides of equation 13.
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SUPPRESSION OF HOMs 
IN A MULTICELL SUPERCONDUCTING CAVITY FOR CORNELL’S ERL* 
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Ithaca, NY, U.S.A. 

 
Abstract 
 Minimization of power of higher order modes (HOMs) 
in a multicell cavity was done using derivatives of the 
parameter defining losses with respect to geometric 
parameters of the cavity cells. For the Cornell Energy 
Recovery Linac most dangerous are dipole modes causing 
beam break-up (BBU). As a start point of optimization 
the shape with minimal losses at the fundamental mode 
was taken. Further changing the shape for better 
propagation of HOMs was done with degradation of the 
fundamental mode loss parameter )( QGR  within 1 % 

while decrease of the BBU parameter was nearly 3 orders 
of magnitude. The BBU threshold current tends to be 
inversely proportional to this parameter. 

INTRODUCTION 
 Optimization of a SC cavity for minimal losses of the 
fundamental mode power is necessary because these 
losses define the major part of total power needed for 
cryogenics in the CW operation. On the other hand, the 
current in the accelerator is limited by HOMs excited in 
the cavities by the electron bunches, and to minimize this 
detrimental effect one should change this initially found 
“best” shape. 

 We suppose to resolve this contradiction in the 
following way. (1) To find the best shape of the inner and 
end cells of the cavity from the view point of minimal 
losses. (2) To change the shape of the end cells, even end 
half-cells only, to improve coupling between the cavity 
and the beam pipes keeping the increase of fundamental 
losses in the end cells at some limited level. The losses 
will increase in the end cells only, so the total relative 
increase will be smaller for a multicell cavity. (3) If 
necessary, change the shape of the inner cells, keeping in 
mind their bigger contribution into total losses. 

 The problem of the search for the shape with minimal 
losses was studied in details earlier [1] and there it was 
also stated that wide deviations of some geometric 
parameters do not spoil much the loss parameters of the 
cells if only these deviations are compensated by 
changing some other geometric parameters. As these 
changeable geometric parameters, the half-axes of elliptic 
arcs forming the cell contour were used. This property of 
compensation was supposed as the future resource for 
HOMs tuning. 

LIMITATIONS FOR THE PEAK FIELD 
AND GEOMETRIC PARAMETERS 

 We should impose some limitation on the cell shape 
due to computational, technological and other conditions. 
First of all, we will discuss the elliptic shape of the cells, 
Fig. 1. This means that the half-cell consists of two 
elliptic arcs connected with a conjugated straight 
segment. Four half-axis, A, B, a, and b, of the cells can be 
treated as independent variables whereas the equatorial 
radius eqR , is used for tuning the cell to the working 

frequency f. In this paper we will use dimensions 
corresponding to 1300=f  MHz chosen for the Cornell 

ERL. We shall deal with the π -mode of the standing 
wave in the cavity, so the length of the inner half-cell will 
be 4λ=L , quarter of the wave length. 

 
Figure 1: Geometry of the inner cell: non-reentrant (left) 
and reentrant (right) shapes. 

 We should choose limitations for the cell wall slope 
angle. In spite of better loss properties of the reentrant 
shape [2], Fig. 1, this shape is still in a stage of detailed 
investigations in our lab and elsewhere and now we will 
discuss more traditional, non-reentrant shape. 
Nevertheless, the angle α  of the wall slope should be 

given, and we will take o95=α , trying to come closer to 

the angles o90<α  but still to be on the traditional side of 
this barrier. 

 The next limitation is connected with normalized peak 
surface field accpk EE , where pkE  is maximal electric 

field on the surface and accE  is the acceleration accV  in 

the cell in Volts divided by 2λ . This definition, 

( )2λaccacc VE =  instead of cellaccacc LVE = , where 

cellL  is the geometric length of the cell, should be kept 

for the end cell also because its active length is not 
defined: field is penetrating into the beam pipe and 
actually we are interested in voltage on the cell, the length 
of the end cell is not very important. Increasing the value 
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of accpk EE , one can decrease maximal normalized 

magnetic field accpk EH  and losses in the cell. 

Minimization of accpk EH  also gives a possibility to 

achieve the maximal accelerating rate accE  in the cavity 

because the magnetic field is a hard limit for the SC 
niobium and the electric field is a soft limit [3]. However, 
too high accpk EE  will lead to the field emission, and we 

should be limited by reasonable value of it. In the case of 
Cornell ERL we took a conservative value .2=accpk EE  

 The basic geometric parameter which we will take as a 
given one, is the iris aperture aR . Smaller values of aR  

decrease losses of the fundamental mode but strongly 
increase problems with HOMs. We will rely upon TESLA 
experience and take for the inner cells 35=aR  mm. 

 The higher order modes should have a possibility to 
propagate to the load through the beam pipe. So, the 
radius of the beam pipe should be above the cut-off value 
of the lowest HOMs. In the TESLA cavities [4] the beam 
pipe radius is 39=bpR  mm. This corresponds to the cut-

off frequency of the dipole mode equal to 2253=cf  

MHz. For the geometry chosen for the ERL cavity, only 
modes of the 3rd dipole band and higher can propagate 
through this beam pipe. The lowest modes of the first 
band have their frequency near 1600 MHz but can be 
tuned for our geometry to about 1700 MHz. To guarantee 
a possibility of their extraction, we choose the beam pipe 
radius 55=bpR  mm with a cut-off frequency of 1597 

MHz and decided to make the beam pipes on different 
sides of the cavity with different inner radii: 39=bpaR  

and 55=bpbR  mm. 

 We will keep the smaller radius from one side of the 
cavity because in the case of a broad beam pipe we need 
to place the HOM load further from the cavity to prevent 
degradation of quality factor of the fundamental 
(accelerating) mode. We are forced to use a broad pipe 
but can use it from one only side of the cavity to make the 
whole cavity shorter. The solution with a broad pipe was 
not used in the TESLA cavity, possibly because the need 
to suppress HOMs was not as essential as it is in the case 
of ERL. 

 Trying not to loose accelerating properties of the end 
cell with a broad pipe, we will use an iris between the 
cavity and the broad pipe. So, the end cells will be of two 
kinds, Fig. 2, let us call them “end cells of type a, and 
type b”. 

 Radius of curvature eece baR 2=  of the transition from 

the half cell to the beam pipe (type a) or to the other half 
of the iris (type b) cannot be too small because of 
difficulties of stamping, in our case we will take it not 
smaller than 6 mm. The same is true for the end half-iris 

(type b), in this case we will keep also 62 ≥= ttct baR  

mm. At the same time, in optimization of the fundamental 
mode, it appeared that the sum ctce RR +  for the type b 

end cell tends to become infinitely big that is the same as 
a choice of a narrower pipe. To exclude this case let us 
limit this value by 15 mm as we did in [1]. Further, if it 
will help in propagation of HOMs, we can increase the 
value of this limitation. For simplification values of ta  

and tb  are chosen to be 6 mm. 

 
Figure 2: Two possible end cells of a multicell cavity: 
type a - with a simple transition to the beam pipe (a), and 
type b - with an iris in a broader beam pipe. 

 Radius c of the transition between the end cell iris and 
the beam-pipe should be big enough, about 

( )aebp RRc −⋅= 2 , here aeR  is the aperture of the end 

iris. This is necessary to exclude a possibility of 
multipacting in the minimum of RF electric field which 
can appear otherwise in this transition [5].  

MODEL OF HOM LOAD FOR 
SIMULATION 

 If we optimize the end cells for better propagation of 
HOMs which frequencies are over the cut-off, we should 
have a non-reflecting load at some distance from the end 
cell at each side of the cavity. For the free space such a 
load is known: having the impedance of material 

00 εεμμ=Z  of the same value as the impedance of 

free space 000 εμ=Z , we should have relative 

permeability and permittivity of the material equal and 
having non-zero imaginary parts, for example, 

i−== 1εμ , we will have full absorption if the thickness 

of the absorber is big enough. Unfortunately, in the 
waveguide, the impedance has dispersion, and such a 
perfect absorber cannot be realized neither in simulation 
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all the more in practice. The impedance has different 
dependences on frequency for TE waves, 

( )2
0 cTE ZZ λλεμμ −= , and for TM waves, 

( ) ( )2
0 cTM ZZ λλεμε −⋅= , where λ  is the wave 

length in the free space and cλ .is the cut-off wave length 

of an empty waveguide.  

 The reflection coefficient from the interface between an 
empty and a filled waveguide can be found for the TE-
wave as  

( )
( ) 22

22

11

11

κμκ

κμκ

−+−

−−−
=Γ , 

where cλλκ 0= ; for the TM-waves μ  in the equation 

for Γ  should be changed by ε . If we take the loss 
tangent equal to 1, we can see, Fig. 3, that Γ  very weakly 
depends on absolute value of ε  and μ . For simplicity of 

the mesh in the simulation of the lossy stuff, we will take 
i−== 1εμ . 

 
Figure 3: Coefficient of reflection from the lossy material 
in the waveguide. 

 One can see that for the 10 % shorter wave length than 
the cut-off wave length, the reflection is equal to 5.0=Γ  
or only 25 % in power. Absorption of three quarters of 
power propagating into the pipe will secure very low Q of 
the mode if the coupling with the pipe is big enough. 

 The ideal absorption can be found if we calculate the 
external quality factor extQ  of the cavity. Calculation of 

the extQ  is analyzed in [6]. For the case of the round 

waveguide with a 11TE  wave we can find 

HEext QQQ += , where EQ  and HQ  are defined when 

different boundary conditions are imposed at the end of 
the waveguide:  

( ) )(J11

2

11
2
1

2
11

222
0 ννλε ′⋅′−

Λ=
m

E
Ea

U
Q , 

( ) )(J11

2

11
2
1

2
11

22
0 ννμ ′⋅′−Λ

=
e

H
Ha

U
Q , 

where U is total energy in the cavity, Λ  and λ  are 
wavelengths in the waveguide and in the free space, 
respectively, a is the radius of the waveguide, mE  is 

maximal electric field on the magnetic wall at the butt of 
the waveguide, eH  is maximal magnetic field on the 

electric wall at the butt of the waveguide, )(J 111 ν ′  is the 

Bessel function of the first kind at the point of the first 
root of the derivative ).(J1 x′  

 In the model the load is a disc at the butt of the pipe 
filled with the lossy material, Fig. 4. A half-cavity with a 
magnetic wall at the left boundary was used for this 
simulation. The structure of the electric field of a mode 
with a low coupling with the load is also presented in the 
picture. 

 
Figure 4: A half-cavity with a disc-shape load at the end 
of the beam-pipe for the data presented at Figure 5 and a 
dipole mode with high extQ . 

 Comparison of results with the lossy load in the beam 
pipe of radius 39=bpR  mm having i−== 1εμ  and 

results with calculated extQ  according to above 

mentioned procedure is shown in Fig. 5. The relevant 
values of the BBU parameter p are also presented. Its 
change with the transition from the modeled load to the 
ideal one is practically the same as of Q because QR  

weakly depends on Q. The BBU parameter on this figure 
is big because this calculation is done before its 
optimization. Here the modes of the 3rd dipole band were 
examined. 

 

Figure 5: extQ  and BBU parameter p [Ohm/cm2/GHz] for 

the cavity optimized for minimum losses, before HOM 
optimization. 
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 One can see that the ideal extQ  is about 2 times lower 

than the loaded LQ  at the lowest frequency of this band, 

and only 20 % lower at the highest frequency. Let us 
remind that the cut-off frequency is 2253=cf  MHz, less 

than 10 % lower than the lowest frequency of this band. It 
is clear that for highest bands of HOMs the load with 

i−== 1εμ  can be treated as a good one.  

 For the 1st dipole band, we have a smaller margin than 
for the 3rd one, approximately 1700 MHz versus 1600 
MHz, i. e. about 6 %. However, as we will see later, there 
are no problem with coupling of these modes with the 
pipe, and, moreover, the ideal extQ  (and, hence, p) is 

always less than in the model. Of course, we cannot find 
the best solution with the non-ideal load but we still can 
find a geometry which has a significant coupling with the 
load.  

 Final optimization will be done with the model of a real 
HOM load which (1) is far from the ideal in the shape, it 
cannot fill the whole pipe; and (2) is far from ideal in the 
electromagnetic properties of the lossy material. 
However, we will try to separate again our task: first we 
separated optimization of the fundamental mode and 
HOMs, now we are trying to separate optimization of the 
HOMs extraction and their absorption by the load. 

USAGE OF DERIVATIVES ∂p/∂q 

 We can find derivatives qp ∂∂  of the BBU parameter 

with respect to any size of the end half-cells’ half-axes: so 
that bbaa baBAq or,,,, K= . We can do this for any 

HOM dipole mode. Having the matrix of qp ∂∂ , we can 

minimize the maximal value of p for a given frequency 
range. We will limit the task by 8 most dangerous modes, 
i. e. the modes with biggest p. For the transition radius 

39== aeaae RR  mm for the type a end half-cell and 

39== aebae RR  mm for the type b end half-cell (Fig. 2), 

such a matrix is presented in Fig. 6, for frequencies 
shown in the upper line and values of p shown in the 
lower line. Values of q are shown in the column on right. 

 

Figure 6: Matrix of derivatives qp ∂∂  and associated 

frequencies, p’s, and q’s. 

The values of p were decreased nearly 3 orders of 
magnitude from the initial geometry when all the cells 
had minimal fundamental losses, Fig. 7. A very high BBU 
threshold [7], about 10 A, corresponds to this new 
geometry. The value of QRG , defining fundamental 

losses in the cavity decreased in this optimization only by 
4.6 % for the type a cell and by 1.1 % for the type b 
(broader) cell. Since the losses in the inner cell did not 
change, the total drop of QRG , i.e. increase of losses, in 

a 7-cell cavity will be 0.8 % only. Unfortunately small 
deviations of the shape lead to dramatic increase of p [8] 
and further decrease of the maximal p is desirable. From a 
general point of view, a decrease of the BBU parameter p 
should lead to a decrease of its derivatives qp ∂∂  

because the value of p is limited from below. This should 
lead to a weaker sensitivity to disturbances of dimensions. 
However, another possibility to decrease this sensitivity 
exists: broadening of the HOMs band widths [8]. 

 
Figure 7: BBU parameter p vs frequency for the cavity 
with minimal fundamental losses before and after 
optimization for minimal p. 

 Further decrease of p is limited by behavior of 
derivatives for two modes: 2511 and 2513 MHz, see 
Fig. 6. The biggest derivatives correspond to half-axes 

aA  and aB  but they have different signs. Values of p for 

these two modes are nearly equal: 2261 and 2259. So, 
further improvement of p can be done by changing other 
half-axes, but it will be insignificant. 

 From Fig. 6, one can see that lowest modes are more 
sensitive to the change of the type b end cell (left lower 
quarter of the matrix) whereas the higher modes depend 
strongly on the type a cell, with the smaller pipe (right-
hand upper quarter). This means that the lowest HOMs 
are directed to the broader pipe and the higher modes 
propagate to the smaller pipe though they could be tuned 
for propagation into the broader pipe as well. The 
example pictures of electric field of these modes confirm 
the aforesaid, Fig. 8. 

 An attempt to redirect the lowest mode of the two with 
highest qp ∂∂  (f = 2511 and 2513) was made. This 

separation was successful, Fig. 9, frequencies of the 
modes somewhat changed: to 2514 and 2517 MHz. 
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Unfortunately, after this procedure several other modes 
substantially increased their BBU parameter and this 
attempt was left aside. 

 Further improvement of the geometry can be done 
using the same procedure of decreasing the BBU 

parameter- for the inner cells. This tuning for lower p can 
be closely related to the broadening of the band width of 
the HOMs. 

 
Figure 8: Electric field of eight modes with biggest p. 

 

Figure 9: Redirection of modes with maximal qp ∂∂  into different pipes. 

CONCLUSIONS 
 A possibility to control tuning of the HOMs 
propagation into the beam pipes was demonstrated. Usage 
of derivatives of the BBU parameter with respect to cell 
dimensions is a powerful method of suppression of the 
HOMs. Minimization of the BBU parameter of dipole 
HOMs was done changing the shapes of the end half-cells 
of the cavity with increase of power losses of the 
fundamental mode by 0.8 %. Decrease of the BBU 
parameter was nearly 3 orders of magnitude compared to 
the original shape tuned for minimal losses. The BBU 
threshold current was increased the same value, up to 
10 A. 
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Abstract 
 Comparison of cell shapes for a multicell cavity can be 
done in terms of (1) the aperture radius for a given wave 
length, (2) the peak electric field normalized to 
acceleration field and (3) the wall slope angle. All other 
important figures of merit, when this choice is done, 
become a matter of optimization. Several geometries of 
cells of superconducting cavities are compared from this 
standpoint. 
 The elliptic shape used for optimizations not always 
reflects the actual shape of cells. Influence of the weld 
seams on the main cavity figures of merit is also 
discussed.  

INTRODUCTION 

 The main figures of merit for an elliptical-cell design of 
a superconducting cavity are accpk EE , QGR , and 

accpk EH . They determine field emission limit, wall 

loss, and breakdown field, respectively. These values can 
be treated as functions of geometrical parameters of the 
cell [1]. 
 The aperture radius, aR of the cavity is responsible for 

all three above-listed values; but first of all, for higher 
order modes (HOMs) propagation. Wakefields depend on 
this value reversely proportional from 2nd to 4th power [2, 
3] and this geometric parameter can be treated directly as 
one more an important figure of merit to be used for 
different cases.  
 The geometry of elliptical cavities generally consists of 
two ellipses connected by a tangential line and is thus 
defined by 7 parameters. These parameters can be chosen 
to find optimal merit values for cavities. When the cavity 
frequency and the phase velocity are fixed, 5 degrees of 
freedom remain to optimize the merit values. In this paper 
we derive several properties of this optimization: (A) One 
cannot use the 5 degrees of freedom to simultaneously 
optimize every one of the figures of merit. When the 
following 3 additional conditions constrain the geometry 
parameters: the iris radius, the wall-slope angle, and the 
first merit value accpk EE , two degrees of freedom 

remain to optimize the other two merit values. We 
observe that: (B) The two degrees of freedom obtained by 
optimizing the second merit value QGR  are always very 

close to those optimizing the third, accpk EH . (C) Using 

the two degrees of freedom to either optimize QGR  or 

accpk EH , leads to an optimized merit value that 

depends monotonically on each of the three additional 
constrains: the iris radius, the wall-slope angle, and on 

accpk EE . 

 A comparison of shapes of a multicell accelerating 
cavity was done in terms of (1) the aperture radius aR  for 

a given wave length, (2) the wall slope angle α , and (3) 

accpk EE  the peak electric field normalized to the 

acceleration field. The choice of these three primary 
parameters makes easier the trade-off when any particular 
project is discussed.  
 It becomes also clear that one can’t compare shapes of 
two cavities with different 2 or all 3 primary parameters 
and tell, for example, that “the reentrant cavity (small α ) 
has lower QGR  having the same aperture ( aR )” not 

mentioning that for comparison was taken the RE cavity 
with bigger accpk EE . 

 It is also a wrong statement that “...reentrant cavities 
have potentially higher gradients but smaller apertures 
and hence larger wakefields” sounded at one of the ILC 
workshops (May 2006). Let us compare the cavities with 
same apertures, and you will have with the RE cavities 
the same wakefields but lower losses, lower accpk EH  

and higher cell-to-cell coupling as it will be shown in the 
present paper. 
 To compare values of aperture we have to use the 
dimensionless ratio λaR , where λ  is the working wave 

length, or to refer to the same frequency. We will use f = 
1300 MHz, used for the TESLA cavities [4] and chosen 
for the Cornell Energy Recovery Linac. All the other 
figures of merit to be discussed here do not depend on the 
size but on the shape of cells only. 
 We will discuss the shape of the inner cells of a 
multicell cavity; however, the main statements are also 
valid for the end cells too. 

ADVANTAGES OF THE REENTRANT 
SHAPE 

 For illustration of the advantages of the reentrant shape, 
Fig. 1, we reproduce, to create a holistic picture, some 
previous results [1], Fig. 2 and 3, and add the recent 
calculations of the cell-to-cell coupling for the cells 
optimized for minimal accpk EH , Fig. 4. Normalization 

in Figures 2 and 3 are done so that for the TESLA cavity 
[4] they are close to 1: accpk EHh 42=  (actually in our 

calculations 99.0=h  for the TESLA cavities with this 
normalization), ( ) 30800QGRqgr = , where the 

_________________________________________
*Work has been supported by NSF Award PHY-0131508, 
Empire State Development Corporation, and Cornell 
University. 
#vs65@cornell.edu 
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geometric factor times specific shunt impedance 
30800=QGR Ohm2 for the TESLA cavity. 

 
Figure 1: Geometry of the inner cell: non-reentrant (left) 
and reentrant shapes. 

 
Figure 2: Normalized magnetic peak field for different 
wall slope angle of wall slope. Solid lines present 
optimization for min h, dash lines are for max. QGR . 

 Moving along the curves of Figures 2 to 4 to smaller 
angles, one can see how much the most important 
properties of the cavity can be improved keeping the same 

aR  (and, hopefully, HOM properties), and accpk EE  

(the x-raying threshold). Even higher advantages in 
cryogenic losses and decreasing the peak magnetic field 
can be achieved if we can to afford higher overvoltage on 
the iris. And this gain is higher at lower angles. 

 One can see that the reentrant cavities, i.e. the cavities 
with °< 90α , have lowest losses and minimal peak 
magnetic field for any given values of aperture radius aR  

or accpk EE . Moreover, cell-to-cell coupling for the 

inner cells optimized for minimal accpk EH  increases 

when passing from the non-reentrant to the reentrant 
geometry. Even if this benefit is small, about 0.1 %, it 
denies the anxiety that the coupling can be lower for the 
reentrant case. 

 

Figure 3: Normalized loss parameter for different angles 
of slope. Solid lines are for max. QGR , dash lines are 

for minimal h (graphically both lines nearly overlap). 

 
Figure 4:. Cell-to-cell coupling vs angle of slope for inner 
cell optimized for minimal h. 
 

COMPARISON OF SOME CELL SHAPES 
 There are also shown in the graphs of Fig. 2 and Fig. 3, 
the cell of the TESLA cavity [4] and the low-loss (LL) 
cavity of JLab [5]. Position of the LL cavity cell on the 
graph is defined by the slope angle (98.0°), 
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22.2=accpk EE , and 49.30=aR mm (recalculated to 

1300 MHz). Linear inter- or extrapolation between the 
curves with 2.2=accpk EE  and 2.4 and 30=aR  and 35 

mm presented on the graphs gives for this point the place 
that it actually has. The same is true for the TESLA cavity 
inner cell, confirming the fact that both cavities are well 
optimized. 

 In a recent paper presented at LINAC08, a description 
of a cavity was done, which the authors called a Low 
Surface Field (LSF) cavity [6]. It is stated that this design 
“has both the accpk EE  and accpk EH  minimized to 

alienate potential side effects of high surface fields”. 
From my point of view, this statement is incorrect 
because you can only find a minimum of one value 
keeping another one given. So it appears in reality: see 
Fig. 5 and 6. 

 In Fig. 5, the choice of half-axes B and b is shown 
(designations are in Fig. 1). The value accpk EEe 2=  is 

the normalized to TESLA value of the peak electric 
fields. As can be seen on the right picture, the point 
defining B and b is chosen in the “valley” with lowest h. 
However, one can take any point on the solid line shown 
in the picture. Choosing e 5 % lower than in TESLA with 
B = 38.5 and b = 20.5 mm, see the left picture, one makes 
a choice of accpk EE  and nothing can be said about both 

minimized values. The crossing of two valleys shown 
with solid lines can be not the best value too because we 
can sacrifice one value in favor of another one. (A small 
deviation of data compared to [6] is due mainly to 
different value of the half-cell length. Here it is taken 

652.574 =fc  and A = 45.85 mm instead of 57.692 mm 

and 45.9 mm as in [6].) 

 Analogously can be analyzed the next “best point”, to 
the crossing of two “valleys” but the choice is done and 
no absolute “both minimized” e and h values exist. 

 At the same time, the geometrical data for the universal 
curves presented above (Fig. 2 to 4) which can be found 
in our internal report [7] give for the point with 

30=aR  mm, 2=accpk EE , and °= 90α  close values to 

the values of the LSF cavity: A = 47.49, B = 34.52, a = 
10.16, and b = 16.99 mm. The value of accpk EH  for 

this geometry is 37.10 Oe/(MV/m) that is also close to the 
values for  the LSF shape: 37.11 (with a = 10.5 mm) and 
37.70. 
 It should be noted that all 4 half-axes which are found 
in [7] are the result of a 4-D optimization, whereas the 
values of A and a in [6] are the estimations made on the 
basis of comparison with other shapes and, possibly, of 
intuition.   
The next new shape which appeared recently [8] is the 
New Low Surface Field Cavity (NLSF). In this paper, the 
iris thickness (a) was assigned to that of LSF design and 
the equator radius ( )aR  to that of LL. (I believe that this 

assignment was arbitrary, at least no explanation 
followed). All other parameters were not varied, other 
than the cavity parameters b and B. “Thus a two 
parameter optimization was performed...”. One can see 
that actually only one parameter (B or b) was used for the 
optimization when the other was used for tuning to the 
work frequency. Further optimization consisted in 
changing the aperture and actually followed 1-parameter 
optimization. It was shown that cell-to-cell coupling (or 
bandwidth) increases with aperture – the well known fact. 
Some data for comparison are, of course, useful but no 
new shape was actually found. 

 
Figure 5: Normalized peak fields for the data from [6]. Choice of half-axes B and b for given values of A=45.85 and 
a=11.8 mm. 
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Figure 6: The next best solution of the LSF shape: with A = 47.15 and a = 10.5 mm. 

 

 The case of upright walls is easier for analysis because 
the procedure of optimization becomes 3-dimensional, 
instead of 4-D for the general case. This is possibly the 
reason why it is exploited again and again. Possibly, the 
easier design work with this shape is also a reason. So, it 
is understandable in the case of Ichiro cavity. However, 
the chemical treatment becomes nearly the same problem 
with the upright walls, as it is claimed to be in the case of 
RE shape. Decrease of losses and the peak magnetic field 
becomes smaller in the transition from upright to RE case, 
and this simplification of the design can be taken into 
account. 

LIMITATIONS OF THE ELLIPTIC 
SHAPE: FLAT WELDING SEAMS 

 All the cavity shapes usually discussed have elliptic 
arcs forming the iris and also elliptic equator area. The 
shape of the iris is mainly responsible for the peak electric 

field, the correct shape near the equator helps to decrease 
the peak magnetic field.  
 However, the real cavity consists usually of half-cells 
welded along the equator and at the iris. It is difficult to 
keep the elliptic shape in the area of the seam; there is a 
flat surface where the fields can be different from the 
calculated ones. The width of the flat area can be about 3 
mm, and even up to 6 mm (see Acknowledgement). 
 We will analyze changes of some figures of merit on 
the example of the optimized inner cell of Cornell’s ERL. 
 The influence of the flat seam near the equator is 
negligible because of a big value of curvature radius. As it 
can be seen in Fig. 7, the change of the equatorial radius 
is only 20 mcm when the flat part of the surface is 1.5 
mm wide (half of the seam width). accpk EE increases 

less than 2 %, and changes of frequency and accpk EH  

are negligible. 
 

 
Figure 7: Flat welding seams at the equator and different shapes of the iris area. 
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  Table 1: Parameters of cells with and without a flat seam area

 
Influence of the iris flattening is much larger. A simple 
cut (flat after melting) of the tip increases its radius by 
150 mcm and has a higher effect on the peak electric 
field, it increases by 6.5 %. Possibly, such an increase had 
a place in the cavities with best performances and 
elimination of this shortcoming will help to further 
decrease accpk EH  using higher nominal values of 

accpk EE , and increase the accelerating field. 

Optimization of the cell with flat segments on the contour 
line conjugate to the elliptic arc leads to thicker iris and 
lower cell-to-cell coupling if one keeps the original values 
of aperture, wall slope angle, and normalized peak 
electric field as can be seen in the Table. 

 If the width of the seam will be 6 mm (s = 3 mm, see 
Fig. 7) the effect of the increase of accpk EE  can be 

quadratic relative to s, and this value can increase up to 
2.5. A thorough work should be done to control the shape 
of the welding seam. 

CONCLUSION 

 Three primary parameters, aR , accpk EE , and the wall 

slope angle α  are a good basis for comparison of 
cavities’ figures of merit because most of them depend 
monotonously on these parameters. All the main 
properties of the RE shape appear to be the best if 
compared with other shapes having same aR and 

accpk EE . Different proposed shapes of the cavities 

either fit the proposed universal curves or are worth in 
terms of QGR , accpk EH , or cell-to-cell coupling. 

 The real cells can be different from the elliptic shape 
having flat welding seam areas and this can influence 
much more significantly on the figures of merit than some 
optimizations. 
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Geometry 
Parameter 

Original 
optimized 

Cut iris Conjugate 
iris (tuned) 

A, mm 43.99 43.99 41.4 
B, mm 35.08 35.08 32.5 
a, mm 12.53 12.53 12.1 
b, mm 20.93 20.93 22.91 
s, mm 0 1.5 1.5 
R_iris 35 35.151 35 

α, degrees 95.00 95.00 95.00 
Req, mm 101.205 101.205 100.583 
Δf, kHz 0 51 0 

Epk/Eacc 2.00 2.13 2.00 
k, cell-to-cell coupl., % 1.965 1.969 1.768 
Hpk/Eacc,Oe/(MV/m) 40.23 40.25 40.71 

G*R/Q, Ohm^2 31839 31820 31799 (-0.1 %) 
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SEVEN-CELL CAVITY OPTIMIZATION FOR CORNELL’S ENERGY
RECOVERY LINAC∗

N. Valles† and M. Liepe, Cornell University, CLASSE, Ithaca, NY 14853, USA

Abstract
This paper discusses the optimization of superconduct-

ing RF cavities to be used in Cornell’s Energy Recovery
Linac, a next generation light source. We outline the phys-
ical constraints in designing these cavities capable of sus-
taining high beam current (100 mA), with a high bunch rep-
etition rate (1.3 GHz). We discuss the optimization of the
seven-cell cavity geometry, both the considerations needed
for the center cell design, and results of the end cell de-
sign. The optimization aims to: limit the dynamic cryo-
genic load of the accelerating mode, maintain a low ratio
of peak electric to accelerating field to minimize the risk
of field emission and maximizes higher order mode damp-
ing to suppress beam instabilities. We find a design stable
under small shape perturbations, and show that a simulated
Energy Recovery Linac constructed from these optimized
cavities can support average beam currents of 250 mA.

INTRODUCTION

Central to the intended operation of an Energy Recovery
Linac (ERL) is the proper design and functioning of the su-
perconducting RF cavities comprising its main accelerat-
ing structure. Cornell has chosen to implement supercon-
ducting Niobium seven-cell accelerating structures into the
main linac design enabling a high current (100 mA), very
low emittance (30 pm-rad at 77 pC bunch charge) 5 GeV
beam capable of producing short pulses (σz/c = 2 ps) of
hard x-rays with a high repetition rate (1.3 GHz) [1]. This
paper discusses the physical considerations that must be
implemented into the cavity design and the methods used
to optimize cavities under these constraints.

The 7-cell cavity is a 1.3 GHz design. This work is an
extension of an initial cavity design, by V. Shemelin [2].
This initial cavity design was optimized to obtain a large
value of R/Q · G for the fundamental mode (1.3 GHz),
and minimizes the dynamic cryogenic load, while limiting
the ratio of peak electric to accelerating field Epk/Eacc to
2.0, minimizing the risk of electron field emission. These
constraints must still be satisfied for any subsequent design.

The ERL must be able to support currents up to its design
value of 100 mA. Higher-order mode (HOM) frequency
variations, sometimes called frequency spread, between in-
dividual cavities unavoidably arise due to small shape vari-
ations in the cavities. This frequency spread reduces co-
herent excitation of dipole modes in the cavity string. Re-

∗Work supported by NSF Award PHY-0131508, the Empire State De-
velopment Corporation (ESDC) Energy Recovery Linac Project # U316,
and Cornell University.

† nrv5@cornell.edu

ducing the coherence of dipole modes that can cause insta-
bilities increases the beam current limit in the accelerator.
These same shape changes can change the HOM field pro-
file thereby affecting the beam break-up (BBU) parameter,
defined as R/Q · QL/f , where R/Q is the geometry fac-
tor of the cavity, QL is the loaded Q of the cavity, and f
is the frequency of the mode. As the BBU parameter in-
creases, the maximal current through the accelerator is re-
duced. A good cavity design needs to balance the increase
in frequency spread with the decrease in threshold current.

Manufactured cavities obviously deviate slightly from
the ideal design. Small shape changes to the cavity are
the source of frequency variations, which eliminate coher-
ent effects. The beam break-up parameter is influenced by
changes in the field profile. Small shape changes can dras-
tically affect the performance of the cavities.

For this reason, a robust design needs to be stable under
manufacturing perturbations, which introduce small shape
defects. Currently, machining tolerances for Niobium cav-
ities of ±1/8 mm have been achieved. Furthermore, stan-
dard procedure implements surface preparations such as
Buffer Chemical Polishing (BCP) or Electropolishing (EP)
of cavities which introduces further variation. Clearly, to
achieve a suitable result, the final design should produce
cavities that satisfy all the above constraints even under
small random shape changes.

METHODS

Starting from a design optimized to minimize cryogenic
losses and having Epk/Eacc = 2.0, the next objective was
to find a design that allows the ERL to operate at high beam
current. Initially, only the end cells of the cavity were
re-optimized to reduce the strength of dipole HOMs. As
will be discussed, this design was unstable (with regard to
threshold current through the linac) under small shape per-
turbations, so the center cell shape was also re-optimized
to produce a robust cavity design.

Designing a cavity stable under shape perturbations was
accomplished by maximizing the frequency width of nar-
row passbands with strong HOMs. Increasing the width of
these passbands effectively increases the coupling between
the center cells, making the design more robust.

With the new center cell design, the end cells of the cav-
ity were again optimized. The goal of the optimization is
allowing maximal current to pass through the ERL before
the beam breaks up due to instabilities. The threshold beam
current, Ith through the cavity is given by

Ith = − 2c2

e
(

R
Q

)
λ

(QL)λωλ

1
T ∗

12 sin(ωλtr)
(1)
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where ωλ is the HOM frequency, tr is the bunch return
time, and T12 is the 1-2 element of the T matrix [3]. Thus,
minimizing the beam break-up parameter, R/Q · QL/f ,
increases the beam current through the accelerator. Prelim-
inary studies showed that each BBU parameter should be
no greater than 105 Ω/(cm2 GHz).

The optimization of the end cells incorporates six free
parameters per side, allowing asymmetrical designs. A
schematic of the geometry is presented in Fig. 1. The
optimization was carried out with MATLAB’s function
fminsearch an unconstrained downhill simplex search
method. Though the solver implemented does not han-
dle constraints (solvers with constraints were frustrated by
the problem’s non-analyticity), physical requirements ne-
cessitate constraining the system. This was accomplished
by severely penalizing search points that violate (1) Non-
physical/non-smooth geometries, (2) Epk/Eacc < 2.1, (3)
wall angles > 87.5◦ measured from the horizontal (no re-
entrant designs permitted) and (4) small curvatures near the
irises, as very small curvatures are technologically chal-
lenging.

Figure 1: Schematic of the right end cell and first center cell
cavity geometry. The figure is to scale and has dimensions
very near the optimized geometry. The arrows show the
adjustable parameters. The dotted lines mark the repeat-
ing center cell structure, whose dimensions remain fixed
throughout the optimization. The rectangular structure at
the top left is the HOM absorber, which was taken to be
TT2.

It is important to note that for each passband, the four
combinations of electric and magnetic boundary conditions
were solved to simulate a chain of identical cavities. This is
more realistic than open boundary conditions because open
boundary conditions are only applicable in the case of an
isolated cavity, not one in a long chain of cavities. Thus, the
HOMs computed here much more accurately reflect what
one could expect in the main linac.

The optimization routine minimized the BBU parame-
ters (=R/Q · QL/f ) for higher-order dipole modes from
1.6–5.0 GHz. This is not as simple as simply selecting a
single HOM and searching for a geometry minimizing its
BBU parameter, which should behave analytically. This
is because geometry changes that reduce the strength of
one HOM can drastically increase the strength of another
HOM. Thus, the problem is to find a cavity shape that
simultaneously minimizes the BBU parameters of all the
HOMs, is an intrinsically non-analytic process. This is why
gradient-search method solvers cannot solve this problem.

To simplify the optimization, the simultaneous mini-
mization of n-higher order modes was treated as the an-
alytic problem of minimizing the worst HOM, under the
non-analytic constraint that each BBU parameter of all
other dipole modes in the spectrum be less than the maxi-
mal BBU parameter of all the modes ≡ M [7]. Minimiza-
tion improves the BBU parameter by controlling the worst
mode, all of the other modes are required to fall below M
for the point to be in the search space. As the optimiza-
tion progresses, if all the BBU parameters fall below M ,
the new worst BBU parameter is assigned to M , otherwise
the search point is discarded. This process effectively min-
imizes all the HOMs simultaneously. Furthermore, should
the control HOM be below another mode that had a smaller
value earlier in the optimization, the optimization switches
to control the new mode. Thus the non-analytic problem is
decomposed into an analytic problem with a non-analytic
constraint.

The optimization was carried out in parallel on 256 pro-
cessors leased from Cornell’s Center for Advanced com-
puting, and the electro-magnetic fields were solved with
2D finite element codes CLANS for the monopole mode
and CLANS2 for dipole modes [4].

After the optimization converged to a solution, the cav-
ity geometry is subjected to small shape perturbations and
retuned to regain field flatness of the fundamental mode.
Each cell is tuned independently, by keeping the arc length
of the cell constant while adjusting the cell length and scal-
ing the r-direction until the fundamental frequency is 1.3
GHz. After tuning, the BBU parameters for all HOMs are
computed; a suitable cavity geometry should have BBU
parameters that are very similar to the ideal design under
small shape perturbations. Optimized cavities were sub-
jected to random deformations uniformly distributed from
±1/16 mm and ±1/8 mm, as well as systematic random
errors on ±1/8 mm on all cell parameters

Finally, a subroutine called BMAD [6] was used to sim-
ulate an ERL from the properties of the cavities, given a
certain frequency spread. BMAD finds the maximum beam
current that the design can support. Next, ERLs were con-
structed from ideal cavities with an “artificial” frequency
spread (artificial in the sense that there is no physical ori-
gin of this frequency spread, but rather is simply an input
parameter to the problem) and lattices constructed of cavi-
ties with realistic random cell shape errors and systematic
errors (non-identical cavities at the lattice points). Because
the cavities with perturbations are different, they are the
source of the relative HOM frequency spread, and no arti-
ficial spread is introduced. The ERL lattice used for these
studies was CERL version 7.4.

RESULTS

Optimizing the end cell design reduced the worst HOM
BBU parameter from 20 × 104 Ω/(cm2·GHz) to 8 × 103

Ω/(cm2·GHz) in the range from 1.6–5.0 GHz. Then the de-
sign was subjected to realistic shape perturbations, and the
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HOMs recomputed. The results of these perturbations are
shown in Fig. 2. The BBU parameters for two passbands
(2.5 and 3.4 GHz) take on values two to three orders of
magnitude greater than design value.

Figure 2: BBU parameter for ±1/16 perturbations of the
baseline design. The HOM BBU parameters are plotted
versus frequency. The red circles are the original values
of the BBU parameter and the blue crosses are the BBU
parameters for 400 perturbed cavities. Note that at 2.5 GHz
the worst BBU values are 2 orders of magnitude worse than
the design value and at 3.4 GHz, the worst modes are 3
orders of magnitude worse.

Clearly, this first design was very unstable under shape
perturbations. To remedy this issue, the width of narrow
frequency passbands with strong HOMs were maximized.
Table 1 presents the frequency width of the first 6 dipole
passbands before and after optimization. The width of the
narrowest band was doubled and the second narrowest band
was tripled. A comparison of figures of merit and geome-
try parameters for the original and optimized cells are pre-
sented in Table 2.

The end cells were again optimized with this new center
cell design, and then the new geometry was again subjected
to shape perturbations to study their effect on HOMs. Per-
turbations were: uniformly distributed random shape vari-
ations in the range ±1/16 mm, uniformly distributed ran-
dom shape variations of ±1/8 mm, and random systematic
errors of ±1/8 mm. Each perturbed cavity was tuned as
described above prior to HOM calculations. The results of
these perturbations are presented in Figs. 3–5.

These results show that optimized cavities using the new
center cells allow the design to be stable under perturba-
tions. To finalize the study however, the threshold cur-
rent produced by these cavities should be explored. One-
hundred sample ERLs were generated using the ideal de-
signs and an “artificial” relative frequency spreads of 0,
1.67 × 10−3, and 3.33 × 10−3 (for both the old and new
center cells), and for cavities with random and systematic
perturbations. The threshold current computed by BMAD
is displayed in Fig. 6.

Figure 6 shows that as the relative frequency spread in-

Figure 3: BBU parameter for ±1/16 shape perturbations
of the optimized design with new center cells. The HOM
BBU parameters are plotted versus frequency. The red cir-
cles are the original values of the BBU parameter and the
blue crosses are the BBU parameters for 400 perturbed cav-
ities. Instead of having BBU parameters several orders of
magnitude larger than the design value, perturbed cavities
are at most a factor of 3 worse than the ideal case for the
optimized bands.

Figure 4: BBU parameter for ±1/8 shape perturbations of
the optimized design with new center cells. The HOM
BBU parameters are plotted versus frequency. The red
circles are the original values of the BBU parameter and
the blue crosses are the BBU parameters for 400 perturbed
cavities. The 2.5 GHz passband does not further deterio-
rate under the larger perturbation, but the 3.1 and 4.4 GHz
bands have BBU parameters 2–3 orders of magnitudes
worse than design value.

creases, so does the threshold beam current. Note that the
“ideal” ERL, constructed from unperturbed cavities, sup-
ports higher beam current in the original design, than in the
design with re-optimized center and end cells. For ERLs
constructed from ‘realistic’ shape perturbed cavities, how-
ever, the new design sustains at least 70% more beam cur-
rent than the old design. Note that the new center cell de-
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Table 1: The frequency width of the first 6 dipole passbands [MHz]. Note that bands 3 and 6 were widened significantly
while the other bands had their widths decreased only slightly.

Band 1.8 GHz 1.9 GHz 2.5 GHz 2.7 GHz 3.1 GHz 3.4 GHz

Baseline Design 192 95 31 277 55 10
New Design 188 73 107 227 47 20

Table 2: Comparision of figures of merit and geometries for center cells before and after optimization. Cryogenic losses 
are slightly increased. The geometry factor and Epk/Eacc are for the fundamental mode. Key: Eq.=Equator, Horiz.=
Horizontal, Vert.=Vertical. The last four dimensions are half-axes of ellipses, measured in cm.

R/Q · G Epk

Eacc
Wall Angle Iris Radius Eq. Horiz. Eq. Vert. Iris Horiz. Iris Vert.

Baseline 15576 Ω 2.00 85◦ 3.500 4.399 3.506 1.253 2.095
New Design 14837 Ω 2.06 77◦ 3.598 4.135 3.557 1.235 2.114

Figure 5: BBU parameter for ±1/8 systematic shape per-
turbations of the optimized design with new center cells.
The HOM BBU parameters are plotted versus frequency.
The red circles are the original values of the BBU param-
eter and the blue crosses are the BBU parameters for 400
perturbed cavities. Note that the design is much more sta-
ble under systematic perturbations than under completely
random perturbations, with only one HOM in one cavity
having a value of more than 105Ω/(cm2·GHz).

sign with 1/8 mm random shape perturbations performs
better than an ERL constructed of cells with 1/16 mm ran-
dom shape perturbations. This is because even though the
BBU parameter increases with increasing machine errors,
the frequency spread also increases. The net effect is that
the current is higher in the ±1/8 mm perturbation case.
Finally, an ERL constructed of cavities that only have sys-
tematic shape errors performs the best of all, with threshold
current of over 400 mA.

Continuing the study of higher-order dipole modes,
HOM properties up to 10 GHz were also studied. The BBU
parameter of the optimized design with new center cells of
the 5.1 GHz mode was 5.5× 106 Ω/(cm2· GHz), or almost
100 times larger than the worst mode below 4.9 GHz. Us-

ing the same optimization procedure as described above,
the worst mode has been reduced to 1.6×104 Ω/(cm2·
GHz) in preliminary optimization. Since, however, this is
still a work in progress, there are no perturbation studies
nor BMAD simulations available as yet. Examining previ-
ous data suggests that for long superconducting RF linacs
with hundreds of cavities, the BBU current may not scale as
(R/Q ·QL/f)−1 but as (R/Q ·Qc

L/f)−1, where c ≈ 1/2.
In this case, the strength of HOMs with high QLs may ac-
tually be much less important than previously considered,
and the optimization already performed would provide suf-
ficient results.

CONCLUSIONS

Optimization of the cavity by decomposing the problem
of minimizing all the BBU parameters into minimizing a
single mode while keeping all modes below an ever de-
creasing ceiling is effective in finding a design capable of
supporting high threshold currents. Optimizing the end
cells alone, however, was not effective in creating a cav-
ity stable under small shape perturbations. To accomplish
this, the center cells had to be optimized to strongly couple
to one another.

When simulating a realistic ERL with cavities having
small shape imperfections from fabrication errors, the case
with the new center cells actually maintains a larger av-
erage threshold current when subjected to larger shape
perturbations (1/8 mm versus 1/16 mm). This is be-
cause even though the BBU parameter is increased un-
der larger perturbations—a negative effect–the relative fre-
quency spread is increased—a positive effect—leading to
greater average threshold currents. The end result is that
simulations show that a realistically designed ERL based
on the optimized cavity design is capable of currents
≥250 mA.
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Figure 6: Average beam break-up current versus relative
frequency spread for simulated ERLs. The points con-
nected by smoothed lines are ERLs constructed from iden-
tical, ideal cavities with artificial frequency spread intro-
duced. The single points are the average threshold cur-
rent of cavities subjected to simulated machining errors.
The error bars mark the minimum threshold current for
90% of the cavities. While an ERL constructed from ideal
cells of original cavity design had a larger threshold current
than the ideal cells of the new design, an ERL constructed
from perturbed cavities was only able to sustain currents
of 150 mA, compared to at least 250 mA for shape pertur-
bations of the new design. An ERL with cavities having
systematic shape errors of the new design can sustain cur-
rents of greater than 400 mA.
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INPUT COUPLER FOR MAIN LINAC OF CORNELL ERL* 

V. Veshcherevich† and S. Belomestnykh 
Cornell University, Ithaca, NY, U.S.A.

Abstract 
Main linac cryomodule of the Cornell ERL consists of 

7-cell cavities operating at 1300 MHz in CW mode.  Each 
cavity has a single coaxial type input coupler with fixed 
coupling, Qext = 2×107.  The input coupler will operate at 
RF power up to 5 kW at full reflection.  The coupler 
design is based on the design of TTF-III input coupler 
with appropriate modifications and with taking into 
account the Cornell experience with couplers for ERL 
Injector.  Unlike that of the TTF-III coupler, the cold 
assembly of the ERL main linac input coupler does not 
have bellows, which makes it stiff so the antenna 
orientation is not changing during cool down.  
Mechanical flexibility, necessary to accommodate large 
lateral movement of the cavity inside the vacuum vessel 
during cool down, is achieved by using two bellows 
insertions both in inner and outer tubes of warm coaxial 
line.  The inner tube of the warm coaxial line is cooled 
with air to improve power handling capability. 

INTRODUCTION 
The proposed Cornell Energy Recovery Linac (ERL) 

will operate in CW at 1.3 GHz, 2 ps bunch length, 
100 mA average current in each of the accelerating         
and decelerating beams, normalized emittance of 
0.3 mm-mrad, and energy ranging from 5 GeV down to 
10 MeV, at which point the spent beam is directed to a 
dump [1]. 

The main linac cryomodules for the ERL will be based 
on TTC technology, but must have several unique features 
dictated by the ERL beam parameters.  An ERL 
cryomodule is 9.8 m long and incorporates six 7-cell 
superconducting cavities.  Each cavity has a single 
coaxial RF input coupler which transfers power from an 
RF power source to the beam-loaded cavity (Figure 1).  
The coupler is a coaxial coupler derived from the TTF-III 
design [2, 3]. 

The TTF-III coupler was designed for a pulsed 
superconducting linac application.  Hence not all features 

of the TTF-III design are important for the ERL linac, 
operating in CW regime.  On the other hand, there are 
features specific to CW applications.  Therefore, the 
TTF-III coupler design was slightly modified to meet 
ERL requirements. 

REQUIREMENTS TO COUPLER 
Ideally, RF power consumption by superconducting 

cavities in the main linac of ERL is very low.  However, 
we need to have an excess power for keeping cavity field 
level stable despite cavity detuning due to microphonics, 
possible beam loss, beam return time errors, etc.  This 
excess power for Cornell Energy Recovery Linac is 5 kW. 

Therefore, the input coupler has to deliver up to 5 kW 
CW RF power to a main linac cavity.  Due to the nature of 
ERL, the couplers will almost all the time operate under 
conditions with full reflection.  To make the design more 
economical, the couplers will provide fixed coupling to 
the cavities with the Qext = 2×107.  If necessary, the 
coupling adjustability will be achieved using three-stub 
tuners in transmission lines.  Similarly to TTF-III 
couplers, ERL linac couplers must accommodate lateral 
movement of the cavities after cool down of up to 10 mm. 

While many parameters of TTF-III coupler are suitable 
for ERL linac, its average power handling capability is 
not high enough.  One of TTF-III couplers, provided by 
ACCEL Instruments, was tested in CW regime on a warm 
coupler test stand at Rossendorf and in the HoBiCaT 
cryostat at BESSY by a collaboration of ACCEL, BESSY, 
Cornell, DESY and Rossendorf FZK [4, 5].  Extrapolation 
of the test results suggests that at 5 kW with full reflection 
the temperature of the inner conductor will reach very 
high value of 300 °C.  Cooling the inner conductor with 
compressed air (or other coolant), similar to that 
implemented in the input couplers of Cornell ERL 
Injector, is necessary to safely operate at this power level. 

COUPLER DESIGN 
Designing the main linac coupler, we also took into 

account our experience with ERL Injector couplers [6].  
The design of injector coupler was also based on TTF-III 
coupler design.  However, it was designed to operate at 
much higher power, up to 50 kW CW. 

The proposed main linac coupler is shown in Figures 2 
and 3.  Like TTF-III and ERL injector couplers, this 
coupler consists of three sub-assemblies: cold and warm 
coaxial sub-assemblies and waveguide.  The coaxial lines 
and two ceramic windows are of the same size as those in 
the TTF-III.  The left coupler flange is to be attached to 
the superconducting cavity cooled to 2 K.  The right 
flange, the closest to the bellows, is to be attached to 
room temperature vacuum vessel.  The middle flange, 
where two coupler assemblies are joined, is floating and

 

Figure 1:  A 7-cell cavity with input coupler. 
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Figure 2:  3D CAD model of input coupler. 

 

 

Figure 3:  Section view of the coupler. 

 

Figure 4:  Mechanical flexibility of the coupler. 

 

kept at 80 K.  There is a 5 K intercept between 2 K and 
80 K flanges.  All coaxial components, with the exception 
of heat intercepts, are made of stainless steel with copper 
plating on surfaces carrying RF currents.  The heat 
intercepts are made of copper. 

The cold subassembly does not have bellows, which 
makes it stiff so the antenna orientation is not changing 
during cool down.  Elimination of bellows increases the 
static heat leak to 5 K cooling circuit, but not enough to 
worry about as it is comparable to the heat load due to RF 
power dissipation in CW mode of operation.  Heat loads 
of the coupler on the cryogenics with RF power off and 
with full RF power are summarized in Table 1.  Figures 5 
and 6 show calculated temperature distributions along 
inner and outer conductor of the coaxial portion of the 
coupler. 

As we mentioned above, according to numerical 
simulations and RF tests, the inner conductor in the warm 
portion of the TTF III coupler shows an excessive heating 
at higher power operation and needs cooling.  In our 
design the inner tube in the warm coaxial portion of the 
coupler is cooled by compressed air similarly to the ERL 
injector coupler. 

After cooling down the cryomodule, linac cavities 
shrink inside the warm vacuum vessel.  As the coupler is 
attached to the cavity and to the vacuum vessel, the cold 
end of the coupler moves relatively to the warm end.  This 

Cold Window (80K) Warm Window (300K) 

Inner Conductor is Cooled 
by Compressed Air 

(Cooling Manifold Not Shown) 

Bellows 

300 K Flange 

80 K Flange 

Cavity Flange (2 K) 

Antenna 5 K Intercept 

300 K Intercept 

Pump Port 

Instrumentation Port 

Waveguide Flange 
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movement might be significant, up to 10 mm in a 
horizontal direction.  Therefore the warm portion of the 
coupler has to have mechanical flexibility to 
accommodate this movement.  High flexibility is 
achieved by using two bellows insertions both in inner 
and outer tubes of warm coaxial line as it shown in 
Figure 4. 
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Figure 5:  Temperature distribution along inner conductor. 
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Figure 6:  Temperature distribution along outer conductor. 

Table 1:  Heat Loads of the Input Coupler with RF Off 
and On at Full Power 

 Static 
Heat Load 

Heat Load 
at Full RF Power 

To 2 K 0.03 W 0.15 W 
To 5 K 1.55 W 1.94 W 
To 80 K 2.26 W 9.33 W 

Coupling to the cavity depends on the antenna length as 
it is shown in Figure 7.  The length is chosen to ensure the 
Qext = 2×107.  The coupling also depends on the distance 
from the cavity to coupler port in the beam pipe. 

Computer simulations performed with Mutipac2.1 code 
[7] showed no evidence of mutipacting in the coupler. 
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Figure 7:  Dependence of Qext on the coupler antenna 
length. 

SUMMARY 
The preliminary design of input coupler for the main 

linac cavities of Cornell ERL machine has been made, 
including electrical parameters, thermal analysis, 
multipacting simulation and mechanical features.  After 
finishing the engineering design, two prototype couplers 
will be ordered for tests. 
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THE HIE-ISOLDE SUPERCONDUCTING CAVITIES: MECHANICAL
DESIGN AND FABRICATION

S. Calatroni∗, M. Pasini† , D. Ramos, T. Tardy, P. Trilhe, CERN, Geneva, Switzerland
V. Palmieri, INFN-LNL, Legnaro, Italy

Abstract

The HIE-ISOLDE superconducting linac at CERN will
be based on 101.28 MHz niobium sputtered copper Quarter
Wave Resonators (QWRs), which will be installed down-
stream of the present REX-ISOLDE linac. The current de-
sign considers two basic cavity geometries (geometric 𝛽0

of 0.063 and 0.103). We report here on the choices for the
mechanical design of the high beta cavities, as well as on
the specific details of the fabrication of the first copper pro-
totype.

INTRODUCTION

HIE-ISOLDE [1] is the name of the proposed global
upgrade of the ISOLDE Radioactive Ion Beams facility
at CERN. In this framework, an energy upgrade with a
new superconducting linac based on QWRs is planned.
Presently, the REX linac is delivering beams with mass to
charge ratio of 2.5 ≤ 𝐴/𝑞 ≤ 4.5 at a final energy of 3
MeV/u by means of a combination of several normal con-
ducting structures. The energy upgrade will happen in two
stages. In a first stage the final energy will be limited to
5.5 MeV/u while for the second stage the required final en-
ergy will be 10 MeV/u. The superconducting linac will
also replace part of the normal conducting one so the en-
ergy span covered by the SC cavities will be between 1.2
and 10 MeV/u. In order to efficiently accelerate the beams
in this velocity range two cavity geometries have been stud-
ied, one with a geometrical 𝛽0 = 0.063 and the other with
a geometrical 𝛽0 = 0.103 (see Fig. 1). These values allow
for an optimum acceleration efficiency for the heaviest A/q
ratio (A/q=4.5). More details on the cavity RF design are
given elsewhere in these roceedings [2, 3].

The new linac will make use of 12 low 𝛽0 and 20 high 𝛽0

cavities. In the first phase of the planned staged upgrade it
is foreseen to install two cryomodules containing five high
𝛽0 cavities each. The prototyping work was thus concen-
trated on the design and manufacturing of this cavity type.
In this paper, we will describe the basic choices, as well as
the key issues and findings from the fabrication of the first
prototype.

CAVITY MECHANICAL DESIGN

The basic technological choice for the HIE-ISOLDE
cavities lies in the use of the Nb/Cu technology [4], pi-

∗ sergio.calatroni@cern.ch
† and Instituut voor Kernen Stralingsfysica, K.U.Leuven, Leuven, BE

Figure 1: 3d-sketch of the two cavity types, low 𝛽0 (left)
and high 𝛽0 (right).

oneered by CERN where a core competence exists for
𝛽0 = 1 elliptical resonators. Much of the design work
was indeed also based on the experience developed at LNL-
INFN [5], where sputtered Nb/Cu QWR resonators have
been in use for years. The key reason behind this choice is
that, compared to bulk niobium cavities, copper ones can
easily be made massive and stiff in order to reduce micro-
phonics effects, and to prevent the deformations due to the
mechanical actions of the tuning system, at a fraction of
the cost. This is of course done at the expense of the added
complication of the sputtering of the niobium film, a tech-
nology that has however been established for several years
already. A further advantage of the thick copper substrate
is that the liquid helium cooling circuits in the cryostat are
simplified. The cavity can in fact be cooled only by pool
boiling He-I within the inner stem and over the top part,
the thick external copper wall ensuring an adequate heat
transfer by conduction. A thermal analysis has been car-
ried out with a non-linear finite element model taking into
account the dependence on temperature of the copper ther-
mal conductivity and the helium film convection coefficient
(Fig. 2). With the expected power dissipation distribution
the temperature does not rise above 5.1 K, the design cri-

p
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terion being that the calculated temperature should always
remain below 6 K, corresponding to an expected increment
of surface resistance of about 20%. The study of the natural
mechanical frequencies of the cavity also led to a choice of
a thick-walled structure (≥ 10 mm) in order to increase the
resonant frequencies, which should be beneficial in terms
of RF operation. The use of a damper in the inner stem
is also envisaged, depending on the results of the first RF
tests.

Figure 2: Heat flux input and resulting temperature distri-
bution in the cavity, considering the thermal conductivity
of RRR=100 copper and 4.5 K He-I pool boiling cooling
in convection and nucleate boiling regimes (left). First and
second vibration mode shapes and corresponding frequen-
cies (right).

PROTOTYPE CAVITY MANUFACTURING

Following CERN experience, the copper used for cavity
manufacturing is of Cu-OFE grade (UNS C10100), at least
in the half-hard state, either in the form of rolled sheets or
3-D forged pieces, in order to minimise porosities which
are harmful for the niobium film coating process. Com-
mon extruded pieces have in fact an inferior degree of com-
paction, with pores aligned with the extrusion direction.

A critical manufacturing choice, made in order to max-
imise the benefits of the cavity design, was of not perform-
ing any brazing on the main body of the cavity. Copper
softening due to the high temperature treatment would hin-
der the mechanical stability and geometrical precision of
the cavity, thus reaping the benefit of having a thick-walled
structured. Moreover, experience from INFN-LNL sug-
gests that the presence of brazing alloy in the active RF
regions may also contaminate the niobium film. Manufac-
turing the cavity from one single copper piece by turning
and/or milling of the complete shape has been considered,
but discarded due to the projected cost of a 3-D forged billet
of the required size and of the extremely complex operation

of a 3D machining which includes the beam ports. The op-
tion of using standard metal working techniques and then
joining the pieces by e-beam welding has thus been chosen,
which is a common technique for SC cavities.

Figure 3: Schematic sequence of the different manufactur-
ing steps of the QWR cavities. The numbering is explained
in the main text.

The chosen manufacturing sequence comprises several
steps, which are briefly described here with reference to
Fig. 3. These comprise: 1) Rolling of the external half
tubes from sheets, longitudinal welding, rough machining.
2) Machining of the outer head. 3) E-beam welding of the
two parts. 4) Fine machining of the inner surface of the
external conductor. 5) Deepdrawing of the beam ports and
rough machining of the beam opening. 6) Manufacturing
of the inner head. 7) Manufacturing of the central tube. 8)
Manufacturing of the end stem of the inner conductor. 9) E-
beam welding of the three parts of the inner conductor. 10)
Fine machining of the inner conductor 11) Drilling of the
beam line. 12) Final long-distance e-beam welding of the
cavity head. 13) E-beam welding of top flange ensemble.
14) Final machining of the beam ports. 15) Straightening.

The longitudinal e-beam welding in step 1, performed
over a length of almost 1 m and a thickness of 15 mm, al-
beit tested on several short-length prototypes, proved to be
more difficult than foreseen and resulted in several porosi-
ties. These were successfully ground after welding, with
the aim of preventing trapping of chemical products during
surface treatment, which may clearly hinder the final RF
performance. The quality of this and all other weldings has
been monitored by ultrasound and X-ray testing, but these
techniques do not allow resolving the smaller porosities.
More testing and optimisation of the welding parameters
would clearly be necessary in this respect in view of a se-
ries production.

The manufacturing of the beam ports by deepdrawing in
step 5 is a critical process that has been extensively vali-
dated on several test pieces. The operation is done by pro-
gressive deformation of copper with punches of different
shapes into a fixed die, under a press exerting a force of
200 kN, until the final shape is reached (Fig. 4). Devel-
opment work has shown that with appropriate design of the
tooling, the thickness of the wall is at all locations never re-
duced below 8 mm from the starting thickness of 10 mm.
Executing the deepdrawing on the real cavity requires high
precision in mounting and dismounting the different tools
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Figure 4: Progressive formation of the beam ports by deepdrawing on a test piece. The punches and die are changed
for each step. A flame annealing of the copper is performed before each step, in order to soften it and prepare it for the
deepdrawing.

and extreme care in the handling. The cavity undergoes
local flame annealing before each step, for softening the
copper locally in order to ease the deepdrawing process,
and this makes in fact all handling operations rather deli-
cate, requiring dedicated tooling. Thermal conductivity of
copper is known not to be affected by flame annealing, and
the mechanical properties are partially restored by the cold
working of the final deepdrawing step.

Figure 5: View of the interior of the finished prototype cav-
ity, after chemical surface treatment.

The final e-beam welding of the top plate in step 12
needs to be done from the side of the inner surface exposed
to RF, in order to minimise porosities and projections of
molten material, as the LEP/LHC experience has shown.
It has been demonstrated in full scale simulations on test
pieces that this can be successfully achieved with the e-
beam gun kept outside the cavity, at a distance of about one
meter. Surface preparation prior to coating will be carried
out by SUBU [4] chemical etching. The surface roughness
on the welding seam after 20 µm material removal was re-
duced to the expected average roughness 𝑅𝑎 of 0.8 µm,
common for this type of processing. Since all other sur-
faces will be milled or turned with high accuracy, only this
minor material removal is necessary in order to achieve an
optimum surface state. More details are given elsewhere
in these Proceedings [6]. It is worth mentioning that the
surface treatment has been fully validated on the prototype
cavity resulting in a smooth and shiny surface (see Fig. 5).

It has however been decided to look again into the possi-
bility of machining at least the outer cylinder by 3D milling
from a single copper forged billet. Although this option
will probably be much more expensive that the presently
considered technology, in particular since most tooling
for deepdrawing have already been fabricated at CERN,
it is nevertheless worth considering in view of possible
series fabrication by subcontractors, who may decide au-
tonomously of choosing this technology. As a consequence
its feasibility should be validated, also because this tech-
nology would have the further advantage of avoiding any
heat treatment, albeit local.

QUALITY CONTROL

The quality of the cavity has been controlled several
times during fabrication with a series of RF measurement,
especially comparing the variation of the resonance fre-
quency between various manufacturing steps, and all the
measurements are in line with the theoretical predictions.
In order to perform these test, partial mechanical assem-
bly of the main cavity sub components was performed (see
Fig. 6).

Extensive metrology checks have also been performed at
all steps of the fabrication. These were necessary in order
to study deformations induced by the weldings, the accu-
racy of the machining of the final surface profiles, and the
deepdrawing of the beam ports. For the latter in particular,
the manufacturing procedure has been optimised through
many iterations between metrology checks and tooling
modifications, on cylindrical prototypes of short length. It
is presently assumed that the procedure is fully validated
and that repeated metrology controls are not needed for
production, except of course for the final acceptance. It
should however be mentioned that the deepdrawing pro-
cess induces a slight deformation from cylindrical shape of
the bottom part of the cavity, which has to be corrected by
plastic deformation in a press. This in turn may induce a
slight asymmetry of the beam ports distance form the cav-
ity axis, which is corrected by the final machining of the
internal surface which is required by design. The specified
shape accuracy of ± 0.1 mm has finally successfully been
achieved on the prototype. It should be mentioned that the
construction of the prototype suffered a couple of accidents
due to human errors, related to the complex sequence. This
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is a further demonstration of the clear need of defining de-
tailed procedures and putting in place a strong QA plan for
the series production.

Figure 6: Mechanical assembly of cavity sub components
for an intermediate RF check. This operation, as well
as metrology controls, are carried out in a temperature-
controlled room in order to ensure the best accuracy.

CONCLUSIONS AND OUTLOOK

The design and fabrication work for the HIE-ISOLDE
QWR prototype started in spring 2008 with the basic RF
design. After one year of intensive study by the design,
engineering and manufacturing team the cavity has suc-
cessfully been delivered for surface treatment. The cavity
is now ready for niobium sputtering, which has been opti-
mised in the meantime and is scheduled for October 2009.
It should be mentioned that in parallel, all the surface treat-

ment and cavity coating facilities have also been designed
and manufactured, as well as several tooling related to all
the fabrication, treatment and coating operations.

Five other pre-series cavities are in the pipeline for fab-
rication at CERN, which will be used for equipping a full
prototype cryomodule. Development of a low beta cavity
prototype (mechanical design, manufacturing, coating op-
timisation) is also scheduled for 2010, in parallel with the
optimisation of the coating of the high beta cavity.

Series production for the full HIE-ISOLDE linac could
start as early as mid-2010, at the rate of 10 cavities/year,
pending the official approval of the project.
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DESIGN, FABRICATION AND TESTING OF SINGLE SPOKE 
RESONATORS AT FERMILAB* 

G. Apollinari, E. Borissov, I.V. Gonin, T.N. Khabiboulline, A. Mukherjee, T.H. Nicol,
 J. Ozelis, Y. Pishchalnikov,

 L. Ristori †,
 D.A. Sergatskov, R. Wagner, and R. Webber,

 Fermilab, Batavia, IL, U.S.A.

Abstract*† 
The Fermilab High Intensity Neutrino Source (HINS) 

linac R&D program is building a pulsed 30 MeV 
superconducting H- linac. The linac incorporates 
superconducting solenoids, high power RF vector 
modulators and superconducting spoke-type accelerating 
cavities starting at 10 MeV. This will be the first 
application and demonstration of any of these 
technologies in a low-energy, high-intensity proton/H- 
linac. The HINS effort is relevant to a high intensity, 
superconducting H- linac that might serve the next 
generation of neutrino physics and muon storage 
ring/collider experiments.  

In this paper we present the RF design, the mechanical 
design, the fabrication, the chemistry and testing of the 
first two SSR1 (Single Spoke Resonator type-1) prototype 
cavities. These cavities operate at 325 MHz with β=0.21. 
The design and testing of the input coupler and the tuning 
mechanism are also discussed. 

INTRODUCTION 
Spoke superconducting cavities have been developed 

and have demonstrated excellent performance at 345-352 
MHz [1][2]. The advantages of a single-frequency 
medium energy proton linac based on spoke cavities have 
been discussed elsewhere [3]. Some important geometric 
and RF properties of the SSR1 are given in Table 1. 

Table 1: Geometric and RF

Operating temperature in HINS 4.4 K  
HINS accelerating gradient, Eacc 

1 10 MV/m  
Q0 at accelerating gradient  > 0.5x109  
Beam pipe, Shell ID  30 mm, 492 mm  
Lorenz force detuning coefficient 2  3.8 Hz/(MV/m)2  
Epeak/Eacc 

1 2.56  
Bpeak/Eacc 

1 3.87 mT/(MV/m)  
G  84 Ω  
R/Q0  242 Ω  
Geometrical Beta, βg  0.21  

1 See section High gradient measurements for the definition of Eacc. 
2 With helium vessel. 
 
 

                                                           
* This manuscript has been authored by Fermi Research Alliance, LLC 
under Contract No. DE-AC02-07CH11359 with the U.S. Department of 
Energy. 
† email: leoristo@fnal.gov; tel (630) 840-4401. 

RF DESIGN AND OPTIMIZATION 
The RF design and optimization of the SSR1 has been 

done using Microwave Studio® (MWS) software [4]. In 
Figure 1 the main geometrical parameters used for 
optimization are shown.  

Beam dynamics considerations led us to the choice of 
β=0.21 and a 30 mm aperture diameter. Also an iris-to-iris 
distance, Liris = 2/3 βλ, was chosen. 

 
Figure 1: Cross section of the SSR1 with the main 
parameters used in the optimization process: Lcav – cavity 
length, Liris – iris to iris length, D – spoke diameter, W – 
spoke width, T – spoke thickness, h and v – endwall 
dimensions. 

The spoke width, W, and gap ratio, T/Liris, were 
optimized to achieve a low peak electric field. The results 
of the simulations are shown in Figure 2. 

 
Figure 2 : R/Q0 (red) and E peak/Eacc  (blue) vs. W and 
T/Liris. 

The ratio D/Lcav, and the end cup profile dimensions 
were optimized to achieve a low peak magnetic field. The 
results of the simulations are shown in Figure 3. 

properties of the SSR1  
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Figure 3 : Dependence of R/Q0  (red) and B peak/Eacc 
(blue) on the spoke and the endwall profile dimensions (in 
mm). 

 
Figure 4 :
fields in SSR1. The field strength increases as the color 
changes from green to yellow to red. 

MECHANICAL DESIGN AND 
FABRICATION 

The SSR1 mechanical structure needs to withstand the 
pressure exerted by the liquid helium. One also desires to 
minimize shifts in the resonant frequency (i.e. cavity tune) 
due to variations in liquid helium pressure (and other 
microphonics) and to Lorentz forces (HINS is a pulsed 
linac). Stiffening the cavity endwalls and shell reduces the 
Lorentz force detuning (LFD). 

 
Figure 5 : Exploded view of the SSR1 resonator 
showing the three major sub-assemblies. 

With reference to Figure 5, each endwall of the spoke 
resonator is reinforced by two systems of ribs: a donut rib 
with elliptical section in the end wall outer region and six 
daisy ribs in the inner region. These two systems are not 
connected to facilitate a controlled displacement of the 
nose area for cavity tuning. A third and final system of 4 
circumferential ribs is present on the cylindrical portion of 

the cavity. All stiffeners have a stock thickness of 6.35 
mm and are made of reactor-grade niobium. 

The static LFD coefficient was calculated with a 
coupled MWS-ANSYS [5] algorithm as described in [6]. 
In the simulations, we found that the addition of the four 
shell ribs reduced the detuning coefficient from 4.2 
Hz/(MV/m)2 up to 3.8 Hz/(MV/m)2. 

The resonator components are fabricated from high 
RRR niobium sheets with a nominal thickness of 3.15 mm 
that is reduced by forming and BCP to an average of 2.8 
mm. The components are joined using electron beam 
welding. The two beam flanges, the vacuum flange and 
the power coupler flange of the resonator are made of 
316L stainless steel and are joined to the niobium cavity 
by brazing. This cryogenic leak-tight copper-brazed 
transition was developed at Argonne National Laboratory 
(ANL) and described in [7]. 

The results from the coupled structural-thermal 
analyses show that the jacketed assembly can be rated at a 
maximum allowable working pressure (MAWP) of 24.7 
psi. This value is determined by the first buckling mode of 
the niobium cavity due to external pressure. 

The helium vessel is constructed in 316L stainless steel 
and all welds are TIG welds. After completion of all 
welding operations, the resonant frequency of the cavity 
shifted less than 50 kHz. The helium vessel is welded 
directly to the cavity at the coupler and vacuum ports. A 
bellows connects the helium vessel end-plate to the cavity 
beam pipe flange through a transition ring. 

Figure 6 shows a cut out view of the SSR1 resonator 
with the helium vessel. Figure 10 shows the jacketed 
cavity with the prototype tuning mechanism installed.  

 
Figure 6 : Cut out view of the SSR1 cavity inside the 
helium vessel. 

Two SSR1 prototypes have been fabricated. SSR1-01 
was manufactured by Zanon [11] and SSR1-02 by Roark 
[12]. One significant difference in the fabrication 
techniques is the treatment of the interior weld beads. For 
SSR1-01 all interior beads were ground flat, with the 
exception of the final welds between the endwalls and 
shell. For SSR1-02 the interior weld beads were left 
intact, and where possible the welds were completed with 
a cosmetic pass.  

 Su rface electric (left) and magnetic (right) 
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At this point both prototypes have undergone chemistry 
and have been continuous-wave (CW) tested at high 
gradient without a helium vessel. SSR1-01 has 
subsequently undergone 600 ºC degassing, inelastic 
tuning, and has been welded inside its helium vessel. It is 
now being prepared for pulsed testing at high gradient. 

CHEMISTRY PROCEDURES 
In preparation for the chemistry, the cavity is immersed 

in a bath of ultra-pure water (UPW) with a degreasing 
agent and ultrasonically cleaned at Fermilab.  The 
Buffered Chemical Polishing (BCP) and High Pressure 
Rinse (HPR) operations are performed at the ANL G150 
facility.  

Buffered Chemical Polishing 
   The BCP uses the standard HF:HNO3:H3PO4 (1:1:2) 

acid mixture.  During BCP, acid flow and temperature are 
controlled in the following manner.  The bare cavity is 
immersed in a bath of UPW initially cooled to 7.5 ºC.  
The cavity interior, sealed from the water bath, is 
connected to a pump for acid circulation.  The cavity is 
oriented with the power coupler port and the vacuum port 
along the vertical axis and the beam pipes along the 
horizontal axis.  In order to begin etching, acid (earlier 
chilled to 14 ºC) is pumped up through the bottom port to 
fill the interior of the cavity.  After shutting off the source 
of acid, the closed loop circulation pump draws acid from 
the top of the cavity and sends it back to the cavity 
through flanges on both beam pipes. For SSR1-02 acid 
was also injected into the cavity near the top and bottom 
ports in order to break up potentially stagnant regions at 
the bottom and gas pockets at the top. Heat generated by 
the etching is dissipated through the cavity walls 
(including the spoke walls) to the continuously cooled 
water bath.  

In order to obtain a total etching of ~120 μm and keep 
the niobium content in the acid below 10 g/l, spent acid is 
replaced with fresh acid about half way through the 
etching.  Given the asymmetry in the acid flow pattern, 
the cavity is flipped top to bottom between the two 
etching sessions.  The reduction in wall thickness is 
monitored at 20 locations using an ultrasonic thickness 
gauge. 

High Pressure Rinse 
After BCP, the cavity is moved to the class 10 clean 

area for HPR.  The G150 UPW distribution consists of a 
long wand with a nozzle at the end that produces six water 
jets, two each at +45º, 90º, and -45º to the wand axis.  The 
wand rapidly rotates about the axis and travels along the 
axis (into or out of the cavity) at ~3 cm/min.  In order for 
a jet to directly spray on all the interior cavity surfaces, 
including ports and beam pipes, the orientation of the 
SSR1 is changed six times with the HPR lasting ~20 
minutes at each orientation for a total of 2 hours. 

HIGH GRADIENT MEASUREMENTS 
The Fermilab Vertical Test Stand (VTS), a liquid 

helium dewar designed for CW high-gradient testing of 
bare 9-cell ILC cavities, was used for the cold tests of the 
bare SSR1 prototypes. 

SSR1-01 
In its third cold test, SSR1-01 reached Eacc = 18 MV/m 

at 4.4 K [9]. Here Eacc is the total accelerating voltage 
divided by Leff, where Leff = (2/3)βλ = 135 mm, the 
distance between the edges of the accelerating gaps at the 
two endwalls. A planned specific check for Q disease, a 
decrease in Q0 due to hydrogen in the niobium [10], was 
not performed due to a leak that developed in the feed-
through for the RF input antenna.   

After the feed-through was replaced, a fourth VTS test 
was performed, and the resulting Q0 vs. Eacc curves are 
shown in Figure 7. The upper Q0 vs. Eacc curves at 2.0 K 
and 4.4 K were taken after the usual fast cool-down (~15 
minutes from 150 K to 75 K) of the VTS. They exhibit a 
large slope as in earlier tests (except for the first), which 
prompted the concern for Q disease. The bottom curve 
was taken after warming up and cooling down again with 
a seven hour hold at 100 K to explicitly test for Q disease. 
The large drop in Q0 clearly indicates the need for 
hydrogen degassing, and the cavity has subsequently 
undergone a 10 hour, 600 °C vacuum bake at Thomas 
Jefferson National Accelerator Facility. In all cases the 
maximum accelerating field (e. g., 20 MV/m at 2 K) was 
limited by the 200 W RF power supply. 

 
Figure 7 : Q0 vs. E acc at 2.0 K and 4.4 K from the fourth 
cold test of SSR1-01. 

SSR1-02 
SSR1-02 has undergone one cold test. The first cold test 

of a cavity should be free of the effects of Q disease [10]. 
Figure 8 shows the surface resistance, Rs, as a function of 
1/T, indicating a residual resistance near 5 nΩ. Figure 9 
contains the Q0 vs. Eacc curves at 2 K and 4.4 K.  As with 
SSR1-01, many multipacting barriers had to be processed 
when initially raising Eacc, and some are shown in the 2 K 
curve. Eventually the field reached 33 MV/m at 2 K and 
was limited by quenching (from Table 1, Bpeak = 128 mT 
at Eacc = 33 MV/m). 
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Figure 8 : Rs vs. 1/T from the first cold test of SSR1-02. 

The subsequent scan at 4.4 K reached 25 MV/m and 
was limited by the 200 W RF power supply. Also shown 
in Figure 9 is the X-ray intensity as measured by a sensor 
near the top of the VTS. During the 2 K scan, the intensity 
decreased after jumping through a multipacting barrier. 

 
Figure 9 : Q0 vs. E acc  from the  first test of SSR1-02. 

INELASTIC TUNING 
After the VTS tests and the 600 ºC degassing, SSR1-01 

was placed in a fixture where its resonant frequency was 
adjusted by permanently deforming the two end walls. 
The fixture holds the resonator by its vacuum port and 
coupler port and allows pushing or pulling of the beam 
pipe flanges while measuring both the forces and the 
displacements. The initial frequency of the cavity in warm 
conditions at one atmosphere was 324.960 MHz. The 
target frequency being higher, the cavity had to be 
extended. The cavity was first stretched permanently to a 
frequency of 325.220 MHz by cycling between a load and 
the relaxed state, each time with a higher load. Later the 
cavity was compressed permanently following the same 
cycling method to a final frequency of 325.036 MHz.  

The tuning was performed in this manner because the 
cavity operates in a compressed state inside the 
cryomodule. Throughout the stretching operations, the 
elastic range increased expectedly due to work hardening. 
When the load was reversed to squeeze the cavity, the 
elastic range dropped with the first cycles and rose finally 
to about a factor of four larger than the initial value. This 
confirmed that the procedure had been effective. Table 2 
shows other parameters extracted from the tuning data. 

Table 2 : Parameters extracted from the tuning data. 

Spring constant of end wall 18.9 N/μm 
Frequency sensitivity / total deformation 540 kHz/mm 
Elastic range (0-3400 lbs, 0-0.783 mm)* 871 kHz 
* measured at the end of tuning operations. 

TUNER DESIGN AND FIRST TESTS 
As with other pulsed superconducting cavities, each 

spoke cavity will be equipped with slow tuning and fast 
tuning devices to compensate for static detuning and 
Lorentz force (dynamic) detuning respectively. 

The design for a fast/slow tuner has been developed and 
two prototypes have been tested in warm conditions as 
described in [13]. 

Each cavity will have two identical tuners (one per 
side) allowing the mechanical loads to be applied 
symmetrically and also providing redundancy.  

The mechanism (visible in Figure 10) uses a stepper 
motor to control the position of the slow tuner arm via a 
harmonic drive (1:100 ratio). This arm pivots around 
bearings fixed to the helium vessel wall with a mechanical 
advantage of 5:1. The loads are transmitted to the beam 
pipe flange through two piezo actuators.  

 
Figure 1
mechanisms installed.   

During the first tests, a tuning range of 200 kHz was 
reached meeting the design requirements. The load on the 
piezos remained in a safe range of 400-2200 N (10-55% 
of blocking forces). The measured sensitivities for the 
slow and fast tuners were 0.9 Hz/step and 60 Hz/V 
respectively. 

COUPLER DESIGN AND TESTS 
The RF design of the main power coupler was 

performed by using the Ansoft HFSS software [14]. Two 
types of couplers were considered and the antenna coupler 
was preferred to the loop coupler. The optimum position 
of the antenna coupler is located in the plane 
perpendicular to the spoke, where the surface magnetic 
field is minimum and the electric field is strong.  

0: SSR1-01 prototype with tuner Jacketed 
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Figure 1
cavity with an antenna coupler. Right: Q external of the 
coupler vs. radial distance. 

Figure 12 shows the coupler design. The input coupler 
is a 50-ohm coaxial design with inner and outer conductor 
diameters of 33.4 and 78.4 mm respectively and supplies 
250 kW peak and 750 W average pulsed power to a single 
cavity in HINS. The coupler contains two ceramic 
windows, one warm, one cold, which protect the integrity 
of the interior of the cavity and which enable us to break 
the coupler into warm and cold sections. During 
cryomodule fabrication, the cold section can be installed 
on the cavity in the clean room prior to assembly of the 
string. The warm section can then be installed from 
outside the vacuum vessel during cryomodule final 
assembly. The inner conductor is solid copper. The outer 
conductor is 304-stainless steel. A short section of hydro-
formed bellows in the cold section of the outer conductor 
allows a small amount of tuning – 1 to 2 mm – to be 
performed from outside the vacuum vessel.  

 
Figure 12 : Input coupler cross sectional view. 

Initial heat load estimates suggest only a small benefit 
from copper plating the outer conductor; to preclude 
potential problems with copper plating the bellows, the 
prototype does not include plating. The copper elbow 
connects to the RF distribution system. The small 
stainless steel elbow and tube is the vacuum pump-out for 
the section between the two ceramic windows. 
Instrumentation ports are included for vacuum monitoring 
and multipacting detection. 

Two prototype power couplers have been conditioned 
together in a power coupler test stand at Fermilab. The 
conditioning required 25 hours, and progress was dictated 
by vacuum degradation due to multipacting. A maximum 

average power of 4.2 kW (2 Hz, 3 ms, 700 kW) was 
sustained for 2 hours, and an additional 3 hour test at 3.3 
kW (2 Hz, 3 ms, 550 kW) was performed. One of these 
power couplers will be used in the upcoming pulsed test 
of the jacketed SSR1-01. 
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SRF CAVITIES FOR CW OPTION OF PROJECT X LINAC 

N. Solyak, I. Gonin, T. Khabiboulline, A. Lunin, N. Perunov, and V. Yakovlev,  
Fermilab, IL, U.S.A.

Abstract 
Alternative option of Project X is based on the CW SC 

2GeV Linac with the average current 1mA. Possible 
option of the CW Linac considered in the paper includes 
low energy part consisted of a few families SC Spoke 
cavities (from 2.5 MeV to 466 MeV) and high energy part 
consisted of 2 types of elliptical cavities (v/c=0.81 and 
v/c=1). Requirements and designed parameters of cavities 
are considered. 

INTRODUCTION 
An alternative scheme [1] of the Project X proton source 
is based on the 2 GeV CW superconducting linac that 
accelerates H- beam with the current of 1 mA, see Figure 
1.  

2-GeV SC LinacRFQH-

RCS
550m circm

To neutrino,
8-GeV programs

Kaons

O
ther 2-GeV programs

450 m

 
Figure 1: Layout of the 2 GeV proton source. 

 
The beam originates from a DC H- source.  The beam 

is then bunched and accelerated by a CW normal-
conducting RFQ to 2.5 MeV and the bunches are 
formatted by a chopper following a pre-programmed 
timeline.  From 2.5 MeV to 2 GeV the H- bunches are 

accelerated by a CW super-conductive linac.  A present 
concept of the linac is based on the 8 GeV pulse linac 
design [2], including designs of cavities, cryomodules and 
beam optics (to the extent possible). The CW, 2-GeV 
linac has an average current (over few microseconds) of 1 
mA, with a pulsed current of up to 10 mA.  Since the 
pulsed 8-GeV Project X linac (ICD-1) has a well 
developed optics operating at this current range, it is 
possible to use the same structure of the linac and same 
break points as in the pulsed linac with the necessary 
modifications to operate in a CW regime.  

GENERAL 
The CW linac (see Figure 2) consists of a low-energy 

325 MHz SCRF section (2.5 - 450 MeV) containing three 
different families of single-spoke resonators (SSR0, 
SSR1, SSR2) and one family of a triple-spoke resonator 
(TSR), and the high energy 1.3-GHz SCRF section (450 
MeV – 2 GeV) containing squeezed elliptical βG 
=0.81cavities (S-ILC), and ILC-type βG=1 cavities. 

The major modification in the low energy (325-MHz) 
part of the initial pulse linac design [3] necessary for CW 
operation includes replacing buncher cavities and 16 
room temperature cross-bar cavities with the SC spoke 
cavities. The break points between sections containing the 
cavities of different types are shown in Table 1. The 
bunching cavities together with focusing solenoids are 
presented. The number of focusing elements and 
cryomodules are also shown.   

 

 Table 1: Break points between the sections in the low-energy part of the linac 

Section Energy range 
MeV 

β  Number of 
cavities/ 

lenses/CM 

Type of cavities 
and focusing 

element 

Power/cavity
, kW 

(Iav=1 mA) 

Bunching 
SSR0 (βG=0.11) 

2.5 0.073 2/3/2 Single spoke 
cavity, Solenoid 

0.5 

SSR0 (βG=0.11) 2.5-10 0.073-0.146 16/16/2 Single spoke 
cavity, Solenoid 

0.5 

SSR1 (βG=0.22)  10-32 0.146-0.261 18/18/2 Single spoke 
cavity, Solenoid 

1.3 

SSR2 (βG=0.4)  32-117 0.261-0.5 33/17/3 Single spoke 
cavity, Solenoid 

4.1 

TSR   (βG=0.6)  117-466 0.5-0.744 48/48/8 Triple spoke cavity, 
quads 

8.5 

β G is cavity geometrical phase velocity. 
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SSR0 SSR1 SSR2 TSR SILC ILC

325 MHz, 2.5 – 450 MeV
~150 m long

1.3 GHz, 0.45 – 2 GeV
~300 m long  

Figure 2: The schematic of the CW linac (2.5 MeV – 2 
GeV). 

 
2.5-10 MeV: a single family of CW Spoke (SSR0) SC 
cavities may be used for acceleration for the beam energy 
from 2.5 MeV to 10 MeV. The SSR0 cavity for beta 
=0.073-0.146 was optimized, and the results of 
optimization are shown in Table 2. 
 

Table 2: SSR0 cavity parameters. 
 

Operating frequency 325 MHz 
βG  0.117  
Cavity diameter 200 mm 
R/Q  120 Ω 
Average transit time 
factor (TTF)  

0.94  

Electric field 
enhancement factor, 
(Emax/Eacc)/ (Emax/Eacc* ) 

5.5/5.85  

Magnetic field 
enhancement factor, 
(Hmax/Eacc)/(Hmax/Eacc*,)   

6.5/6.9 [mT/MV/m] 

Cavity effective length, 
Deff =2*βλ/2  

108 mm 

 
Here Eacc*=Eacc(βG)×TTF  and TTF is the transit-time 
factor. The transit time factor versus beta and the field 
pattern are shown in Figure 3. Experience with SSR1-02 
cavity at Fermilab shows that it is possible to achieve the 
maximum gradient of 25 MeV/m at 4°K, and 33 MeV/m 
at 2°K, see Figure 4. The gradient of Eacc= 15 MeV/m 
looks reasonable for CW operation. It corresponds to the 
maximum surface electric field Emax≈ 40 MV/m and 
magnetic field Hmax≈ 60 mT. For fixed Hmax= 60 mT the 
energy gain vs. beta is shown in Figure 3a. The green 
curve corresponds to the gain per cavity for the RT 
cavities of the ICD-I 8 GeV pulsed linac. One can see that 
the chosen design can provide the required gain per 
cavity.  
 

Normalized Transit Time Factor vs beta

0

0.2

0.4

0.6

0.8

1

0.073 0.1095 0.146  
a) 

 
b)                        c) 

Figure 3: The transit time factor vs. proton beta (a) and 
cavity layout with field pattern (b,c). One can see (figure 
c) that the surface magnetic field is distributed 
homogeneously on the spoke surface. 
 

 
Figure 4: Q0 vs. acceleration gradient Eacc from the first 
cold test of SSR1-02 single-spoke cavity (beta = 0.22). In 
pink the quality factor versus the gradient is shown on 
different stages of the cavity conditioning at 2 K. In blue 
the quality vs the gradient is shown at 4 K after 2K run. 
Maximal Eacc= 25 MeV/m @4K; 33MeV/m@2K. 

 
10-466 MeV: Other parts of 325 MHz SC linac are the 
same (SSR1, SSR2, TSR) as in the ICD-I 8 GeV linac. 
Parameters of the cavities are shown in Table 3.  Single 
spoke 325 MHz cavity SSR1 having βG =0.22 was 
designed and built for the HINS project.  The cavity 
layout is shown in Figure 5.  Results of the cavity tests are 
shown in Figure 4, see above.  The surface resistance 
dependence on the temperature is shown in Figure 6. One 
can see that the resistance at 4 K, and thus, quality factor, 
are more than 10 times higher than at 2 K. Conversion 
factor for cryogenics for 2 K is 700 W/W versus 200 
W/W for 4 K, thus, the ratio is 3.5 (see also Table 4). It 
means that from efficiency point of view it is preferable 
to work at 2 K. In addition, at 2 K the level of 
microphonics is much smaller.  However, average RF 
power requirements for CW operation are higher, and the 
coupler should be redesigned. 
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Table 3: Parameters of the spoke cavities. 
cavity 
type 

F 
[MHz] 

Eacc 
[MV/m] 

Leff, 
mm 

Ep/Eacc Bp/Eacc 
mT/(MV/m) 

R/Q 
Ω 

G  
Ω 

Q0,2K 

×109 
Q0,4K

×109 
P2K 

[W]  
P4K 
[W]  

SSR0 325 8.7 72 4.1 4.6 120 57 9.5 0.7 0.34 4.67 

SSR1 325 10.8 135 2.62 3.87 242 84 14.0 1.0 0.63 8.78 

SSR2 325 13.6 246 2.42 3.95 322 112 18.0 1.3 1.93 26.74 

TSR 325 9.75 943 3.22 6.85 554 117 19.0 1.4 8.03 108.99 

 

 
Figure 5: SSR1 cavity layout. 

 

 
Figure 6: Temperature dependence of the surface 
resistance for SSR1 cavity. 

 
A single spoke 325 MHz cavity SSR2 having βG =0.4 was 
developed for the HINS project as well.  The cavity 
layout is shown in the Figure 7. The EM optimization as 
well as mechanical design was completed including a 
piezo tuner and a Helium vessel. The triple-spoke cavity 
TSR operating at 325 MHz was also developed, see 
Figure 8. 

 
 

Figure 7: SSR2 cavity layout.  
 
Each cavity of SSR0, SSR1, SSR2 and TSR types may be 
powered by separate RF source: IOT or solid state 
amplifier are feasible for the required power consumption 
at 325 MHz.  

 
Figure 8: Layout of TSR. 

  
466-2000 MeV: The acceleration from 466eV to 2 GeV 
may be provided at 1300 MHz using the same 
configuration as developed for the ICD-I 8-GeV pulsed 
linac. This configuration contains two sections, S-ILC and 
ILC. S-ILC section is based on the elliptical squeezed 
cavity with βG =0.81. In the ILC section standard βG =1 
ILC cavities are used. The same type-4 ILC cryomodule 
is used in both sections.  In this case, in order to use the 
cryomodule space effectively, 11-cell βG =0.81 squeezed 
cavity was suggested. The cavity layout is shown in 
Figure 9 as well as its parameters and cell dimensions.  

 

 
Figure 9: 11-cell βG =0.81 cavity layout, parameters, and 
cell dimensions. Note that the coupling coefficient kc is 
increased to 2.47% compared 1.87% for the TESLA 
cavity, in order to provide the same field flatness for large 
number of cells. It leads to the surface field (electric and 
magnetic) enhancement factor increase. However, 11-cell 
cavity provides higher energy gain per cavity than the 
cavities with smaller number of cells, see [4]. 
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The gradient for this section was chosen to be 16.4 
MeV/m. It corresponds to the surface magnetic field of 82 
mT (see Table 4 and Figure 9).  This magnetic field 

corresponds in turn to the gradient of 19 MeV/m for a 
standard ILC section, that should be acceptable for CW 
regime.  

 

Table 4: Parameters for the cavities of the high-energy sections, SILC and ILC. 
 

cavity 
type 

F 
[MHz] 

Eacc 

[MV/m] 
Leff, 
mm 

Ep/Eacc Bp/Eacc 
mT/(MV/m) 

R/Q 
Ω 

G  
Ω 

Q0,2K 

×109 
Q0,4K

×109 
P2K 

[W]  
P4K 
[W]  

11-cell, 
β=0.81 

1300 16.4 1028 2.41 5 750 228 12.7 n/a 29.92 n/a 

9-cell,  
ILC 

1300 18 1038 2 4.26 1036 270 15.0 n/a 22.46 n/a 

 

For this gradient, the Q-factor for ILC cavity is not 
smaller than 1.5×1010, see [5], where the test results for 
different TESLA structures are summarized.  For S-ILC 
structure the Q-factor will be about 1.3×1010 taking into 
account that for this case G-factor is 228 Ohm versus 270 
OHm for ILC structure, see Figure 9. The RF losses are 
about 30 W/cavity, see Table 4.  The number of cavities 
(preliminary) necessary in this section is 66, or 11 
cryomodules - see Figure 10 where the modified Type-4 
CM schematics is shown: each cryomodule in the S-ILC 
section contains 6 squeezed elliptical cavities and 3 
quads.  

 
 
Figure 10: Modified Type-4 ILC cryomodule schematics.  
The cryomodule in S-ILC section contains three quads in 
the positions of 2nd, 5th, and 8th cavities, and six 11-cell 
cavities. The ILC cryomodule has the two different quad 
locations: in 5th position, and in 2nd and 8th positions. 
 
Acceleration from 1.2 MeV to 2 GeV may be provided by 
section with 68 standard well-tested βG =1 ILC cavities, 
or 9 cryomodules (see Figure 11). The gradient is 18 
MeV/m.  Maximal surface magnetic field is about the 

same as in the S-ILC section, 77 mT.  The RF losses are 
about 22.5 W/cavity, see Table 4.   
 

 
a) 

 
b) 

Figure 11: A standard 1.3 GHz, βG =1 TESLA structure 
(a) and Type-4 ILC cryomodule (b). 

 
There are two types of the ILC cryomodules following 
one after another as shown in Figure 10, so that the pair of 
cryomodules contains 15 ILC-type 9-cell cavities, and 3 
quads.  Note that the ILC-type cavity is not optimal for 
acceleration from 1.2 to 2 GeV (the beta range from 0.9 to 
0.95), but it is well-developed, and there is a long-term 
experience of the cavity operation at DESY.  The 
parameters of the sections including the number of quads, 
cavities and cryomodules are presented in Table 5. 

 
Table 5: Break point between the sections in the high-energy part of the linac. 

 
Section Energy range 

MeV 
β Number of 

cavities/ 
quads/CMs 

Type Max 
Power/cavity 
(on crest), kW 

(Iav=1 mA) 

S-ILC(βG=0.81)  466-1200 0.744-0.9 66 / 42/ 11 Squeezed 
elliptical 

13 

ILC   (βG=1)  1200-2000 0.9-0.95 68 / 13 / 9 9-cell ILC 15 
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Figure 12a presents the average energy gain per cavity 
along the linac. The equilibrium phases are shown in the 
Figure 12b 
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b) 

Figure 12: The energy gain per cavity (a) and equilibrium 
phases (b). Cavities 1-117 are 325 MHz, 118-251 are 1.3 
GHz. One can see that the last five cavities (112-117) in 
the 325 MHz section have very big (60-70°) equilibrium 
phase and, thus, small energy gain (<4 MeV/cavity), in 
order to match the beam longitudinal dynamics to the 1.3 
GHz section. 
 
Maximal required average power per cavity in the high-
energy section is no more than ~20 kW.  The IOT with 
this power are available at 1300 MHz, thus RF 
distribution system is simple and similar to SNS SC linac; 
one RF source per cavity. 
 

RF splitter. RF splitter directs (i)  two quarters of the 
beam to one user (Mu2e), (ii) one quarter to another user 
(Kaon), and (iii) one quarter to the third (unidentified) 
user (see Figure 1). The natural way is to use a SC 
structure with the deflecting TM110 mode operating at the 
frequency f0(m±1/4),where f0 is the bunch sequence 
frequency (f0=325 MHz).  Operating the structure in CW 
regime at 406.25 MHz (m=1) with a deflection Δp⊥c of 
~15 MeV, it is possible to achieve a required total 
deflection angle of ±5 mrad.  Cavity layout is shown 
Figure 13, parameters are shown in Table 6. In order to 
achieve the kick of 15 MeV one needs 4 cavities. Te kick 
per cavity is 3.75 MeV. The surface magnetic field is 72 
mT, that is smaller than in ILC1 section (76 mT). The 

length of the cavity + power coupler + HOM couplers is 
about 1 m. The total length of the deflecting RF structure 
is ~4.5 m. Transverse size is about ~1 m.  The power 
requirements are determined mainly by microphonics, it 
is 20 kW/cavity, or 80 kW total. In this case Qload~1.3e7. 
Total cryogenic losses are ~1 kW at 4.2 K.  The lowest 
monopole mode should be damped to Qload~4.e5, the 
parasitic dipole modes should have Qload < 1.e7.  The 
parasitic mode couplers shown in Figure provide this 
damping.  The monopole mode damper has a notch filter 
to reject the operating frequency.  
 

 
 

Figure 13: Layout of the RF splitter. Main couler and 
parasitic mode couplers are shown. 

 

Table 6: RF splitter parameters.  

Parameters   

Esp/Vkick , (MV/m)/MeV 7.8 

Bsp /Vkick , mT/MeV 19.2* 

R/Q*(Ohm) 27 

Longitudinal size (mm) 440 

Vertical size (mm) 865 

Horizontal size (mm) 962 

        *R/Q=Vkick2/(2ωW) 
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STRUCTURAL ANALYSES OF MSU QUARTER-WAVE RESONATORS 

E. Zaplatin, Forschungszentrum Juelich, Germany 

C. Compton, W. Hartung, M. J. Johnson, F. Marti, J. Oliva, J. Popielarski, R. C. York, NSCL/MSU, 
U.S.A 

Abstract 
A superconducting linac for re-acceleration of exotic ions 
is under development at Michigan State University.  Two 
types of superconducting quarter-wave resonators (80.5 
MHz, optimum β = 0.041 and 0.085) will be used for re-
acceleration to energies of up to 3 MeV per nucleon 
initially, with a subsequent upgrade path to 12 MeV per 
nucleon.  Structural design is an important aspect of the 
overall cavity and cryomodule implementation.  The 
structural design must include stiffening elements, the 
tuning mechanism, and the helium vessel.  The main 
mechanical design optimization goal is to minimize the 
shift in the cavity’s resonant frequency due to the Lorentz 
force, bath pressure fluctuations, and microphonic 
excitation.  Structural analyses of the MSU quarter-wave 
resonators are presented in this paper; stiffening measures 
are explored.  The numerical predictions are compared to 
test results on prototype cavities. 

INTRODUCTION 
The re-accelerator requires one cryomodule containing 
six β = 0.041 quarter wave resonators (QWRs), one 
cryomodule containing eight β = 0.085 QWRs, and 
additional QWRs for matching [1, 2].  Unstiffened first 
prototypes of both the β = 0.041 QWR [3] and the β = 
0.085 QWR [4] have been fabricated and tested.  
Stiffened versions of the β = 0.041 QWR [5] are presently 
being produced; several have been tested in a Dewar and 
one of them is being tested in a cryomodule [6].  The 
unstiffened β = 0.085 QWR has been tested in a prototype 
cryomodule [5]; a stiffened version is presently being 
fabricated. 
A stable resonant frequency for the QWRs is desired, 
since excessive frequency fluctuations require additional 
RF power to control the RF amplitude and phase.  
Sources of frequency fluctuations include microphonic 
excitations, fluctuations in the helium bath pressure and 
Lorentz force detuning.  Since the operating temperature 
is 4.5 K, the helium bath pressure stability will likely be 
determined by the extent to which the return pressure of 
the cryogenic plant can be controlled.  The stiffening 
measures were intended primarily to reduce the pressure 
sensitivity. 
The pressure sensitivity and Lorentz force detuning 
coefficient were predicted and measured for both the β = 
0.041 and β = 0.085 QWRs. 

MODELLING 
A sequential coupled field analysis RF/Structural/RF is 
used to predict the frequency shift due to cavity shape 

deformation from changes in the bath pressure or the 
Lorentz forces on the cavity walls caused by the 
electromagnetic field.  In order to predict the frequency 
change, a structural analysis is required to find the 
deformation of the cavity walls.  A subsequent high-
frequency analysis determines the frequency shift for the 
deformed cavity.  The same simulation technique is also 
used to calculate the range of the tuning system. 
The prediction of the resonant frequency change depends 
on the accuracy of the calculated electromagnetic fields as 
well as the calculated mechanical deformation. 
For the sequential coupled field analysis, two model parts 
are used: the “RF model” (Fig. 1) that describes the inner 
RF volume of the cavity and the “mechanical model” 
(Fig. 2) that represents the mechanical structure of the 
cavity.  Both models are generated within 
ANSYS/Multiphysics [7]. 
The geometrical symmetry allows the simulation of only 
one quarter of the cavity.  Since the inner niobium walls 
of the cavity are relatively thin Nb sheets, shell elements 
are used to model the walls and some of the thin 
stiffening elements.  This simplifies the whole modelling 
procedure. 
To determine the free resonant frequency shift and the 
range of the tuning system, the following steps are 
necessary: 

• Step 1 - A high frequency modal analysis is used 
to calculate the resonant frequency and the 
magnetic field distribution (Fig. 1) of the 
undeformed cavity, using the RF model. 

• Step 2 - Calculation of the Lorentz force 
distribution on the surface of RF model (Fig. 3).  
The resulting Lorentz force distribution on the 
cavity surface is scaled to a peak magnetic field 
of 100 mT as an input for the next step. 

 

(a)  

(b)  

Figure 1: Electromagnetic fields (RF model) for the β = 
0.041 QWR: (a) electric field and (b) magnetic field. 
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(a)
 

(b)  

Figure 2: Mechanical model for the β = 0.041 QWR. 

 

 

Figure 3: Lorentz force distribution for the β = 0.041 QWR. 

 
• Step 3 - Calculation of the deformation of the 

mechanical model (Fig. 4) by applying 
atmospheric pressure and the Lorentz force 
distribution from Step 2 as input loads. 

• Step 4 - Calculation of the resonant frequency of 
the deformed RF structure by applying the 
deformations from Step 3 to the RF model.  The 
RF model has to be treated as an elastic 
structure.  A mechanical calculation for the RF 
model computes the deformation (Fig. 4).  
Additionally, the elements/nodes have to be 
“frozen” at their deformed location.  The element 
type is then switched back to the RF element and 
the resonant frequency of the deformed structure 
is calculated. 

• Step 5 - Calculation of the tuning range.  
Additional forces from the tuner are applied to 
the mechanical model and the simulation is 
repeated following Steps 3 and 4. 

(a)  

(b)  

Figure 4: Deformation of the β = 0.041 QWR: (a) external 
pressure and (b) Lorentz force. 

 
Both the RF and mechanical meshed models were 
generated before beginning the simulations.  During the 
calculations, models were switched off when they were 
not needed.  Such a procedure produces the highest 
simulation accuracy.  Because of the non-homogeneous 
electromagnetic field distribution, the most convenient 
meshing method is an automatic meshing with a 
manually-corrected local mesh density.  The criterion for 
mesh optimisation was the minimization of the peak 
surface magnetic and electric field [8]. 
For an optimisation of the mechanical design, Steps 3-5 
have to be done for each stiffening scheme. 

RESULTS 
A series of different options for QWR stiffening were 
investigated.  As indicated above, the main goal was to 
minimize the frequency shift due to helium bath pressure 
fluctuations.  Another objective of QWR stiffening was to 
minimize the dependence of cavity behaviour on the 
cryomodule environment.  When making the choice 
between different stiffening schemes, the cavity 
fabrication procedures had to be taken into account as 
well. 
The results of cavity stiffening are shown in Fig. 5.  The 
chosen QWR stiffening structure includes a dome ring 
(Fig. 6), a central electrode plate (Fig. 7), and a beam port 
buttress (Fig. 8).  All results are for completely 
unconstrained cavity beam pipes. 
The dome ring connects the top of the cavity to the 
helium vessel, which reduces the vertical displacement of 
the central electrode (Fig. 5, curve “top.ring”). 
The plate in the lower part of the central electrode joins 
the two opposite plane surfaces that are mainly affected 
by the bath pressure (Fig. 5a, curve “ce.plate_top.ring”). 
The conical shape of the beam ports simplifies cavity 
fabrication, but represents a flexible element.  A 
connection to the helium vessel was made via a buttress 
to minimize the displacement of the beam ports (Fig. 5b, 
curve “bp.buttress_top.ring”). 
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(a)  

(b)  

Figure 5: Results of QWR stiffening: (a) predicted 
frequency shift with bath pressure; (b) predicted Lorentz 
force detuning, KL = df/dEacc

2. 

 (a)  

(b)  

Figure 6: Stiffening ring for the β = 0.041 QWR: (a) 
model showing the ring in blue; (b) photograph of the 
stiffening ring prior to welding of the helium vessel. 

 (a)

 

(b)  (c)  

Figure 7: Central electrode stiffening plate for the β = 
0.041 QWR:.(a) model with the plate shown in blue; (b) 
photograph of the plate; (c) photograph of the central 
electrode with the plate welded into it. 

 
The results of simulations and measurements for the β 

= 0.041 and 0.085 QWRs are compared in Table 1.  The 
results correspond to a cavity wall thickness of 2 mm 
except for the top dome, which is 3 mm thick.  The 
location of tests “Dewar” and “module” slightly differ by 
different cavity support.  (Dewar testing with a helium 
vessel was done under realistic conditions, with liquid in 
the vessel and vacuum outside the vessel.)  Note that, in 
Table 1, KLP = df/dEpk

2 is defined using the peak surface 
electric field, but in Fig. 5, KL = df/dEacc

2 uses the 
accelerating field (in our case Epk/Eacc = 4.1).  We 
assumed the same mechanical properties for the cavity 
walls and stiffening elements (Young modulus = 105000 
N/mm2 and Poisson ratio ν = 0.38). 
The agreement between predicted and measured values of 
df/dp in Table 1 is relatively close.  The measurements 
confirm the prediction that the stiffening elements 
produce a significant reduction in the absolute value of 
df/dp for the β = 0.041 QWR. 
The predicted values of the Lorentz detuning coefficient 
are generally larger in magnitude than the measured 
values.  This level of agreement is not unexpected, 
considering that the simulations are rather complicated 
and that simplifying assumptions are needed in the 
numerical models.  Both the simulations and the 
measurements indicate a reduction in the absolute value 
of the Lorentz detuning coefficient with stiffening. 
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(a)  (b)  

(c)  

(d)  

Figure 8: Beam port buttress for the β = 0.041 QWR: (a) 
model with the buttress shown in blue; (b) drawing of 
buttress; (c) photograph of buttress; (d) beam port with 
buttresses welded to cavity. 

 

Table 1: Simulation and test results for QWR stiffening.  
The Lorentz detuning coefficient is defined as KLP = 
df/dEpk

2. 

β = v/c  = 0.041 
 

stiffened 
He 

vessel 
 
location 

df/dp 
(Hz/mbar) 

KLP 

[Hz/(MV/m)2] 
 calc. exp. calc. exp. 
no no Dewar -18.25 -18.5  -0.1 
no no module -18.7  -0.19  
no yes Dewar -11.1  -0.15  
yes no Dewar -12.21 -12.8 -0.18 -0.08 
yes yes Dewar -2.5 -2.0 -0.1 -0.04 
yes yes module -2.7  -0.12 -0.07 
β = v/c  = 0.085 
no no Dewar  -19.7  -0.19 
no no module -19.3  -0.2  
no yes Dewar  -7.8  -0.12 
no yes module -6.6 -7.3 -0.16 -0.13 
yes no module -10.96  -0.16  
yes yes module -6.86  -0.12  
 

 
 

CONCLUSION 
Numerical models have been used to predict the stiffness 
of quarter-wave resonators for the MSU re-accelerator 
linac and to design stiffening elements for the resonators.  
The stiffening efficacy has been verified experimentally 
on the β = 0.041 resonators.  Fabrication of stiffened β = 
0.085 resonators is in progress. 
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CONICAL HALF-WAVE RESONATOR INVESTIGATIONS 

E. Zaplatin, Forschungszentrum Juelich, Germany  

Abstract 
In the low energy part of accelerators the magnets 

usually alternate accelerating cavities. For these particle 
energies Half-Wave Resonators are considered. Such 
layout allows enlargement of the peripherical cavity 
volume containing RF magnetic field. This results in 
decreasing the cavity peak surface magnetic field Bpk/Eacc 
by the factor of two. Additionally, an enlarged dome 
volume allows an installation of magnetic tuner for cavity 
frequency adjustment without affection of Bpk/Eacc. 
The paper reports the results of superconducting Half-
Wave Resonator shape developments. A magnetic 
plunger for cavity frequency tune is investigated. 
Different cavity shape modifications are suitable also for 
close situated cavities. 
The results are applicable for SC RF Quarter-Wave 
Resonators. 

CAVITY RF DESIGN 

Conical Haf-w ave Resonator
The goal of the cavity electrodynamics design is to 

optimise the cavity geometry to minimize values of peak 
electrical and magnetic fields on the cavity surface 
relative to the accelerating electrical field on the cavity 
axes (Bpk/Eacc and Epk/Eacc).  

Table 1: Some parameters of IFMIF half-wave resonator 

Frequency MHz 175 
β=v/c  0.094 
Raperture mm 20 

βλ mm 161.04 
Rcavity mm 90 
G Ohm 28.55 
Epk / Eacc *)  4.42 
Bpk / Eacc *) mT/MV/m 10.12 
*) Lcav = Ngaps * βλ/2, where Ngaps=2 – number of gaps 

 
The dependence of peak magnetic and electrical fields 

in cavity via their ratio Bpk/Epk with a certain their values 
are shown on Fig. 1. Here we considered two peak values 
for both fields that correspond to the range of more 
probable project values for low-ß accelerator part (for Bpk 
– 50 mT and 70 mT, for Epk – 30 MV/m and 50 MV/m). 
The limitation on cavity accelerating efficiency is defined 
by Bpk for the ratio Bpk/Epk larger than 1.5 and from Epk 
with this ratio lower than 1.5. In most cases of low-beta 
resonators Bpk/Epk is about 2.5. It means, with the 
decrease of Bpk/Eacc the cavity accelerating efficiency can 
be increased. 

To improve RF parameters of half-wave cavity a 
conical shape resonator (cHWR) [1] can be used. A 
“standard” straight circular IFMIF half-wave resonator 

has been used as a model for a comparative investigation 
([2] and Table 1). Since SC magnets alternate cavities in 
cryomodule there is a space for cavity dome volume 
enlargement. 

 

Figure 1: Peak electrical and magnetic surface fields. 

The first step was increasing the cavity outer conductor 
diameter in the dome region up to two times bigger (up to 
360 mm). The rest of the cavity was kept unchanged 
(Fig.2a).  

 
(a) 

 
(b) 

Figure 2: HWR with enlarged outer (a) and central 
conductor (b) dome diameters. 

 

Figure 3: Power dissipation in conical HWR relative to 
cylindrical shape. 
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The resonator magnetic field volume enlargement is 
equivalent to the bigger cavity inductance, which results 
in the enhancement of cavity shunt impedance and 
reduction of power losses (Fig. 3). It also decreases 
resonance frequency. To correct the shift of the resonance 
frequency the cavity length becomes shorter to get the 
project frequency value. The larger magnetic field volume 
means also the smaller surface current flow density that 
results in the substantial Bpk reduction with only minor 
Epk/Eacc enhancement (Fig. 4).  

 

Figure 4: Peak magnetic and electrical fields in conical 
cavity. 

The next step was to increase the diameter of the cavity 
inner (central) conductor (Fig. 2b). Two different 
diameters of outer conductors – 1.5 and 2.0 times bigger 
than IFMIF HWR have been investigated.  

 

Figure 5: Peak magnetic field in conical cavity with 
enlarged central electrode dome diameter. 

The larger central electrode dome diameter results in the 
reduction of magnetic field volume that returns the cavity 
frequency back to required value. The same happens with 
power dissipation. 
Since the surface for the cavity current flowing along the 
central electrode in the dome region becomes bigger, the 
current density lows down. This results in the further 
Bpk/Eacc reduction (Fig. 5).There is no much space for the 
first and last cavities in the cryomodule for dome volume 
developments.  

 
(a) 

 
(b) 

Figure 6: Tilted cHWR geometry. 

 

Figure 7: Tilted cHWR parameters. 

For these particular cavities the tilted cHWR (Fig. 6) 
was considered. The same investigations like for the 
straight cHWR have been provided. The results for power 
dissipation are very similar. There is a small difference in 
the field results caused by non-symmetrical field 
distributions (Fig.7, red points on plots are related to the 
straight cHWR).  

 

Figure 8: Tilted cHWR geometry and peak surface 
magnetic field. 

 
The same cavity would be valid for two in series HWR 

installation between SC magnets. The central electrode 
cone diameter enlargement works in the way like by 
straight cHWR (Fig. 8). Fig.9 shows a possible position 
of conical resonators in the cryomodule. 
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Figure 9: cHWR positions in cryomodule. 

Racetrack Half-w ave Resonator 
For the higher energy part of an accelerator where 

cavities are installed without space between them the 
conical cavities cannot be used otherwise the whole 
accelerator length will be increased. In this case racetrack 
shape cavities (rHWR) are proposed.  

(a)  (b)  

(c)  

Figure 10: Racetrack HWR geometry and relative power 
dissipation by cavity shape modification. 

 
The racetrack HWR is a modification of round HWR 

with racetrack dome shape in the direction perpendicular 
to the beam path (Fig.10). The shorter size of racetrack 
was kept the same as the round cavity diameter 
(Dout=2*Rout_cyl) and longer part is varied like in 
conical cavity case up to two times (Rout_cone=Dout). 

First, the case with the same shape of the central electrode 
has been investigated. Stretching dome shape in one 
direction results in magnetic field volume enlargement. 
The cavity frequency decreases but since the cavity shunt 
impedance grows up, dissipated power losses are reduced. 
During this study for simple comparisons the same 
nominations like in the case with conical HWR 
developments have been kept. 

Since the dome enlargement has been made only in one 
direction a peak magnetic surface field is defined by the 
shorter racetrack size and stays the same like in the 
original round HWR (Fig.11). 
 

 

Figure 11: rHWR magnetic field distribution. 

For a modification of the central electrode geometry an 
elliptic shape has been used (Fig.12). Here again, the 
shorter ellipsis axes (Rin_cyl) have been kept of the size 
of the original cavity and the bigger axes was increased 
up to two times of Rin_cyl. 
 

(a)  (b)  

Figure 12: rHWR geometry with enlarged central 
electrode dome shape. 

 
An enhancement of the surface of the central electrode 

close to the dome results in decrease of surface current 
density. Bpk/Eacc has been reduced from 10.5 down to 8 
mT/MV/m. There is clear optimum for the central 
electrode shape modification (Fig.13). 
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CAVITY TUNE 
The cylindrical plunger installed at the cavity dome was 

investigated [2]. This plunger by insertion in the cavity 
disturbs the magnetic field volume and changes 
inductance of the cavity. Since the cavity magnetic field 
occupies much bigger volume in comparison with 
disturbed one, the frequency change caused by the 
“magnetic” plunger is low or it requires large plunger 
insertion. Our simulations result in few kHz per mm of 
the insertion depending on plunger length. Another 
negative aspect of the inductive tuner is the large 
enhancement of the peak magnetic field value. The peak 
magnetic field region with the use of the inductive 
plunger is moved from the surface of the central electrode 
to the plunger. 
 

(a)  

(b)  

Figure 13: rHWR magnetic field distribution (a) and peak 
surface magnetic field (b). 

 
The conical HWR makes magnetic plunger more 

effective. The bigger cavity dome volume allows using 
the bigger plunger that will result in the larger frequency 
shift. 

The results of cHWR simulation with inductive plunger 
(Fig. 14) are presented on Fig. 15. Here on all plots, the 
blue lines correspond to vacuum port diameter 
rbplport=16 mm and b-plunger radius 
rbplun=0.7*rbplport=11.2 mm. The red lines for 
rbplport=24 mm and rbplun=0.7*rbplport=16.8 mm.  
The bigger plunger (rbplun=16.8 mm) with a depth 
penetration in the cavity of ybplun=80 mm results in 
nearly 200 kHz frequency shift with highest tune 
sensitivity more than 2.5 kHz/mm. 

 

Figure 14: cHWR with inductive tuner geometry. 

 

(a)  

(b)  

Figure 15: Tune sensitivity of cHWR. 

 
Because of the bigger distance between plunger and 

central electrode there is no affection on Bpk/Eacc has been 
detected (Fig. 16).  
An enlargement of the central electrode cone diameter in 
the dome region results in the closer electrode position to 
the plunger, which in its turn results in the Bpk position 
shifting to the plunger and growing in a value (Fig. 17). 
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Figure 16: Bpk/Eacc in cHWR with inductive plunger. 

 

 

Figure 17: cHWR with inductive tuner geometry. 

 

(a)  

(b)  

Figure 18: Tune sensitivity of cHWR with enlarged central 
electrode cone diameter. 

An enhancement of Bpk/Eacc with plunger insertion 
eliminates an advantage of bigger central electrode 
diameter in terms of Bpk/Eacc minimisation. The resulted 
cavity frequency shift is not much bigger than in the 
previous case (about 250 kHz) with a maximal tune 
sensitivity of slightly less than 4 kHz/mm (Fig. 18).   
An installation of the inductive plunger in racetrack HWR 
does not change a value of the peak magnetic field. The 
resulted cavity frequency shift with 60-70 mm plunger 
penetration in the cavity is about 150 kHz with a maximal 
tune sensitivity of around 2.5 kHz/mm (Fig. 19). 

(a)  

(b)  

Figure 19: Tune sensitivity of  rHWR. 
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IFMIF-EVEDA SC β=0.094 HALF-WAVE RESONATOR STUDY 

E. Zaplatin, Forschungszentrum Juelich, Germany 
P. Bosland, Ph. Bredy, N. Grouas, Ph. Hardy, J. Migne, A. Mosnier, F. Orsini, J. Plouin, 

CEA-Saclay, France 

Abstract 
The driver of the International Fusion Material 

Irradiation Facility (IFMIF) consists of two 125 mA, 40 
MeV cw deuteron accelerators [1-2]. A superconducting 
option for the 5 to 40 MeV linac based on Half-Wave 
Resonators (HWR) has been chosen. The first 
cryomodule houses 8 HWR's with resonant frequency of 
175 MHz and geometric β=v/c=0.094. This paper 
describes the RF design of half-wave length resonator 
together with structural analyses. Detailed simulations of 
resonance multipactor discharge in HWR are presented. 
Due to the required high coupling, the power coupler is 
located in mid-plane of the cavity. Several cavity tuning 
options were investigated:  the capacitive tuner located in 
mid-plane and opposite to the power coupler port offers a 
large tuning range and will be tested first. 

CAVITY RF DESIGN 
The goal of the cavity electrodynamics design is to 

optimise the cavity geometry to minimize values of peak 
electrical and magnetic fields on the cavity surface 
relative to the accelerating electrical field on the cavity 
axes (Bpk/Eacc and Epk/Eacc). The fabrication technology 
and resonator structural properties also should be taken 
into account from the very beginning of the design. For 
low-beta cavity design RF parameters do not play the 
same important role like for elliptical cavities. An 
enhancement of an accelerating field by 20-30% doesn’t 
result in the substantial reduction of an accelerator length 
or the number of cavities. That’s why the project values 
for Eacc are usually easily achievable. It means, for this 
type of resonators the stability of the cavity structure 
against any external distortions is the primer design goal.  

 

Figure 1: HWR design basics. 
 

Since IFMIF accelerator will work in cw regime, the 
main goal of our cavity structural design is a 
minimization of the resonant frequency dependence on 

the external pressure fluctuations. The general basics of 
the cavity structural design are to avoid using the plane 
surfaces. This was the reason of the choice of a round 
shape of the beam port electrodes (Fig.1). The racetrack 
shape of the central electrode and the transaction part 
from racetrack to circular part were made as short as 
possible. Together with the round beam port shape this 
makes cavity more rigid and allows avoiding the parallel 
surfaces in the central region to minimize the risk of 
multipactor.  

 
Figure 2: HWR central electrode cone shape optimisation. 
 

To achieve a higher mechanical stability the resonant 
line of the central electrode was made conical. The 
conical shape will also reduce the peak magnetic field 
value. Fig. 2 presents ratios Bpk/Eacc and Epk/Eacc in the 
process of an optimisation of the lower cone diameter 
(d_in_bot, Fig. 1). There is a clear optimum for Bpk/Eacc 
by d_in_bot=42 mm. Still, this is in contradiction with 
Epk/Eacc optimisation and d_in_bot=80 mm has been 
chosen. It allows to reduce Epk/Eacc by 50% to compare 
with d_in_bot=42 mm whereas Bpk/Eacc is increased only 
by less then 20%. For the RF cavity design the whole 
geometry has been parameterised and all parameters have 
been optimised. The only given data for the design were 
the resonant cavity frequency 175 MHz, relative particle 
speed β=0.094, the cavity outer conductor diameter 180 
mm and a beam pipe aperture radius 20 mm. 

 

Figure 3: Half-wave resonator drawing and its position 
in cryomodule. 

The cavity geometry is shown in Fig.3 and cavity 
parameters are summarized in Table 1. 
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Table 1: Some parameters of half-wave resonator. 

Frequency MHz 175 
β=v/c  0.094 
Raperture mm 20 

βλ mm 161.04 
Rcavity mm 90 
G Ohm 28.55 
Epk / Eacc *)  4.42 
Bpk / Eacc *) mT/MV/m 10.12 
Epk @ Eacc = 4.5 MV/m MV/m 19.87 
Bpk @ Eacc = 4.5 MV/m mT 45.56 
Cool-down frequency shift kHz 250 
BCP frequency shift kHz/100μm 40 
df / dp Hz/mbar 0.04 
K_L = df / (Eacc)

2  Hz/(MV/m)2 1.1 
*) Lcav = Ngaps * βλ/2, where Ngaps=2 – number of gaps 

 

MULTIPACTOR SIMULATIONS 
Multipacting in rf structures is a resonant process in 

which a large number of electrons build up an 
multipacting discharge, absorbing rf power so that it 
becomes impossible to increase the cavity fields by 
raising the incident power. An electron can be emitted 
from one of the structure‘s surface by different reasons. 
The emitted electron is accelerated by the rf fields and 
eventually impacts a wall again, thereby producing 
secondary electrons. The number of secondary electrons 
depends on the surface characteristics and on the impact 
energy of the primary. In turn, the secondaries are 
accelerated and, upon impact, produce another generation 
of electrons. The process then repeats. An electron current 
increases exponentially if the number of emitted electrons 
exceeds the number of impacting ones and if the 
trajectories satisfy specific resonance conditions. 
Electrons colliding with structure walls, cause a large 
temperature rise and eventually to the thermal breakdown. 

The simulations of multipactor resonance discharge in 
the cavity have been provided according to the procedure 
described in [3]. The whole cavity model for these 
calculations has been prepared in Microwave Studio. In 
this study the Furman probabilistic model of secondary 
emission for copper was used with default MWS PS 
parameters. Usually 30 generations of secondary electrons 
were tracked and maximum of secondaries per hit was 3.  

 
The particle sources provided the simulations with 

primary electrons uniformly distributed over source area 
and uniformly distributed over energy range 5 eV ±50%. 
Number of primary particles per source was from 50 to 
20000. MWS PS stores information on emission and 
collision for every separately defined surface. This data 
allows calculating integral secondary emission yield 
defined as <SEY>=(Total Number of Secondaries)/(Total 

Number of Hits) and evaluate MP probability, its intensity 
and zones for each separate surface. 

 (a)  

(b)  

Figure 4: MP study in dome region (a –MP trajectories, b – 
simulation results). 

It is well known that in Half-Wave Resonator the first 
order multipactor exists in cavity dome volume. Two 
types of cavity dome shape have been investigated – the 
round and plane.   

 (a)  

(b)  

Figure 5: MP study in central cone electrode region (a –
geometry with source area, b – MP trajectories). 
 

The trajectories for round dome and simulation results 
for both dome shapes are presented on Fig.4. The results 
for plane dome shape detect less chance for MP to 
compare with round dome (Fig.4b). Still, the round dome 
shape is preferable for cavity cleaning to simplify the 
cleaning fluids to withdraw through the dome ports. 
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 (a)  

(b)  

Figure 6: MP study in central cone electrode region (a –
simulation results, b – round and plane dome shape
comparison). 

HWR central electrode together with outer conductor 
represents a coaxial line that usually affected by MP 
(Fig.5).  

 (a)  

(b)  

Figure 7: MP study in central region (a – MP trajectories,
b – simulation results). 

 
The detailed study of multipactor on different surfaces 

with central electrode as a primary particle source 
revealed that the main MP happens in the dome region 
and only weak low energy MP levels detected between 

central electrode and outer conductor (Fig.6a). The 
comparison of round and plane dome shapes didn’t detect 
any difference in MP levels (Fig. 6b). 

One more dangerous zone for MP in HWR is the 
volume between beam ports and central electrode 
(Fig.7a). To eliminate MP in this area the surfaces from 
the beginning were designed nonparallel. The calculations 
didn’t reveal any levels of discharge in this area (Fig.7b). 

The power coupler is installed in the cavity central 
region opposite to the tuner. The position of the coupler 
tip is 32 mm from the outer cavity conductor inside the 
coupler resonant line for required Qext=5.7*104 ( Fig.8). 
The coupler line wave impedance is 50 Ohm with the 
coupler outer conductor diameter 100 mm. 

(a)  

(b)  

Figure 8: Cavity external quality factor vs. coupler tip 
position.  

The tolerances of coupler central electrode installation 
have been calculated. Two extreme off-axes offsets of 10 
mm of the central electrode in the coupler outer conductor 
have been investigated (Fig.8a). There is nearly no 
difference in the results has been detected if central 
electrode is shifted along only one certain axis – Y or Z. 
In these cases Qext is increased by approximately 6500, 
which is equivalent to 1.5 mm coupler central electrode 
tip shift. If coupler CE is shifted for 10 mm along both (Y 
and Z) axes, Qext enhancement nearly doubles. This would 
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be equivalent about 2.5-3 mm coupler central electrode 
tip shift. 

STRUCTURAL  ANALYSIS 

Static External Pressure 
The structural analysis of the cavity behaviour under 

external pressure has been provided. A sequential coupled 
field analysis RF/Structural/RF is used to predict the 
frequency drift due to cavity deformations using codes 
ANSYS. The same meshed model was used for all types 
of simulations. Such procedure allows getting the highest 
simulation accuracy [4]. 

Since the cavity stiffening environment is uncertain at 
the moment of cavity design, it is worth to provide this 
study under two cavity beam port constrain conditions – 
fully fixed and completely free. Fig.9 presents HWR wall 
deformations and frequency dependency on external 
pressure fluctuation df/dp with different cavity wall 
thickness for these two extreme cases of beam port 
stiffening. 

 

(a)  

 
(b) 

Figure 9: Structural analyses results of HWR with beam
pipes free/fixed (a – cavity deformation).  

Since the central part of cavity central electrode has 
been designed to maximize the stability of this part, the 
main frequency shift is caused by the beam port 
displacements. In this case the cavity has been simulated 
without helium vessel. The helium vessel adds rigidity to 
the beam ports and is equivalent approximately to the 
fully constrained conditions (Fig.10).  

For simulations the helium vessel wall thickness 2 mm 
was used, the cavity walls were 4 mm except of central 
electrode walls with 3 mm. The cavity is jointed with 
helium vessel at beam ports, coupler port, tuner port and 
vacuum ports. There are no any constrains on all ports. 
There is a fixation of the he vessel model imitating the 
whole structure support in cryomodule. 

An additional stiffening of the central part of the central 
electrode eliminates nearly all the cavity frequency 
dependence on external pressure (Fig.11). The cavity 
frequency dependence on external pressure that is close to 
zero in this case is explained not by an extreme low cavity 
deformations but by well-known effect of the self-
compensation of frequency shifts caused by the change of 

the volume occupied by the magnetic and electrical fields 
(described for instance in [5]). Fixation of ports causes 
only the minor change of the results. 

(a)  

(b)  

 
(c) 

Figure 10: Coupled analyses model (a) and results (c) for 
HWR with and without He vessel (for cavity deformations 
(b) He vessel is not shown). 
 

 

(a)  

 
(b) 

Figure 11: Structural analyses results of HWR in he vessel 
with and without central electrode stiffening (for cavity 
deformations (a) He vessel is not shown). 

Modal Analysis 
The structural modal analysis has been provided with 

helium vessel fixed at the supports and tuner fixed by the 
tuner stem. The results are summarized in Table 2.  

Table 2: Mechanical modal analysis results of half-wave 
resonator in helium vessel. 

 mode 1 2 3 
modal analysis Freq / 

Hz 
136.32 160.95 234.14 

prestressed 
modal analysis 

Freq / 
Hz 

136.95 161.98 234.75 
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The first eigen mechanical mode of the system “cavity 
in helium vessel” is related to the central electrode 
oscillation (Fig.12). Constrains of the model for these 
simulations are very arbitrary - vacuum ports are not 
constrained at all, the coupler port is simulated rather 
preliminary and is not constrained, too. The connection of 
the cavity with the helium vessel at the dome region is 
made through the joints at the ends of vacuum ports. 
Because of these differences from the real structure the 
first mechanical mode frequency is expected higher. To 
increase more this mode frequency the cavity should be 
connected with helium vessel at the cavity dome region. 

Figure 12: Cavity first eigen mechanical mode. 

The same modal analyses on prestressed model (the 
modal under 1 bar external pressure) revealed no big 
difference of results (Table 3). 

Static Lorentz Force Detuning 
The measure of the static Lorentz force cavity detuning 

is a structure frequency shift relative to the accelerating 
cavity field square (KL=Δf/Eacc

2). The action of the 
Lorentz forces in the region of the magnetic field is 
directed outwards and in the electric field region inward 
the cavity volume.  

Lorentz force detuning is a function of RF field, which 
is forcing term, mechanical mode frequency, modal mass 
and mode‘s damping degree. However, findings of mode 
frequencies, corresponding stiffness and especially 
damping degrees are quite difficult for the real situation, 
since these dynamic properties are very sensitive to the 
boundary conditions such as connection scheme, strength, 
equivalent masses and equivalent stiffness of 
surroundings that is attached to the cavity. Only the 
relative comparisons are available before having 
experimental measurements of mechanical properties with 
actual cryomodule. Even after having measured values 
about dynamic mechanical properties of cavity, the 
predictions are not accurate with a conventional RF 
modelling, since RF fields and mechanical vibrations are 
strongly coupled and both are dynamic. 

LFD measurements can even differ much from one 
measurement to another since they are most sensitive to 
the cavity constrains in the cryostat. Additionally, the 
cavity displacements caused by Lorentz forces are within 
μm’s, and the cavity manufacture tolerances usually 100-
200 μm. That’s why one should expect here the biggest 
difference between simulation and experimental data. The 
cavity constrains in the cryostat should be simulated as 
close to the reality as possible since they can play the 
dominant role for accuracy of the simulation results. 

The response of HWR to a Lorentz force pressure was 
simulated. The numerical coupled analyses for Lorentz 
force detuning effect has been provided. An initial 
simulation of the cavity under different cryomodule 
environmental constrains can be made with two extreme 
cases – with completely free and fixed cavity components 
that are the joints with external structure. In our case they 
are beam pipes, vacuum ports, the coupler port and the 
tuner. The results of calculations for different joint 
conditions are presented in Table 3. The results can differ 
nearly two times, but the general conclusion that the 
cavity is rigid enough can be made. 
 

Table 3: Lorentz force simulation results. 

cavity wall = 4 mm K_L  Hz/(MV/m)2 
all free but LHe vessel support -1.56 
beam pipe fixed -0.83 
coupler flange fixed -1.52 
tuner fixed -1.07 

 

 

Figure 13: Cavity deformation under Lorenz force 
pressure. 
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PROGRESS IN SUPERCONDUCTING CH-CAVITY DEVELOPMENT

M. Busch∗ , U. Ratzinger, H. Podlech, F. Dziuba
IAP, Goethe University Frankfurt, Germany

Abstract

The superconducting CH-Cavity (Crossbar H-Mode) is
the first multi-cell drift tube cavity for the low and medium
energy range of proton and ion linacs. A 19 cell, β = 0.1,
f = 360 MHz prototype cavity has been developed, fabri-
cated and tested successfully with a voltage of 5.6 MV cor-
responding to gradients of 7 MV/m. Two new, optimised
CH-cavities are currently under development at IAP. One
cavity (f=325.224 MHz, β=0.15, 7 cells) is foreseen as an
upgrade for the GSI Unilac. The other one (f=216.96 MHz,
β=0.059, 15 cells) is planned for the cw operated heavy
ion linac also at GSI. The construction of the 325 MHz
7-gap CH-cavity has started. The new cavity has an opti-
mized geometry regarding tuning possibilities, high power
RF coupling, minimized end cell lengths and possibilities
for surface preparation. After low power tests it is planned
to test this cavity with a 10 mA, 11.4 MeV/u beam deliv-
ered by the Unilac at GSI. For preliminary tests a copper
model has been fabricated and tested in order to check the
properties of the new geometry.

THE 325 MHz CH-CAVITY

Large international projects with high requirements re-
garding beam power and quality (e.g. IFMIF (Interna-
tional Fusion Material Irradiation Facility) [1, 2] / EU-
ROTRANS (EUROpean Research Programme for the
TRANSmutation of High Level Nuclear Waste in an Ac-
celerator Driven System) [2]) ask for new linac develop-
ments. The superconducting CH-cavity is an excellent can-
didate for those requirements because it reduces the num-
ber of drift spaces between cavities significantly compared
to conventional low-β ion linacs [3]. Along with KONUS
beam dynamics, which decreases the transverse rf defocus-
ing and allows the development of long lens free sections,
this leads to high real estate gradients with moderate both
electric and magnetic peak fields. A 19-cell, superconduct-
ing 360 MHz CH-prototype (see Figure 1) has been devel-
oped and successfully tested in the past years. Gradients of
up to 7 MV/m, corresponding to an effective voltage gain
of 5.6 MV could be reached [4]. These promising results
led to a new design proposal for high power applications
(see Figure 2). The new cavity is operated at 325 MHz,
consists of 7 cells, β = 0.1545 and has an effective length
of 505 mm.

The most important changes in comparison to the CH-
prototype are:

• inclined end stems

∗ busch@iap.uni-frankfurt.de

Figure 1: Sideview of the 19-cell, β = 0.1, 360 MHz CH-
Prototype.

Figure 2: Design of the superconducting 7-cell CH-Cavity
(325 MHz, β = 0.15)[6].

• additional flanges at the tank caps for cleaning proce-
dures
• two membrane tuner inside the cavity
• two ports for larger power couplers due to changed

stem geometry

These elements can be seen in Figure 2.
Inclined end stems lead to a more homogeneous field

distribution along the beam axis (see Figure 3) compared
with straight stems because the volume for the magnetic
field in this area and therefor the inductance is increased.
At the same time the longitudinal dimensions of the cavity
can be reduced by about 20%-25% since an extended end
cell is not needed for field flattening. Flanges at the tank
caps provide a pleasant way to process the cavity surface
with BCP (Buffered Chemical Polishing) and HPR (High
Pressure Rinsing). In Table 1 the main parameters of the
new cavity are summarized.

For the tuning of the cavity three types of tuners are fore-
seen: There will be 4 static tuners with a diameter of 30 mm
and a height between 0 and 60 mm to adjust the frequency
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Figure 3: Field distribution for different stem / girder ge-
ometries.

Table 1: Specifications of the 325 MHz CH-cavity

β 0.1545
frequency [MHz] 325.224
no. of cells 7
length (βλ-def.) [mm] 505
diameter [mm] 352.6
Ea [MV/m] 5
Ep/Ea 5.1
Bp/Ea [mT/(MV/m)] 13
G [Ω] 64
Ra/Q0 1248
RaRs [Ω2] 80000

after fabrication. They are positioned between the stems
and the height is fixed after adjustment. The frequency
range is plotted in Figure 4. Furthermore a new way to tune

Figure 4: Tuning range of the static tuners.

the frequency during beam operation will be tested. While
the CH-prototype was tuned by pushing the tank caps and
varying the end cell of the resonator, the new cavity will

use two membrane tuners (a fast and a slow one) inside the
cavity. They will be placed on the girder between the stems
and driven by a piezo. The slow tuner adjusts the frequency
after cooling the cavity down, while the fast one regulates
the frequency during beam operation. A prototype of the
membrane tuner (see Figure 5) has already been tested at
room temperature. Further tests at 4 K and with piezos are
planned within the next weeks.

To calculate the influence of the membrane tuners rf sim-
ulations have been performed. The height of the static
tuners was kept constant while increasing continuosly the
height of the fast membrane tuner. Figure 5 shows that at
a point of approximately 50 mm tuner height a shift of 150
kHz/mm is achievable, which is sufficient for fast tuning
during beam operation.

Figure 5: Tuning range of the fast membrane tuner.

It is planned to test the cavity with beam at the GSI Uni-
lac at the exit energy of 11.4 MeV. The frequency of 325
MHz is the third harmonic of the Unilac.

THE 217 MHz CH-CAVITY

At GSI the design effort for a cw operated heavy ion
linac has started. The linac will be used for the produc-
tion of super heavy elements. It has to provide ion beams
with a A/q of up to 6 and energies up to 7.3 AMeV. Above
an energy of 3.5 AMeV the linac is fully energy variable.
Due to the required cw operation the main linac will be su-
perconducting. The front end is the existing high charge
injector (108.48 MHz, 1.4 AMeV) which is presently be-
ing upgraded for the required duty cycle. The main ac-
celeration of approximately 35 MV will be provided by a
superconducting linac consisting of 9 CH-cavities operated
at 217 MHz (see Figure 6). The first superconducting CH-
cavity (cavity no. 5, see Figure 7) is currently under design
and it is planned to test it with beam in 2012. The geomet-
rical properties are adapted to the 325 MHz CH-cavity and

first rf simualtion results could be achieved (see Table 2).
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Figure 6: Schematic overview of the cw heavy ion linac.

Figure 7: First design layout for the cw heavy ion linac.

Table 2: Parameter of the Fifth s.c. CH-cavity of the cw
Linac

β 0.092
Frequency [MHz] 217.96
No. of cells 10
Length (βλ-def.) [mm] 642
Diameter [mm] 470
Ea [MV/m] 5.1

THE COPPER MODEL

A room temperature copper model has been built to val-
idate the electromagnetic simulations and for preliminary
results in the run-up to the fabrication of the superconduct-
ing CH-structure (see Figure 8) [5]. The design is very
modular in order to modify the geometry for future pur-
poses [7]. Possible modifications include:

• cell number
• cell length
• cavity length
• coupler size /position
• stem shape
• tuner position
• tuner size and shape

Figure 8: Photograph of the r.t. copper model.

Bead pull measurements with an applied β-profile show
an unflat field distribution at a constant gap to cell length
ratio of 0.5 (see Figure 9).

Figure 9: Longitudinal electric field distribution with β-
profile.

By adjusting the gap to cell-length ratios, i.e. varying
the drift tube lengths, the field distribution can be flattened
(see Figure 10).

The measurement of a geometry with straight end stems
and on the other hand with inclined end stems yields a
slightly better field flatness in the case of inclined end stems
(see Figures 11 and 12).
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Figure 10: Longitudinal electric field distribution with flat-
tened β-profile by variation of the gap to cell length ratio.

Figure 11: Longitudinal electric field distribution with a
const. β.

A better result could be achieved by adjusting the girder
length and the end cell area of the cavity to the geometry
of the inclined stems.

Figure 12: Longitudinal electric field distribution with in-
clined end stems.

SUMMARY & OUTLOOK

The rf simulations of the 325 MHz sc CH-cavity for the
GSI Unilac are completed and the fabrication process is
about to begin at Research Instruments. Additional thermal
and mechanical simulations have yet to be performed to
ensure smooth operation after cool down and during beam
time. First simulations of the 217 MHz CH-cavity for the
cw heavy ion linac at GSI have been started. Measurements
of the copper model showed good accordance with the sim-
ulations and further modifications of the geometry will be
performed for the optimisation of future s.c. CH-cavities.
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DEVELOPMENT OF SUPERCONDUCTING CH-CAVITIES FOR THE
EUROTRANS INJECTOR LINAC∗

F. Dziuba† , H. Podlech, M. Busch, U. Ratzinger, C. Zhang, H. Klein
Institute for Applied Physics (IAP), Goethe University Frankfurt, Germany

Abstract

The CH-structure (Crossbar-H-mode) is a superconduct-
ing multi-cell drift tube cavity for the low and medium
energy range operated in the H21-mode. Due to its well
designed geometry and by using the special KONUS
(KOmbinierte NUll Grad Struktur) beam dynamics the
superconducting CH-cavity is an excellent candidate for
the efficient acceleration in high power proton and ion
accelerators. One of many possible applications for
this kind of superconducting RF cavity is the EURO-
TRANS project (EUROpean Research Programme for the
TRANSmutation of High Level Nuclear Waste in an Ac-
celerator Driven System, 600 MeV, 352 MHz). A pro-
totype cavity has been developed and tested successfully
with a gradient of 7 MV/m. At present a new supercon-
ducting CH-cavity with improved geometry for high power
applications is under construction. The status of the cavity
development related to EUROTRANS is presented.

SUPERCONDUCTING CH-CAVITIES IN
HIGH POWER PROTON AND ION

ACCELERATORS

Figure 1: 360 MHz sc CH prototype cavity.
∗ Work supported by BMBF contract No. 06F134I and EU contract

No. 516520-FI6W
† dziuba@iap.uni-frankfurt.de

The superconducting CH-cavity has been investigated
for several years at the Institute for Applied Physics (IAP)
of Frankfurt University. This kind of cavity is particu-
larly suitable for international high power applications with
intense beam currents like the EUROTRANS project be-
cause its well designed geometry reduces the number of
drift spaces between the cavities significantly compared to
conventional low-β ion linacs [1]. Furthermore, the super-
conducting CH-structure delivers a better efficiency at high
duty cycles in comparison with room temperature cavities.
Using the special KONUS beam dynamics the transverse
RF defocusing will be decreased, which provides long lens
free sections inside the cavities. All these components lead
to high real estate gradients with moderate peak fields [2].
Figure 1 shows the 19-cell, 360 MHz superconducting pro-
totype CH-cavity, which has been developed and tested
successfully at the IAP Frankfurt. The main prototype pa-
rameters are mentioned in Table 1.

Table 1: Parameters of the sc CH-prototype Cavity

Material Bulk niobium
β 0.1
Frequency [MHz] 360
Total length [mm] 1048
Cavity diameter [mm] 274
Aperture diameter [mm] 25
Accelerating cells 19
RRR 250
G [Ω] 56
Q0 (BCS) 1.3 · 109

Ra/Q0 [Ω] 3180
Ra Rs [kΩ2] 178
Ep/Ea (βλ-definition) 5.2
Bp/Ea [mT/(MV/m)] (βλ-definition) 5.7
Ea exp. [MV/m] 7
Ua exp. [MV] 5.6
Ep exp. [MV/m] 36
Q0 exp. 6.8 · 108

EUROTRANS

The EUROTRANS project, supported by European
Union, is proposed for the transmutation of high level nu-
clear waste using an accelerator driven system (ADS) with
an efficient high-current cw-linac [3].

To initiate the transmutation protons will be accelerated
up to 600 MeV with a beam current of 2.5 mA, which can
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Figure 2: Layout of the 17 MeV EUROTRANS front end.

be increased to 4 mA during the burning process of the fuel.
The beam is transported to a spallation target consisting of
liquid metal with a beam power of either 1.5 or 2.4 MW de-
pending on the beam current. Figure 3 shows a schematic
overview of the EUROTRANS proton driver linac. A linac
front end proposal offered by IAP of Frankfurt University
is shown in Figure 2.

Figure 3: Schematic overview of the EUROTRANS proton
driver linac.

In order to assure the extreme high integrity of opera-
tion (less than 3-10 beam trips with t > 1 s per year), the
EUROTRANS injector consists of two identical redundant
designed front ends. Both front ends are in operation but
only one injector delivers the beam to the main linac. In
case of a beam trip, which is unfixable within a short time
(t < 1 s), the second injector will deliver the beam. Each
front end consists of an ECR (Electron Cyclotron Reso-
nance) ion source, a 4-vane-RFQ up to 3 MeV, two room
temperature CH-cavities up to 5 MeV and four supercon-
ducting CH-DTL, which accelerate the beam up to 17 MeV.
All mentioned components will be operated at 352 MHz.
In addition to that, the CH-structures own a β-profile. Fol-
lowed by other linear accelerating cavity types the beam
energy will be increased to 600 MeV. The room tempera-
ture CH-structures are foreseen to prepare the beam for the
following superconducting CH-structures. They are acting
as beam loss filters and avoid a breakdown of superconduc-
tivity.

STATUS OF THE SUPERCONDUCTING
CH-DEVELOPMENT FOR EUROTRANS

In context of high power applications like EUROTRANS
the girder and the stem geometry of the superconducting
EUROTRANS CH-cavity has been optimized in compari-
son with the prototype to accommodate large power cou-
plers up to 250 kW between the stems (see Figure 4).

Via integration of inclined stems the end cell length
and unwanted drift sections could be reduced significantly
while reaching a high beam quality. The minimization of
unnecessary drift sections decreases the total cavity length
by about 20% without changing the voltage and peak fields
[4]. A high beam quality is essential to avoid beam losses
and activation of accelerator components.

Figure 4: Side view of the first sc EUROTRANS CH-cavity
(simulation with Microwave Studio [5]).

Figure 5: Simulated tuning range of ten tuners with respect
to the electrical peak fields.
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The cavity tuning will be done by capacitive tuners
through the girders. Currently two different types of tuner
are foreseen. For coarse voltage and frequency adjust-
ment during fabrication cylindrical fixed tuners will be
used. Additionally, bellow tuners are provided with a tun-
ing range of several hundred kHz. The first superconduct-
ing EUROTRANS CH-cavity includes seven fixed tuners,
one fast bellow tuner against limitations like microphonics,
Lorentz-force detuning etc. and two slow bellow tuners to
readjust the frequency at 4.2 K [6]. By using these bel-
low tuners the required longitudinal space will be mini-
mized in contrast to a tuner system pushing on the end cells.
Figure 5 shows the simulated frequency depending on the
tuner height using ten identical cylindrical tuners with a
diameter of 40 mm for the first superconducting EURO-
TRANS CH-cavity.

Based on this tuning range the working points for the
fixed and the bellow tuners have been chosen with the aim
to maximize the frequency gain while keeping the tuner
displacement and the electrical peak fields to a minimum.
This tuning concept has been proven already during the
fabrication of the superconducting 360 MHz prototype cav-
ity [7].

Figure 6: Simulation of the electric field distribution before
and after the optimization (above), related gap and drift
tube length for the flat field (bottom).

The electric field distribution on z-axis was optimized
by adjusting the gap-to-cell-length ratio. Figure 6 shows

the simulated field distribution before and after the opti-
mization (above) and the related gap respectively the drift
tube length (bottom) for the first superconducting EURO-
TRANS CH-cavity with β-profile.

Figure 7: Picture of the rt copper model to validate electro-
dynamic simulations.

A room temperature CH copper model has been built
to validate the mentioned electromagnetic simulations (see
Figure 7). Its modular design allows measurements with
different drift tube arrays. Furthermore, the total cavity
length, the drift tube length and the stem positions can
be changed. By setting all model variables to the EU-
ROTRANS parameters a comparison between simulations
and measurements is possible. Therefore girder extensions
from massive copper bricks were built at the IAP work-
shop as documented in Figure 8. Figure 9 shows a technical
drawing of the recent superconducting CH-cavity design.

Figure 8: Manufacture of a girder extension aligned to the
EUROTRANS parameters of the first sc CH-cavity.

Figure 9: Recent design of the first 352 MHz supercon-
ducting EUROTRANS CH-cavity.
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Table 2: Parameters of the First Two Superconducting EUROTRANS CH-cavities

CH-1 CH-2

β (mean value) 0.117 0.138
Frequency [MHz] 352.1 352
Total length [mm] 696.64 862.89
Cavity diameter [mm] 286.1 300.82
Aperture diameter [mm] 25 - 30 30
Accelerating cells 13 14
Bellow tuner 3 3
Fixed tuner 7 7
Tuner height [mm] 25 - 35 25 - 35
Tuner diameter [mm] 40 40
G [Ω] 56 58
Ra/Q0 [Ω] 1775 2143
Ra Rs [kΩ2] 99 124
Q0 (BCS) 1.4 · 109 1.5 · 109

Q0 (Goal) 2 · 108 2 · 108

Ea [MV/m] (βλ-definition) 3.9 3.9
Ep [MV/m] 26.5 28.1
Ep/Ea 6.8 7.2
Bp [mT] 39.8 35.9
Bp/Ea [mT/(MV/m)] 10.2 9.2
Ua [MV] 2.5 3.2
Pc [W] (for goal Q0) 18 24

The current main parameters from Table 2 belong to the
first two superconducting EUROTRANS CH-cavities.

SUMMARY AND OUTLOOK

The electrodynamic simulations concerning the cavity
tuning and the field optimization for the first two EURO-
TRANS CH-structures were completed. For the third and
fourth cavity the simulations are in progress. Considering
the beam dynamics results the energy gain for every cavity
has to be calculated and optimized in an iterative process.

To validate the electrodynamic simulations, a room tem-
perature CH copper model was built and aligned to the first
superconducting EUROTRANS cavity. Measurements of
the electrical field distribution with different drift tube ar-
rangements, of the external quality and of the tuning range,
will be done in the next few weeks.

The simulations of both room temperature CH-cavities
were practically completed. It is planned to build the first
room temperature EUROTRANS CH-cavity and test it with
full RF power in the next years.
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IMPROVED PERFORMANCE OF THE SC LADDER RESONATOR 

G. Bisoffi, F. Chiurlotto, G. Maggioni, A. Palmieri, A.M. Porcellato, S. Stark, A. Rossi, 
INFN/LNL, Legnaro, Padova, Italy

Abstract 
A novel superconducting (sc) structure, the ladder 

resonator [1], was proposed  to accelerate a high intensity 
proton beam within the energy range of 5–20 MeV. The 
first Q-curves were affected by a serious electron-beam 
welding inconvenience, discovered at a later stage. After 
repairing the resonator, the Q-values at low field 
improved by around a factor 5. Present value of the 
achievable accelerating field is limited by the availability 
of liquid He, with respect to the time needed to condition 
field emission (FE) at 4.2 K. 

MAIN RESONATOR FEATURES 
A superconducting alternative to a normal conducting 

DTL in the intermediate energy range (β=0.1÷0.2) of CW 
proton drivers, such as those proposed for RNB facilities, 
nuclear waste transmutation, spallation neutron sources or 
neutron irradiation tools, has been proposed. 

It consists in few families of independently phased 
resonators at a frequency of 352.2 MHz covering the 
energy range 5÷85 MeV, which match the output energy 
of a normal conducting RFQ and deliver the beam to a 
spoke or elliptical cavity section covering the 85÷1000 
MeV range. 

Twelve 4-gap ladders are proposed to cover the range 
5÷20 MeV [1]:  two families of six ladder cavities each 
(β0 = 0.12 and 0.17), housed in two cryostats, are 
foreseen.  Superconducting quadrupoles are located in 
between ladder cavities. Eight cryostats, with four 2-gap 
resonators each (either spoke or half-wave resonators [2]), 
follow the ladder section up to 85 MeV. 

Beam dynamics studies with the HALODYN code 
were made for a 5 mA CW proton beam.  Both full 
transmission and absence of emittance growth up to the 
85 MeV were achieved in the simulations. 

The need to avoid the parametric resonance, occurring 
when the longitudinal phase advance (proportional to the 
square root of the period length L) is twice the transverse 
one, sets a limit on L and, consequently, suggests to limit 
the ladder length. 

The ladder resonator is a 352.2 MHz 3-parallel-stem 
cavity built in full Nb, designed to operate at 4.2K.  Its 
stiffening cage and its He vessel are in Ti.  The β=0.12 
family has been prototyped (fig.1). 

A parallel-stem geometry was chosen since it allows rf-
currents to flow in the end walls in a similar pattern as in 
the stems.  In these conditions, all the gaps have the same 
accelerating voltage, without having to increase the length 
of the outer ones (as it happens on crossed-stem spokes). 
This design allows this linac section to reach a fairly high 
real-estate gradient (~2.2 MV/m). 

 
Figure 1: Photo of the ladder resonator prototype. 

The price to pay to the compact parallel-stem structure 
is a lower cell-to-cell coupling of the ladder resonator 
with respect to crossed-stem spoke resonators.  However, 
an acceptable rf-coupling (1,2%) is achieved by two large 
coupling holes in each half of the central stem.    

Moreover, the parallel-stem arrangement, which 
concentrates the distribution of the current density on the 
stem flat areas and on their mirror surfaces on the end-
walls, allow the lateral cavity faces to be bolted plates, 
since the maximum field at their joint is acceptably low 
(0,18 mT).  Such lateral flanges, which were realized in 
Nb-sputtered Cu, make the resonator BCP and HPWR 
easier, as well as inspection and repair of the interior 
volume, with respect to crossed-stem spoke cavities.  

 

Table 1: Calculated RF parameters of the ladder cavity 

 COMSOL 3.5 [3] HFSS 11.1 [4] 
RF Coupling 1.2% 1.2% 
Esp/Ea 4.0 (±0.6) 3.7 (±0.3) 
Hsp/Ea 

[mT/(MV/m)] 
9.0 8.8 

Hs,joint [μT] 182 188 
G [Ω] 35.8 36.5 
U/Ea

2 
[mJ/(MV/m)2] 

38 38 

Lactive 193 mm 
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Table 1 shows the relevant parameters of the ladder 
resonator, calculated with very good agreement by the 
HFSS [3] and COMSOL [4] codes.  The operating field 
was set to Ea=5.8 MV/m, where the active resonator 
length in the Ea definition corresponds to the distance 
between the internal cavity walls. 

The average energy gain at the optimum beta, including 
the TTF, is ΔW~1.03 MeV. 

The resonator is mechanically very stiff:  calculations 
with ANSYS [5] show that there are no mechanical 
vibration modes below 230 Hz [6].  

Despite the low rf coupling (1.2%), the field flatness 
measured at the end of the construction after a rather 
complex tuning procedure [7] was good:  ±3%.  

The final value of the resonant frequency at 4.2 K, i.e. 
352.22 MHz, is only 20 kHz away from the target value, 
compatible with the tuning range obtained by 
pushing/pulling both beam ports by ±0.5 mm (±150 kHz). 

CAVITY PERFORMANCE 
Multipacting is not an issue for the ladder cavity:  

residual RFE requires less than 2 h at 4.2K after a few 
hours treatment at room temperature. 

The relevant Q-curves measured on the ladder 
resonator are shown in fig.2.   
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Figure 2: Q-curves of the ladder resonator (see text for 
explanation). 

The first measured Q-curve (curve (a) in fig.2) exhibits 
a very low Q value.   However, internal inspection of the 
resonator did not show any remarkable defect at that 
stage: we suspected, therefore, that the low Q was due to 
the low quality of the Nb/Cu sputtered lateral plates 
and/or to the bad contact between lateral plates and cavity 
body. However, after improving both the quality of 
sputtered lateral plates and the strength of the contact, the 
Q-curve was nearly the same.  Only at this stage did an 
inspection of the internal surface reveal the rather evident 
defect, located in a very high field region, shown in fig.3.  
It had not turned up on previous inspections, as proven by 
photographic images. 

We investigated the defect by means of SEM 
microscopy:  it revealed a groove, around 1 mm wide - 6 
mm long and 1 mm deep, the bottom of which was nearly 
pure Ti (fig.4 and fig.5).  This hot spot was a possible 
reason for the low Q-values of curve (a). 

 

 
 
Figure 3: Photo of the Ti defect in the resonator (detail: 
the portion of Nb wall removed during the repair). 

 

Figure 4: SEM picture of a portion of the defect:  the 
darker part in the groove is titanium. 
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Figure 5: SEM analysis in the center of the groove and 
just aside it: while the defect is nearly full Ti, the 
material around the flaw looks unaffected by the welding 
failure (within SEM resolution limits). 
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Repair was then undertaken by the welding company.  
It consisted in opening the Ti box from the outside,  
removing the ribs behind  the defect and taking away – by 
means of a very thin milling tool – the largest possible 
area of Nb wall around the flaw, without affecting the EB 
welds towards stem and end-wall. 

Following local chemical etching, the defected area was 
replaced with high RRR Nb; Ti ribs (with a Nb insert to 
the resonator wall) were EB-welded to the ladder cavity 
and TIG-welded among themselves; finally the outer Ti 
cage was closed again by EB-welding. 

Then another 40 μm buffer chemical polishing of the 
entire resonator was performed. 

 

 
Figure 6: Completed repair of the EB weld flaw. 

After the resonator was repaired (fig. 6), two 
measurement sessions were conducted, in May and July 
2009. The results are shown in curves (b, c) and (d) in fig. 
2, respectively. 

Curve (b) shows the improvement of the low-field Q-
value with respect to curve (a), due to the removal of the 
Ti flaw.  The accelerating field of 3 MV/m was achieved 
after 2 h of FE conditioning (typically up to 30 W average 
power, and pulses between 1 and 10% duty cycle).  

On curve (c) the improvement on  Ea given by another 
3 h of FE-conditioning is shown.  Then, because of lack 
of liquid He, the test session was concluded.   

In July 2009, the resonator was cooled down again and, 
after another ~8 h of FE conditioning, curve (d) was 
measured.   

In curve (d), the Q-value is slightly lower than in (b) 
and (c).  The Q0 measurement is typically affected by the 
H-field, trapped during the conditioning procedure.  
Warming up the cavity beyond the transition temperature 
allows removing the trapped field and provides the good 
Q-curve.  Because of the limited liquid He availability, 
however, this could not be done in July.  Therefore curve 
(d) is still affected by the trapped field.  We are quite 
confident, therefore, that 4,5x108 is the actual Q0 value of 
the ladder resonator at the present stage.  

Such a Q0 value, taking into account the geometric 
factor (table 1) and the BCS resistance for a 352,2 MHz 
resonator, is consistent with a residual resistance Rres~41 
nΩ.  A further BCP treatment might reduce Rres and 
improve the Q-curve. Possible additional contributions to 
the lower-than-expected Q might have been:  
contamination of the resonator surface, occurred during 
the warm-up and cool down procedure between May and 
July, and  Q-disease.   

Concerning Q-disease, the following must be noted:  
the cryostat used for these tests was a general purpose 
one, with which the resonator could not be driven through 
the temperature region critical region for H migration 
(140 to 70K) in less than 24 hours: this has most probably 
induced Q-disease.  Thermal treatment at 600K is 
recommendable before the next test. 

In conclusion, the cavity repair improved the low-level 
Q value by a factor ~5, while the maximum accelerating 
field achieved was nearly 90% of the design field. 

NEXT STEPS 
Despite the main reason of the first very poor Q-curve 

of the ladder resonator was discovered and the resonator 
repaired, the cavity could not achieve the design 
specifications (Ea=5.8 MV/m), because of rather strong 
field emission, which could not be processed within the 
limits set by the availability of liquid He (250 l to cool 
down the resonator and 250 l for the FE processing). 

We plan therefore:   
- to grind mechanically all surfaces were the E-field 

is relevant (on stems and end-walls);  
- to provide a further 20 μm BCP and improve the 

cleanliness of the assembly procedure after 
HPWR;   

- to apply thermal treatment at 600K so as to cure 
possible Q-disease 

- to increase the available quantity of liquid He on 
the next shifts. 

Once a reasonable Q-curve shall have been achieved, 
the Lorenz detuning sensitivity of the ladder resonator 
must be experimentally evaluated. 

Following continuing scientific interest and budget 
availability, slow and fast tuning concepts could be 
planned , and higher power couplers  could be tested. 
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MODIFIED 3½-CELL SC CAVITY MADE OF LARGE GRAIN NIOBIUM 
FOR THE FZD SRF PHOTOINJECTOR* 

P. Murcek#, H. Buettig, P. Michel, K. Moeller,  A. Arnold, J. Teichert, R. Xiang, M. Freitag, FZD, 
Dresden, Germany, 

P. Kneisel, JLab, Newport News, USA 

Abstract 
An SRF photoinjector has been successfully tested in 

FZD under the collaboration of BESSY, DESY, FZD, and 
MBI. In order to improve the gun cavity quality and thus 
reach a higher gradient, a new 3+1/2 superconducting 
cavity is being fabricated in cooperation with JLab. The 
modified cavity is made of large grain niobium, 
composed of one filter choke, one special designed half-
cell (gun-cell) and three TESLA cavities. In this paper, 
the main updates of the new cavity design will be 
explained in detail. The deformation of the filter choke 
and the gun-cell, which is caused by pressure fluctuation 
in the He-line and also by the effect of the Lorentz force, 
will be minimized by stiffening between the filter choke 
and the gun-cell. Meanwhile, the cathode hole in the 
choke and gun-cell is enlarged for better rinsing. To 
simplify assembly, the NbTi pick-up will be welded 
directly on the wall of filter choke. 

INTRODUCTION 
Superconducting RF photo electron injectors (SRF 

guns) possesses the potential for the production of high-
brightness and high-average-current electron beams. They 
can produce short electron pulses with high bunch 
charges and low emittance similar to normal conducting 
RF photo injectors but can be easily operated in 
continuous wave (CW) mode. Therefore they are 
promising candidates for future accelerator based light 
source like FELs or ERLs. In comparison to 
superconducting acceleration cavities the integration of 
the photo cathode into the cavity is a great challenge. 
Further significant issues are the right selection of the 
photo cathodes type and their production, the driver laser 
system, fundamental RF power input coupling, higher-
order mode suppression, and emittance compensation 
methods. 

The first design of a SRF gun was presented in 1988 by 
the group of the University of Wuppertal [1] and a set-up 
with a 2.8 GHz elliptical half-cell cavity was installed [2]. 
Later at the FZD a SRF gun with a half-cell, 1.3 GHz 
TESLA style cavity was built in collaboration with DESY 
and BINP [3]. With this experimental setup, the first 
electron beam from an SRF gun could be produced and 

stable operation over 7 week demonstrated [4]. In 
continuation of this development, a SRF gun with a 3 ½ 
cell cavity was designed and constructed for use at the 
ELBE superconducting linear accelerator. This gun was 
developed within the collaboration of HZB, DESY, MBI 
and FZD and has been in operation since 2007 [5]. The 
normal conducting photo cathode is thermally and 
electrically isolated from the cavity und cooled with 
liquid nitrogen. The photo emission layer is Cs2Te. 
Details of the SRF gun design have been published 
elsewhere [6]. 

During cavity treatment and gun assembly it turned out, 
that the main problem was the insufficient cleaning of the 
niobium cavity, especially of the half-cell and choke 
filter. Compared to TESLA acceleration cavities treated 
with buffered chemical polishing (BCP) [7], the achieved 
peak field of the gun cavity in the vertical test cryostat of 
about 25 MV/m was rather low and limited by field 
emission, although the treatment (50 μm BCP and HPR) 
was repeated four times [8]. Furthermore a scratch at the 
half-cell cathode boring was found, which could not be 
eliminated. Thus an improvement by further treatments 
was not expected and the cavity was welded into the He 
vessel and assembled in the SRF gun cryostat. After 
commissioning the SRF gun can now be operated at a 
peak field of 18 MV/m and an electron beam of 3 MeV 
can be produced with bunch charges up to 400 pC. 
Therefore beam can be delivered to the ELBE accelerator 
for several applications. 

But the improvement of the beam quality und the 
extraction of bunches with higher charge depend 
essentially on the strength of the acceleration field in the 
cavity. This requires a new cavity for which the design 
specification with respect to quality factor and maximum 
acceleration gradient can be reached. To meet this goal is 
mainly a problem of improved cleaning of the cavity. But 
based on the experiences obtained during operation and 
measurements, some modifications of the SRF gun cavity 
seems to be useful. This paper presents the revised design 
and discusses the advantages.  

PROPERTIES OF THE EXISTING CAVITY 
Figure 1 shows a 3D model of the present 3½-cell SRF 

gun cavity. The cavity consists of the three TESLA-type 
shaped accelerating cells and the half-cell with the 
opening for the photo cathode which are made of RRR 
300 niobium. Adjacent to the half-cell is the choke filter 
cell. In the beam tube on the right side there are two 
HOM couplers, the flange for the main power coupler, 
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and a pick-up antenna for the field amplitude and phase 
control. A second pick-up antenna in the choke filter cell 
serves as field probe for the half-cell. In the tube on the 
left side the cooper cooling and support unit for the photo 
cathode is visible. The star-like structure between the 
half-cell and the first TESLA cell is the fix point for the 
two tuners where the first tunes the half-cell and the 
second the three TESLA cells together.   

Beside the regularly repeated Q0 versus Eacc 
measurements, a series of cavity related measurement like 
tuning properties, He pressure influence, RF amplitude 
and phase stabilization,  field profile flatness, Lorentz 
force detuning, and microphonics has been carried out 
during the past two years. In the following the attention 
should be focused on He pressure influence and Lorentz 
force detuning, and microphonics which are directly 
related to the cavity stiffness. In Table 1 the results are 
shown and compared to similar measurements for the 
ELBE cryomodules with standard TESLA cavities inside. 

 

 
    Figure 1: 3D model of the Rossendorf  SRF gun cavity. 

It is obvious from the results that the SRF gun cavity is 
much weaker and therefore more sensitive to surface 
forces. The reason for the higher values must be the half-
cell since the three other cells are equal in shape and 
material to those in the TESLA cavity. At present, these 
values for the SRF gun cavity are acceptable since the 
gradient is low. But it is conceivable that the new cavity 
needs improvement in order to allow stable operation at 
the design gradient of Epeak = 50 MV/m. 

 
Table 1: Comparison of parameters for the SRF gun 
cavity and for TESLA cavities in the ELBE cryomodules. 
(Details of the measurements are given in Ref. [9].) 
 quantity SRF gun 

cavity 
TESLA 
cavity 

He pressure 
sensitivity sp= Δf / Δp 230 

Hz/mbar 
35 

Hz/mbar 
Lorentz force 

Detuning k=Δf /E2
peak 

-0.7 
Hz/(MV/m)2 

-0.25 
Hz/(MV/m)2

RF phase noise 
by 

microphonics 
σ (rms) 0.055° 0.05° 

 

DESIGN MODIFICATION 
In order to push the field emission limit to higher 

gradients the high pressure rinsing (HPR) of the cavity is 
essential. For the existing SRF gun cavity the HPR was 
performed from the beam tube side as it is schematically 
shown in Fig. 2a. On the cathode side this cavity has two 
small (12 mm diameter) holes, one in the wall between 
half-cell and choke filter, and the other in the back wall of 
the choke filter. The small hole does not allow that the 
HPR nozzle head can be moved in the choke filter cell 
and hampers the water flow out of the cell. The situation 
is similar worse for HPR cleaning from the upstream side 
as depicted in Fig. 2b.  

For improvement at least one of the openings should be 
enlarged. This is possible for the hole in the choke filter 
back wall without significant changes in its RF properties, 
as it is shown in Fig. 3b (For comparison Fig. 3a shows 
the old design). Furthermore the hole in the half-cell wall 
is partly enlarged. That clears the space for the HPR 
nozzle head for rinsing the choke cell from the cathode 
side end. On the half-cell side, the cathode hole diameter 
is unchanged in order to avoid changes of the beam 
dynamic properties of the cavity. Beside these cavity 
design changes, a proper designed HPR nozzle head will 
be applied and attention will be paid to avoiding 
dangerous head vibrations.  

  

      
 
    

Figure 2: Schematics of the high pressure rinsing from the 
beam tube side a, and the cathode side b. 

 
The particle pollution risk for the cavity can be 

furthermore reduced as the final assembly work in the 
clean-room is reduced or simplified. A critical point in the 
existing cavity was the mounting of the choke-cell 
antenna into the long tube (see Fig. 4a). In the new 
design, shown in Fig. 4b, the NbTi-flange for the feed-
through is directly welded into the back wall of the choke 

cathode 

half Cell 

FZD coupler 
& pickup ant. 

2 HOM coupler
3 TESLA cells 

SC „choke filter" 
(to prevent RF leakage) a b 
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filter. This solution allows finial cleaning with the 
mounted antenna. 

As mentioned above, a stiffening of the half-cell in the 
new cavity is required. Especially the flat back wall disk 
has a low rigidity. For an improvement a new stiffening 
ring is designed which is placed between half-cell and 
choke filter. Fig. 5 shows the ring and the corresponding 
part of the cavity. This design modification considers that 
the thermal conduction in areas of high magnetic field is 
not reduced and that the liquid helium flow is ensured.  

Figure 3a: Previous cathode opening design. 
 

 
Figure 3b: New cathode opening design. 

 
On the other hand it is important that the forces needed 

for the tuning of the half-cell do not exceed the limit of 
the existing tuner. For that reason 3D-simulations of the 
mechanical properties of the cavity were carried out. A 
welcome side effect of the new stiffening ring is an 
improved bending stability of the cavity since up to now 
the only joint between half-cell and choke filter cell was 
the thin cathode tube. 

 
Figure 4a: Previous pick-up antenna design.  

 
Figure 4b: New pick-up antenna design. 

 
Further modifications concern the downstream end-

group of the cavity. The reason is a proposal by Volkov 
and Janssen [10] for a new emittance compensation 
method in SRF guns.   A RF wave will be additionally 
coupled into the cavity and will excite a higher order 
mode (TE mode) with focusing properties. This attempt 
will be experimentally investigated with the new cavity.  

 

 
Figure 5a: Stiffening ring for the half-cell back wall. 
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Figure 5b: Half-cell with the new stiffening ring. 

 
The design of the modified end-group is presented in 

Fig. 6. It differs in the previous design that one of the two 
HOM couplers is now mountable (Saclay coupler). When 
dismounted, the free flange can be used for the input 
coupler of the TE mode. Furthermore a cone is inserted 
into the beam tube reducing the diameter from 78 mm to 
40 mm. The existing cavity ends with a 78 mm beam tube 
flange and the reduction occurs downstream in the normal 
conducting beam tube. The new solution prevents the 
expansion of the TE mode into the normal conducting 
area where it would be strongly damped.  

 
Figure 6: New end-group with beam tube reduction, one 
mountable and one welded HOM coupler, main power 
coupler flange and pick-up antenna flange.  

 

CAVITY FABRICATION 
In a collaboration of FZD and JLab, the fabrication, 

surface treatment, cleaning, and vertical testing will be 
performed at JLab. Two new SRF gun cavities are being 
produced, one made of standard small grain, and one 
made of large grain Nb.  Fig. 7 presents a photograph 
showing the fabrication status. The surface treatment will 
be performed with BCP, but we hope that the large grain 
material [11] helps increasing the performance. 

 

 
Figure 7:  Photograph showing the status of the cavity 
fabrication.     
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Abstract 

The parallel-bar structure is a new superconducting 
geometry whose features and properties may have 
significant advantages over conventional superconducting 
deflecting and crabbing cavities for a number of 
applications.  Jefferson Lab is in need for a 499 MHz, 11 
GeV rf separator as part of its 12 GeV upgrade program.  
We report on design optimization studies performed to-
date for this and other applications. 

INTRODUCTION 
The parallel-bar structure introduced in [1,2] is a new 

structure for both deflecting and crabbing of particle 
bunches. The structure shown in Fig. 1 consists of two 
cylindrical parallel bars of λ/2 length, perpendicular to the 
beam line passing between the bars. The structure length 
is λ/2 and the width of the parallel-bar structure is 
adjusted as required upon the application. 

 

Figure 1: Parallel-bar structure. 

The parallel bars operate in TEM mode, generating two 
fundamental modes. The accelerating mode (0 mode) in 
which bars operate in phase with a voltage of the same 
sign. In the deflecting mode (π mode) bars oscillate in 
opposite phase with a voltage of opposite sign, producing 
a transverse voltage. The deflecting mode has the lowest 
frequency, unlike the other deflecting or crabbing cavity 
structures available at present. 

In the deflecting mode the voltage is maximum 
between the bars containing the beam aperture generating 
the maximum deflection. The magnetic field is zero in the 
mid plane containing the beam aperture and is maximum 
on the top and bottom surfaces. The electric field is zero 
on those surfaces and maximum in the mid plane; hence 
the deflection along the beam line is an effect due to the 
electric field only. 

The optimizations are performed in designing a 11 GeV 
deflecting cavity for the CEBAF 12 GeV upgrade 
operating at the frequency, 499 MHz. The other 
applications considered are the design of a 400 MHz and 
an 800 MHz crabbing cavity structures for possible use in 
an LHC upgrade. The current results obtained are 
presented in detail. 

PARAMETERS FOR DESIGN 
OPTIMIZATION 

The key objective in optimizing the design of the 
parallel-bar structure is to obtain the maximum achievable 
deflecting voltage between the bars. The deflecting 
voltage experienced by the particle passing through the 
beam line is a direct result of the transverse electric field 
on the beam line. The effective deflecting length in which 
the particle passes through is also equally essential in 
supplying a higher deflection to the particle bunch. In a 
deflecting cavity structure the center of the bunch 
receives the deflection; in a crabbing structure the head 
and tail of the beam bunch receive deflections in opposite 
direction. 

The resultant transverse voltage (VT) seen by a particle 
on crest is then given by,  

 ( )cos
T x

z
V E z dz

c

ω+∞

−∞

= ⎛ ⎞
⎜ ⎟⎝ ⎠∫  (1) 

where Ex(z) is the transverse component of the 
longitudinal electric field, ω is the frequency and c is the 
speed of light. A small amount of the transverse electric 
field extends into the beam line at the edge of the cavity; 
hence the full length is considered in calculating the 
transverse voltage.  

The effective length of the structure along the beam line 
for a particle travelling in velocity of light is λ/2. The 
transverse electric field (ET) is determined considering the 
effective length along the beam line and is given by,  

 
2

T

T

V
E

λ
=  (2) 

where VT is the transverse voltage and λ is the wave 
length. 

 ____________________________________________ 
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The design requirement for the CEBAF upgr
provide a vertical deflection of 525 μrad for a p
crest with energy 11.023 GeV.  Then the electro
for the experimental halls (Hall A and Hall C) wi
a deflection of 455 μrad at 30o off crest. 

The other parameters of interest are transver
impedance (RT) and the geometrical factor (G) 
by, 

 
2

T

T

V
R

P
=  

 
S

G QR=  

 
2

T

T

VR

Q Uω
=⎡ ⎤

⎢ ⎥⎣ ⎦
 

where P is the power loss through walls, Q is th
factor, Rs is the surface resistance of the material
the stored energy. The requirement for a
conducting structure is to maximize the transve
impedance while for a superconducting struct
minimize the surface fields. 

The analytical model of the parallel-bar 
proposed in [1,2] has degenerated frequencies in
fundamental modes. With the inclusion of t
aperture the degeneracy is reduced slightly.
optimization steps are taken by curving the edg
cavity to separate the modes with a least minim
MHz of mode separation. 

SIMULATION RESULTS 
Currently CEBAF is using a 499 MHz 2-cel

conducting rf separator cavity [3] in separa
particle beam that is sent to the 3 experimental h
CEBAF 12 GeV upgrade requires 8 rf separato
to vertically separate the beam for the increased e
single cell 499 MHz deflecting cavity for the CE
GeV upgrade is an alternative proposed to the e
separator cavity currently used, due to its redu
and rf power requirements. 

Four design structures shown in Fig. 2 were an
achieving an optimized deflecting parallel-bar 
In each structure the parallel-bars are appr
curved to reduce the field concentration near th
The initial design length and height of the cavity
mm, width was 400 mm and the beam aperture 
was 40 mm. 

The effective deflecting length along the bea
the smallest in the structure (a) with the circula
parallel bars; hence the net deflecting voltage se
beam is low. The deflecting voltage is highe
parallel bar structure (d) with race track shaped
bars due to length of the parallel bars along the b
Therefore the structure can be optimized to have
effective deflecting length with low surface fiel
parallel bars. Hence the ratio of peak surface fiel
BP) to the deflecting electric field (ET) is mini
achieve the above requirement. 
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(a) (b) 

 

(c) (d) 

Figure 2: Design structures for CEBAF 
deflecting cavity with (a) circular, (b) triangu
circular and (d) race track shaped parallel bars

The peak surface electric and magnetic field
the four structures are shown in Table 1. As e
structure with race track shaped parallel b
lowest peak surface fields for a higher deflecti
 

Table 1: Peak surface electric and magnetic fi
four design structures 

Design 
structure 

EP / ET
* 

(MV/m) 

BP / ET
* 

(mT) 

(a) 3.45 8.86 

(b) 2.47 6.60 

(c) 2.30 6.15 

(d) 2.28 5.94 

At ET
* = 1 MV/m 

The surface electric field between the p
(left) and the surface magnetic field (right) 
surface are shown in Fig. 3. Curving the e
parallel bars reduce the field concentration at t

Comparing the four structures, the last th
larger surface area on the between the bars in
surface field on the surface facing the beam
main idea of the different shapes is to obt
uniform field between the bars and low surfa
the remaining area on the surface. In the struct
the optimized width of the parallel bars the su
are controlled to be between the bars, pr
spreading beyond the bars. The optimized 
eliminates any field concentration at the ed
parallel bars. 
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(a) 

(b) 

(c) 

(d) 

Figure 3: Surface electric field between the bars 
surface magnetic field on the top surface (righ
circular, (b) triangular, (c) half circular and (d) r
shaped parallel-bar structures. 

The above structures were optimized for the 4
CEBAF deflecting cavity by varying the beam
diameter, width and length of the parallel bars. F
& (b) show the variation of the peak surface elec
and magnetic field respectively due to change in 
aperture radius. The other parameters of length, w
height are kept the same and the beam ap
increased. The resultant ratios of peak surface fie
deflecting electric field increase as the beam ap
increased. This is a direct result of the dro
deflecting voltage as separation increases betw

 

 

 

 (left) and 
ht) of (a) 
race track 

499 MHz 
m aperture 

Figs. 4(a) 
ctric field 
 the beam 
width and 
perture is 
elds to the 
perture is 

op in the 
ween the 

parallel bars. Hence the beam aperture 
minimized to achieve a higher deflecting v
providing the sufficient gap in the beam aper
deflection of the beam.  

(a) 

(b) 

Figure 4: Change in peak surface (a) electric f
magnetic field due to the change in beam apert

Figs. 5(a) & (b) show the peak surface 
magnetic field variation due to change in ba
length. Different bar lengths were ana
increasing bar widths. As the bar length is 
increases the effective deflecting length
maximum deflection is achieved with low su
However the bar width is needed to be kept o
very thin bars produce a higher surface fi
curved edges of the parallel bars. The trans
impedance also decreases as the beam ape
increased. 

The optimized results up to date were obtain
race track shaped parallel bars. Another prop
given in [4] is to use curved parallel bars as a s
the straight bars. However this restricts th
reduce the vertical height as required by the 
GeV upgrade. 

has to be 
voltage also 
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(a) 

 
(b) 

Figure 5: Change in peak surface (a) electric field and (b) 
magnetic field due to the change in bar width and length   

Then the cavity length along the beam line was 
increased over the standard length of λ/2, also increasing 
the length of the parallel bars proportionately. This 
increases the deflecting electric field seen by the particle. 
However a certain fraction of the deflecting electric field 
extends into the beam aperture. As the length is increased 
beyond the optimal length the losses due to the electric 
field extension into the beam line are dominant than the 
increase in the transverse electric field. Therefore there 
exists a minimum of the peak surface fields that gives the 
optimum length of the deflecting cavity. The change in 
peak surface electric field and magnetic field are shown in 
Fig. 7. 

The list of properties of the parallel bar structure in 
comparison with the existing normal conducting rf 
separator cavity used in CEBAF at present are shown in 
Table 2. Low surface fields are achieved for a higher 
deflection with high [R/Q]T. A mode separation of 20 
MHz is achieved in separating the deflecting mode with 
the fundamental mode. 

 

(a) 

 
(b) 

Figure 6: Change in peak surface (a) electric field and (b) 
magnetic field due to the change in cavity length.   

Table 2: Properties of parallel-bar structure (d) of Fig. 3 
and comparison with existing CEBAF’s separator cavity 

Parameter Structure 
(d) CEBAF Units 

Freq. of π mode 499 499 MHz 
λ/2 of π mode 300.4 300.4 mm 
Freq. of 0 mode  521.9 ~537 MHz 
Cavity length 420.4 ~300 Mm 
Cavity width 320 292 Mm 
Bars height 305.5 20 Mm 
Bars width 70 20 Mm 
Bars length 295 135 Mm 
Aperture diameter 40 15 Mm 
Deflecting voltage (VT*) 0.3 0.3 MV 
Peak electric field (EP*) 1.9 3.39 MV/m 
Peak magnetic field (BP*) 4.9 8.87 mT 
Energy content (U*) 0.028 0.0012 J 
Geometrical factor 69.4 34.9 Ω 
[R/Q]T 1045.3 24921 Ω 

At ET
* = 1 MV/m 
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Crabbing Cavity Structures 
In considering other applications two crabbin

structures of frequencies 400 MHz and 800 
possible use in an LHC upgrade were analy
cavity structures are shown in Fig. 7 and Fig. 8. 

 

 

Figure 7: 400 MHz crabbing cavity. 
 

            

Figure 8: 800 MHz crabbing cavity. 
 

 

(a) (b) 
Figure 9: Surface (a) electric and (b) magnetic
400 MHz crabbing cavity. 
 

 

(a) (b) 
Figure 10: Surface (a) electric and (b) magnetic
800 MHz crabbing cavity. 

ng cavity 
MHz for 

yzed. The 

 

c field of 

 

c field of 

The same parameters were optimized usin
procedure as followed in the 499 MHz deflec
The surface electric and magnetic fields of t
cavities are shown in Fig. 9 and Fig. 10. 
properties are given in Table 3. 

Table 3: Properties of 400 MHz and 800 MH
cavity structures for LHC 

Parameter Fig. 7 Fig. 8

Freq. of π mode 400 800 
λ/2 of π mode 374.7 187.4
Freq. of 0 mode  407.1 815.3
Cavity length 494.7 267.4
Cavity width 400 300 
Bars height 382.2 191.8
Bars width 100 60 
Bars length 370 170 
Aperture diameter 100 100 
Deflecting voltage (VT*) 0.375 0.187
Peak electric field (EP*) 2.16 2.79 
Peak magnetic field (BP*) 7.05 9.78 
Energy content (U*) 0.175 0.062
Geometrical factor 81.37 112.3
[R/Q]T 319.13 113.55
RTRS 2.6×104 1.3×10

At ET
* = 1 MV/m 

CONCLUSION 
The parallel-bar structure has been optimi

applications of CEBAF upgrade and potential
upgrade of LHC. The race track shaped 
structure is the optimized design obtained
simulations performed up to date. In addition
has a reduced transverse dimension and exte
along the beam line. This design allows high
voltage for low surface fields with high shunt 
The cavity design was further optimized to a
frequencies of operation due to its compac
other advantage of this design, compar
conventional superconducting deflecting an
structures is that the deflecting mode has 
frequency; hence HOM damping requires on
of all the higher order frequencies. Furth
requires the study of the effects of multipactin
damping of the parallel-bar structure. 
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HIGH-GRADIENT SRF CAVITY WITH MINIMIZED SURFACE  
E.M. FIELDS AND SUPERIOR BANDWIDTH FOR THE ILC 

N. Juntong, R.M. Jones 
Cockcroft Institute, Daresbury, Warrington, Cheshire, UK 

University of Manchester, UK

Abstract 
Results are presented on an alternative cavity to the 

ILC baseline design of TESLA-style SRF main 
accelerating linacs. This re-optimised shape enhances the 
bandwidth of the accelerating mode and has reduced 
surface electric and magnetic fields, compared to the 
baseline design and some current high gradient designs. 
Detailed simulations on the e.m. fields for the New Low 
Surface Field (NLSF) cavity, including end-cell and 
coupler designs, are reported. The re-distributed dipole 
modes are also discussed. 

INTRODUCTION 
It is anticipated that the successor to the LHC [1-2] will 

be a linear collider to accelerate electrons and positrons.  
The ILC [3] design aims at colliding leptons at an initial 
center of mass energy of 500 GeV with a proposed later 
upgrade to 1 TeV.  The superconducting cavities in the 
main accelerating linacs of the ILC are based on the 
TESLA [4] design.  The baseline design  aims at an 
average accelerating gradient of 31.5 MV/m. However, 
other designs exist with the potential for higher 
accelerating gradients. Increasing the accelerating 
gradient is desirable, as it raises the overall efficiency of 
the machine.  Re-entrant (RE) [5], Low-loss (LL) [6] and 
Ichiro (IR) [7] are candidates for higher gradient cavities. 
These designs aim at producing accelerating gradients of 
~50 MV/m within 9-cell cavities.  Single cells have 
achieved gradients in excess of 50 MV/m.  Indeed at 
Cornell, a RE cell achieved 52 MV/m [8] and Low Loss 
(LL) cells at KEK have obtained between 45 to 51 MV/m 
[9].  These designs are focussed on minimising the ratio 
of the surface e.m. fields to the accelerating gradient.  In 
particular, the ratio of the surface magnetic field to 
accelerating gradient (Bs/Ea) has been minimised by 
suitably shaping the walls of the cavity.   The critical 
surface magnetic field is in the range 180 -230mT [10].  
Another recent design incorporates minimising an 
additional quantity, the ratio of the surface electric field to 
surface accelerating field (Es/Ea) and this is the Low 
Surface Field design (LSF) [11].  However, the 
bandwidth of the accelerating mode in LSF design is 
reduced by ~18% compared to the LL cavity.    This 
reduces the overall stability of the cavity as the frequency 
separation of modes is proportional to the bandwidth [12].  
  In order to investigate means to enhance the bandwidth a 
design study has been pursued which focuses on 
optimising three quantities: minimisation of Es/Ea and 
Bs/Ea whilst maximising kc.  This has resulted in a new 
design, the New Low Surface Field (NLSF) [12] cavity, 

based on LL and LSF geometries.  Detailed simulations 
on the e.m. fields for the middle cells of NLSF were 
reported in [12].  The NLSF shape has comparable 
surface e.m. fields ratio to that in the LSF cavity, but with 
an enhanced fractional bandwidth.  Here we report on the 
modes and e.m. fields in a complete 9-cell NLSF cavity 
(including end-cells and couplers) and on additional 
optimised designs based on re-entrant and TESLA shapes. 

This paper is organized such that the optimization 
strategy and results are described in the next section, 
followed by detailed simulations on the field flatness of 
the accelerating mode. The penultimate section concerns 
the properties of the higher order dipole modes and an 
initial design of the fundamental mode coupler.  The final 
main section includes some concluding remarks. 

OPTIMISATION STRATEGY 
The parameters used to optimise Es/Ea, Bs/Ea and kc for 

a single cell are illustrated in Fig. 1. The cell consists of 
two elliptical surfaces, iris and equator, connected by a 
surface which is at angle of θ with respect to the vertical 
axis. The ellipticity of each surface is determined by the 
ratio of a/b and A/B. For the current NLSF [12] cavity, 
these two surfaces are connected with a vertical surface 
(θ=0).   A Mathematica [13] code was written to run the 
Superfish [14] code to facilitate an investigation of the 
surface fields as the geometrical parameters are varied. 
 
 
 
 
 
 
 
 
 
 

Figure 1: Single cell parameterisation. 

Superfish was operated in the field solver mode to seek 
the 0 and π phase advance per cell frequencies.  In this 
manner the fractional bandwidth and surface field are 
obtained. In all simulations, the mesh spacing was 
maintained at ~0.02λ (λ being the operating wavelength). 
Results were obtained in which the iris elliptical 
parameter b is varied, whilst a is maintained at a fixed 
value. The equator elliptical parameter B is used to ensure 
the cell is tuned to the accelerating frequency of 1.3 GHz 
to within a tolerance of 100 kHz.   Contours plots of  
three figures of merit: Es/Ea, Bs/Ea and kc, for a NLSF-like 
shape are displayed in Figs. 2-4.  For the sake of 
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completeness, the original NLSF [12] shape is indicated 
by red points. 

It is clear from these results that the surface magnetic 
field Bs and the fractional bandwidth kc both decrease as 
the iris thickness 2a is decreased.   As expected, the 
surface electric field Es behaves in the opposite manner. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Contours of Es/Ea as a function of the iris 
parameters a and b for the NLSF-like shape.   The iris 
radius is maintained at a fixed value of 32 mm. 

 

 
 
 
 
 
 
 
 
 
 
Figure 3: Contours of Bs/Ea for parameters given in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 

Figure 4: Bandwidth kc for parameters given in Fig. 2. 
 

We performed additional simulations to investigate the 
influence of varying the iris radius on the three figures of 
merit.  To this end the iris radius was varied in the range 
30 to 33 mm.  The results of these simulations are 
summarised in Fig 5, along with those from existing 
cavities. It is evident that the bandwidth kc is very 
sensitive to changes in the iris radius.  The surface fields 
are however quite unaffected by iris variations in this 
range. 

Selected designs have been validated with HFSS v11 
[15]. The discrepancy between Superfish and HFSS 
results for kc, Es/Ea and Bs/Ea are 1.7%, 8.2% and 1.3 % 
respectively. One particular design, NLSF-A, with a 31 

mm iris radius and 10 mm iris thickness, has a lower 
Bs/Ea ratio than the NLSF shape and a comparable ratio of 
Es/Ea ratio, but this shape has a reduced value of kc. Table 
1 summarizes the final designs  
 
 
 
 
 
 
 
 
 
 
 
Figure 5: All three figures of merit versus variation in iris 
thickness for several iris radii. Solid lines indicate the 
surface e.m. field, which has been minimized, whereas 
dashed lines refer to the bandwidth, which has been 
maximized. 

 
 
 
 
 
 
 
 
 
 
 
Figure 6: Es/Ea for various re-entrant shapes. The iris 
radius and thickness are fixed at 32 mm radius and 21 
mm, respectively. The NLSF-RE design is indicated by a 
single red point. 
 

We also investigated other shapes by varying the angle 
θ (as indicated in Fig. 1). The characteristic re-entrant-
like shape is produced when θ < 0 and the TESLA-like 
shape θ>0 (the extant TESLA design is of course the 
optimum). 

 
 
 
 
 
 
 
 
 
 
 
Figure 7: Bs/Ea for various re-entrant shapes with the 
parameters corresponding to those in Fig 6. 

 
Contours of the three figures of merit for the re-entrant-

like designs are displayed in Figs 6-8. The optimum 
design was validated in HFSS and results are the final  
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optimised cavity, referred to as NLFS-RE, is compared to 
other designs in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Bandwidth kc for various re-entrant shapes with 
the parameters corresponding to those in Fig 6. 
 

The e.m. fields ratios along the surface contour of these 
optimized three designs are illustrated in Fig. 9, together 
with the original NLSF [12] design.  It is notable that the 
NLSF middle cell has a 8.5% lower Bs/Ea field compared 
to TESLA and Es/Ea is 13% lower than the LL design. 
Both Es/Ea and Bs/Ea are comparable to the LSF [11] 
design.  However the bandwidth is superior, as it is 
~26.5% wider. 

OVERALL FIELD FLATNESS 
We focussed our efforts on a design for the NLSF 

cavity.  A complete design for the NLSF cavity 
incorporates a study of field flatness and a design of the rf 
couplers.  The radius of the higher order mode (HOM) 
beam pipes connecting successive cavities to one another, 
was chosen to be that of the LL design, namely 38 mm,  
The lowest order mode that can propagate in this beam 
pipe is a TE11 mode, cutoff at  ~2.3 GHz.  Thus, the first 
two dipole modes (which are below 2.3 GHz) are 
contained within the cavity and are damped with suitably 
designed couplers.  The higher order dipole modes can 
propagate out of the cavity and in this case are partially 
damped with the HOM couplers. 

End cells were carefully designed to ensure a flat 
accelerating field is obtained.  Again, a Mathematica code 
was written to control Superfish and hence facilitate a 

rapid variation of parameters.   The field flatness is 

defined as: ( )1 /= − p pζ σ μ .    In our simulations we 

obtained a field flatness of 99%.   This result was 
successfully validated with HFSS simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Surface electric field (a) and magnetic field (b) 
compared to NLSF (blue), NLSF-A (black) and NLSF-RE 
(red) designs. Here s is the coordinate along the surface of 
the cavity. Dashed lines indicate values of NLSF shape. 
 

The optimized NLSF cavity has a resonant frequency  
which is within 0.02% of the 1.3 GHz operating 
frequency and is 99% flat.  The field distribution is 
illustrated in Fig.10. Finally it is to be noted that this 
optimized end cell is very similar in shape to the middle 
cells, except for slight difference in the iris and equator 
elliptical parameters (a=9.5, b=12.5, A=48.152 and 
B=30.5 mm). 

 

Parameter TESLA LL ICHIRO NLSF NLSF-A NLSF-RE 
Ri [mm] 35 30 30 32 31 32 
Req [mm] 103.3 98.58 98.14 98.58 98.58 98.58 
A [mm] 42 50.052 50.052 47.152 47.652 49 
B [mm] 42 36.50 34.222 31.35 32.91 35.30 
a [mm] 12 7.6 7.6 10.5 10 10.5 
b [mm] 19 10 9.945 15.5 15.5 17 
fs [GHz] 1.30116 1.30008 1.30040 1.30023 1.30012 1.29991 
Bandwidth [MHz] 24.32 19.74 19.82 20.50 19.07 21.41 
kc [%] 1.89 1.53 1.54 1.59 1.48 1.66 
Es/Ea 2.18 2.42 2.37 2.11 2.13 2.07 
Bs/Ea [mT/(MV/m)] 4.18 3.64 3.62 3.83 3.76 3.78 

 

Table 1: Comparison of various optimized high gradient cavity designs 
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Figure 10: Accelerating field along the 9-cells NLSF 
cavity axis. 

NLSF CAVITY MODE PROPERTIES 
The modal characteristic of a complete nine-cell NLSF 

cavities have been investigated.   To this end we used the 
eigenmode module of HFSS v11 to obtain the 
eigenfrequencies and corresponding eigenvectors.   In this 
manner we also were able to obtain the R/Q values.  
Firstly, we note that the R/Q of the accelerating mode, a 
measure of efficiency, is slightly larger than that of the 
TESLA cavity (by ~ 9%).  We also studied the dipole and 
sextupole bands.  These modes have the ability to 
transversely deflect the beam and can at the very least, 
dilute the emittance of the beam, or can give rise to a 
damaging beam break up instability.  It is important to be 
able to accurately simulate these modes and ascertain 
their R/Q values in order to include their effect in beam 
dynamics simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Brillouin diagram of a NLSF cavity. Cells 
subjected to an infinite periodic structure are indicated by 
the lines. Monopole, dipole and sextupole modes are 
indicated by the following lines: black dashed, solid blue 
and red dashed respectively. The points indicate 
eigenfrequencies of the complete 9-cell cavity. 
 
A Brillouin diagram of these higher order modes is 
displayed in Fig 11.  We retain modes up to the sixth 
dipole band.  The dipole curves were obtained from 
simulations entailing a quarter cavity subjected to 
symmetry conditions appropriate to dipole mode 
excitation (an electric wall perpendicular to a magnetic 
wall). The points correspond to the modes in the 9-cell 
cavity. Provided the frequencies are below the end iris’s 

terminating cut-off frequency, the eigenmodes are 
relatively independent of the terminating planes at either 
end of the cavity. In order to assess the impact of these 
modes on the momentum kick to the beam we also 
calculated the R/Q factors with a macro written in the 
post processor of HFSS v11. and these are illustrated for 
the dipole modes in Fig. 12. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Dipole mode R/Qs for a NLSF cavity 
including end cells. The cut-off frequencies of the HOM 
pipe and iris are indicated by ωc/2π. 
 
The modes with large R/Q values are given by those 
synchronous with the beam and they correspond to the 
region close to the intersection of the light line with the 
dipole bands in Fig. 12. For example, the largest R/Qs for 
each of the first three bands are located at phase advances 
of 2π/3, 5π/9 and π/9, with the largest being located in the 
3rd dipole band. The LSF structure has a similar mode 
structure [11]. These results also bear comparison to the 
simulations made for a 9-cell NLSF cavity made-up of 
identical cells [12].  The end cells do perturb the overall 
values, but they remain largely unaffected in the first two 
dipole bands.  However, from the third dipole band 
onward, the discrepancy in frequencies and R/Qs between 
the two cavities is significant.   The modes with 
frequencies located in the third band and higher have the 
ability to propagate out of the confines of the cavity.   
This gives rise to a strong sensitivity to the boundary 
conditions used in simulating the eigenmodes.  In order to 
accurately model the modes in these regions radiation 
boundary conditions should be used.  This remains an 
area for further investigation.    
These individual modes affect the long-range wakefield.  
The short range wakefield, corresponds to a summation of 
many modes, and is also important as it effects the beam 
dynamics of along each individual bunches.   In this case 
it is more appropriate to calculate the overall loss factor, 
rather than individual modal components.  We made 
detailed simulations on the loss factors of our NLSF 
cavity with ECHO2D [16].  The results of these 
simulations are summarized in Table 2.  For the sake of 
comparison with existing cavities [9] these simulations 
were made with a Gaussian bunch of longitudinal length 
(σz) 1 mm. However, the ILC is designed to be capable of 
accelerating considerably smaller bunches, of length 300 
μm.  Additional simulations are included in the table 
appropriate to ILC bunch lengths. 
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Table 2: RF parameters of the NLSF cavity 
 
 
 
 
 
 
 
 
 
 
 
 

FUNDAMENTAL MODE COUPLER 
Preliminary results on simulations of the fundamental 

mode power coupler, made with the aid of Microwave 
Studio [17], indicate that a straightforward design, 
entailing a coaxial type coupler of outer diameter 40 mm 
and an inner coax of diameter 15 mm is sufficient to 
achieve an external quality factor (Qext) of 3.5x106.   In 
the MWS simulations this coupler is placed 45 mm away 
from cavity entrance and the inner coax penetrates to a 
depth of 6 mm into the cavity.  The dependence on 
external Q factor on proximity to the cavity is displayed 
in Fig. 13. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: External quality factor versus distance of RF 
coupler from cavity entrance. 

CONCLUDING REMARKS 
The NLSF cavity has the potential to reach accelerating 

gradients of 60 MV/m and this will give rise to a 
maximum electric and magnetic field on the surface of 
126 MV/m and ~230 mT, respectively.  These surface 
fields, shown in Figs 14-15, are within the acceptable 
limits set by the critical fields.   The accelerating mode 
R/Q is comparable to the TESLA design (~9% larger).   
The higher order modes are redistributed but have similar 
values to the TESLA cavity.  Damping these modes is not 
anticipated to be problematic; although a full study on 
possible trapped modes is in progress.  The external Q of 
the fundamental mode coupler is satisfactory.  A more 
complete study of both the fundamental and higher order 
mode coupler for this cavity is in progress.   Finally we 
note that the re-entrant design included also has the 
potential to achieve low-surface fields.  

 
 
 
 
 
 
 
 
 
 
 

Figure 14: Surface electric field of a NLSF cavity. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Surface magnetic field of a NLSF cavity. 
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THIRD HARMONIC CAVITY MODAL ANALYSIS 

B. Szczesny, I.R.R. Shinton, R.M. Jones, 
Cockcroft Institute of Accelerator Science and Technology, Daresbury, UK 

School of Physics and Astronomy, University of Manchester, UK  

Abstract 
Third harmonic cavities have been designed and 

fabricated by FNAL to be used at the FLASH/XFEL 
facility at DESY to minimise the energy spread along the 
bunches.  Modes in these cavities are analysed and the 
sensitivity to frequency errors are assessed. A circuit 
model is employed to model the monopole bands. The 
monopole circuit model is enhanced to include successive 
cell coupling, in addition to the usual nearest neighbour 
coupling.  A mode matching code is used to facilitate 
rapid simulations, incorporating fabrication errors.  
Curves surfaces are approximated by a series of abrupt 
transitions and the validity of this approach is examined. 

INTRODUCTION 
In operating a FEL an energy variation along the length 

of an accelerated bunch adversely affects the generation 
of radiation. The cosine-like fields used to accelerate 
these bunches at the XFEL and FLASH facility at DESY 
introduce an energy spread over the length of the bunch.  
It is desirable to reduce this energy spread by flattening 
the overall field and this can be achieved by including 
harmonics of the fundamental frequency of the linac.  A 
single frequency operating at the nth harmonic can be used 
flatten out the dependence of the energy gain verses 
phase, by cancelling the second derivative of the 
fundamental at its peak. In practice the first component in 
a Fourier expansion is used, namely the 3rd harmonic.  
This minimises the effect of transverse wakefields, which 
grow in proportion to the third power in frequency.  The 
overall field profile, with and without the additional 
harmonic, is illustrated in Fig. 1.  
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Figure 1: Linearization of rf electric field curvature with 
third harmonic cavities. 

 
This method will be used at XFEL/FLASH, DESY to 

compensate for an energy spread across the bunch. A 

module consisting of four nine-cell cavities operating at 
3.9GHz has been designed and built by FNAL (illustrated 
in Fig. 2) [1]. 

 

 
Figure 2: Schematic of a FNAL cryo-module [1] 
consisting of four 3.9GHz cavities.  

 This is now in the process of being tested at the DESY 
Cryo-Module Test Beam (CMTB) facility, prior to 
installation and use at the FLASH facility. The wakefields 
in these third harmonic cavities are considerably larger 
than those in the main accelerating linacs. It is important 
to damp the modal components of the wakefields and to 
ensure there are no trapped modes with particularly high 
R/Q values. An experimental and simulation study is 
underway to characterise these modes.  These modes will 
also be used to remotely align the beam to the electrical 
centre of the cavity and to ascertain internal 
misalignments.  

Finally we note that flattening the field also reduces the 
growth of transverse phase space. The transverse 
magnetic fields arise from the rate of change of the 
longitudinal electric field. Thus, flattening the electric 
field will also result in a reduced magnetic field. Hence 
the use of a cryo-module of third harmonic cavities will 
reduce the dilution of both longitudinal and transverse 
phase space.    

The purpose of this paper is to characterise the modes 
and ascertain their sensitivity to fabrication errors. This 
paper is organised in three main sections.  The first 
discusses the circuit model applied to monopole modes 
for several bands.  The following section applies a mode 
matching method, in which curves surfaces are modelled 
with a series of abrupt transitions in order to rapidly 
calculate the mode properties in many cavities.  The final 
main section considers the effect of errors on the field 
profile in these cavities.  
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CIRCUIT MODEL OF MONOPOLE BAND 
The coupling factor, quality factor and shunt 

impedance are parameters which depend on the details of 
the e.m. (electromagnetic) field within individual cavities. 
In practice these parameters are determined by finite 
element or finite difference modelling codes or by direct 
experimental measurement.  However, a coupled 
resonator model (as developed by D. Nagle, E. Knapp and 
B. Knapp [2]) can used predict these parameters rapidly 
and accurately. This readily lends itself to including 
experimental errors and the transient response of the 
cavity. As is well-known, the properties of the first 
monopole band can be accurately modelled with a single 
chain of nearest-neighbour inductively coupled L-C 
cavities. Here we extend the coupling to include next-
nearest neighbour and beyond, in addition to the usual 
nearest neighbour coupling. The circuit model for the 
monopole mode is illustrated in Fig 3.  Here we have 

 

 

 

Figure 3: Circuit model of the monopole modes of a 
series of coupled accelerator cells. 

indicated next-nearest neighbour coupling in a set of 
individual cells, terminated in half-cells to ensure a flat 
field is obtained in the accelerating π mode. The quality 
factor of the main cell is given by Q=2ωrL/R, where ωr/2π 
is the cell resonant frequency.  In practice the Q is 
extremely large for superconducting cavities and the 
resistive loss can effectively be ignored. The equation for 
these coupled circuits in matrix form can be then written 
as:
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which can be conveniently written in the condensed form 
Hi = λi. The solution to this matrix equation corresponds 
to eigenvalues and eigenvectors of the cavity. A single 
cell from this cavity, subjected to infinite periodic 
boundary conditions, corresponding to the Floquet 
condition  in+1 = ine

jϕ  gives the dispersion relation: 

2

1 21 cos cos 2rω κ ϕ κ φ
ω

⎛ ⎞ = + +⎜ ⎟
⎝ ⎠

   (2) 

Adding coupling from successive neighbours modifies 
this model in a straightforward manner: 

2
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where nc corresponds to the number of neighbours 
participating in the coupling. The usual nearest-neighbour 
coupling corresponds to nc=1. In investigating the 
influence of errors on the eigenmodes of the cavity each 
cell is allowed to have a distinct frequency and we use an 
approximated version of [3]: 
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We utilised the circuit model described by Eq. (3) to fit 
the dispersion curves of higher monopole bands.  The first 
eight monopole band dispersion curves were simulated 
with HFSS v11 for a cavity consisting of nine cells with 
beam pipes attached and terminated in either electric-
electric (E-E) or magnetic-magnetic (H-H).   Provided the 
mode is well-contained within the cavity the eigenmodes 
will be insensitive to the terminating boundary conditions.  
However, modes which are able to propagate outside the 
cavity, or modes with significant evanescent tails will be 
sensitive to the termination conditions.  In order the avoid 
sensitivity to the latter condition we ensured the 
terminations were placed several wavelengths beyond the 
end-cells. 

Several of the results of these simulations were 
compared with Superfish [3] simulations.  However, even 
after choosing a variety of excitation points for the drive 
current, we were not able to obtain all modes with 
Superfish simulations as the modes were particularly 
close for a number of bands. 

The first monopole band is below the cut-off of the 
beam pipes and hence these modes are confined within 
the cavity. Other bands have the potential for modes to 
propagate out of the cavity. In order to accurately 
simulate the monopole modes of the cavity a 10° slice 
was used with H-H symmetry planes. The results of this 
simulation are displayed in Fig. 4, together with those 
predicted by the circuit model. The parameters used in 
fitting the circuit model are identified by the black points 
in Fig. 4. The standard dispersion relation (nc=1) requires 
two points from each fitted curve and is displayed in Fig. 
4(a).  In each band we utilise two points: one closest to 0 
mode and another close to the π mode. It is clear that, as 
expected, the first band is well-predicted by the circuit 
model.  However, there is a significant discrepancy 
between that predicted by the circuit model and that 
obtained from the HFSS v11 [4] simulations for higher 
bands. Adding coupling from two additional neighbours 
(nc=3), using two additional points to obtain the two 
additional parameters, improves the prediction 
significantly and this is displayed in Fig 4(b).  This 
implies the fields couple beyond their nearest neighbours.  
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Figure 4: Dispersion curves of complete nine-cell cavity with attached beam tubes.  HFSS v11 is used in the eigenmode 
module with E-E terminations (blue points) and H-H terminations (red points).   Curves from the standard circuit 
model, nc =1, are also shown in (a) and the extended coupling model, nc = 3, in (b).   The points used in determining the 
circuit model parameters are indicated by the black points. 

 
Many of these modes in the higher bands propagate out 

of the cavity and in this case simulations with radiation 
boundary conditions are more appropriate.  Taking this 
into account properly with suitable finite element or finite 
difference simulations remains the subject for future 
work.  Two typical representative modes from the second 
band, both a mode contained within the cavity and a 
multi-cavity mode, are illustrated in Fig. 5. 

 
 
 
 

 
Figure 5: HFSS v11 simulations indicating (a) a trapped 
mode at 7.04GHz (the first mode of the second monopole 
band) and (b) a multi-cavity mode at 7.58GHz (the ninth 
mode of the second monopole band). 

MODE MATCHING METHOD APPLIED 
TO MULTICELL SC CAVITITES 

In order to calculate the sensitivity of the cavity R/Qs 
and mode frequencies to fabrication errors we utilised the 
scattering matrix code Smart2d [5].  These parameters are 
rapidly determined from simulations of the impedance of 
the overall cavity. This code propagates modes through 
sharp wide (W) to narrow (N) transitions in waveguides. 

Clearly the third harmonic SC cavities are by no means 
abrupt discontinuities. Thus, we slice up each curved 
surface, the iris for example, into a series of WN and NW 
transitions. Prior to simulating a full nine-cell cavity we 
first verified the accuracy of computing the scattering 
matrix for a single cell.  We chose the middle cell of the 
cavity and compared an accurate HFSS simulation.  In 
this case HFSS is operated in the driven mode module.  It 
is convenient to express the S-matrix in terms of three 

(b) 

(a) 
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parameters, the angles: θ,  φ and  dφ [6].  The S-matrix is 
represented in the form: 

11 12

21 22

cos sin

sin cos

jd
j

jd

S S e j
e

S S j e

φ
φ

φ

θ θ
θ θ −

⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (5) 

In this representation the S-matrix is guaranteed to be 
unitary.  The objective of these simulations is to ascertain 
the minimum number of slices which are sufficient to 
accurately model the e.m. fields across the curved 
surfaces.  A representative set of simulations at the π 
mode frequency of 3.9 GHz is shown in Table 1.   The 
parameter dφ =0 is a reflection of the symmetry of the 
transition being simulated (S11 = S22).  Twenty segments  

 
Table 1: Parameterisation of S-matrix calculated with the 
Smart2d code as a function of the number of conjoined 
sharp transitions (Number of slices per half length). 

Slice  10 20 40 HFSS 

θ 0.2799 0.2897 0.2983 0.2852 

φ 2.7630 2.8022 2.8356 2.8540 

dφ 0 0 0 0.0001 

 
accurately simulates the S-matrix of the surface to within 
a few percent.  Armed with this knowledge on the number 
of sliced required, we used the impedance module of the 
Smart2d code to calculate the impedance of the complete 
9-cell cavity. The results of simulations of the real part of 
the impedance, with 20 slices for each curved transition, 
are displayed in Fig. 6.   Here we added a small imaginary 
frequency, corresponding to a loss component in order to 
broaden the characteristic  

5 6 7 8 9 10 11 124

10
0

10
2

10
4

10
6

10
3

10
1

10
5

ω
π/2π (GHz)

Z
r  (

 Ω
 )

 
Figure 6: Real part of the beam impedance Zr as a 
function of frequency for a full 9cell cavity with beam 
pipes attached.  Bands 1 to 5 are shown. 

resonances.  Several resonances overlap in the vicinity of 
the regions in which the bands are particularly close 
(close to 0 phase advance for the second and third bands, 
for example).  In these regions it is difficult to pameterise 
the resonances.  The first band is well-characterised 
however.  A non-linear least square error fit, with a series 

of Lorentzian functions [7] 
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is made to the data resulting from Smart2D simulations. 
The nth resonance is fitted by varying three parameters: 
Qn, Kn, and ωn.  Provided the modes are well-separated 
the Q corresponding to the single cell result is also 
obtained for the modal value.  Closely spaced modes 
share Qs and consequently the cell values are modified.  
The Rn/Qn (=Kn/ωn) and mode frequency ωn/2π achieved 
from these fits for the nth mode are compared with 
simulations made with MAFIA2D [8] and HFSS v11 [9] 
in Fig. 7.  Bearing in mind the way in which the curvature 
of the surfaces has been grossly approximated with sharp 
transitions the agreement between modes frequencies and 
R/Qs is encouraging. 

In order to ascertain the sensitivity of these cavities to 
manufacturing errors we made similar simulations in 
which we added uniformly distributed random errors. 
with an rms of 100μm  to several geometrical parameters.  
Errors of this magnitude may result from the many stages 
entailed in the fabrication of these cells.  However the 
relevance of these large errors introduced needs to be 
confirmed and it may be an overestimate of the overall 
fabrication errors.  The results of this simulation with 
twenty cavities subjected errors in seven randomly varied 
geometric parameters (iris radius, equator radius, half cell 
length, equator horizontal axis, equator vertical axis, iris 
horizontal axis and iris vertical axis) is illustrated in Fig. 
8.  The original, unperturbed structure R/Qs are shown 
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Figure 7: Comparison of R/Q calculated by MAFIA, 
HFSS v11 and SMART2D for bands 1 to 5 of a full 9cell 
cavity with beam pipes attached. 

 
with blue points and the rms of the R/Qs of all structures 
is indicated by the red points.  Here it is notable that those 
modes close to the accelerating π mode suffer significant 
frequency and R/Q shifts.  Indeed the main accelerating 
mode R/Q is degraded from more than 375Ω to ~260 Ω. 

THPPO025 Proceedings of SRF2009, Berlin, Germany

07 Cavity design

602



3.7 3.75 3.8 3.85 3.9 3.95
0

100

200

300

400

ω
π/2π (GHz)

R
/Q

 (
Ω

 )

 

 

R/Q ideal
R/Q RMS

 
Figure 8: Comparison of the R/Qs for the first monopole 
band for an idealised perfect structure and the rms of 20 
different simulations. Here all seven geometric cell 
parameters for each cell were randomly varied within an 
rms tolerance of ±100μm. 

INFLUENCE OF RANDOM ERRORS ON 
FIELD FLATNESS 

Random errors are introduced into each of the 9-cells 
and the field profile is calculated in a manner similar to 
that performed in [10].   In order to tune the field back to 
the perfectly flat original state we allow two tuners in 
either end of the cavity to be used. We seek to minimise 
the “cost” function, determined as the sum of the squares 
of the difference of the field from the perfectly flat 
original state. A computer code was written in 
Mathematica [8] for this purpose. We have investigated 
the effect of random errors with a uniform distribution  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: The field along the cavity of length l 0, prior to 
tuning, is indicated by the red curve. A correction 
algorithm, entailing tuning the end cells only results in a 
significant improvement in the field flatness and this is 
indicated by the blue curve. The corresponding correction 
frequencies Δω/2π are inset. 
 
that have an rms of 5MHz.  The resulting field is flat to 
within 8% for a 5MHz error. In addition one of these 
simulations that result from this automated tuning process 
is also shown for an rms error of 5MHz in Fig. 9.  The 

field error, prior to tuning has an rms deviation from unity 
of 29.9% ± 16.4% and after tuning it is 8.3% ± 3.3%. The 
necessary tuning required is 19MHz and -10.6MHz in the 
first and last end cells respectively. 

FINAL REMARKS 
The addition of successive neighbour coupling results 

in a significant improvement in the agreement between 
the predicted and full finite element modelling of the 
dispersion curves of the monopole band of the third 
harmonic FNAL cavities fabricated for FLASH. This 
should prove a useful design tool in analysing the 
eigenmodes of the complete structure. Initial simulations 
have been conducted on the sensitivity of the cavity to 
fabrication errors. 
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Abstract

The superconducting upgrade of the REX-ISOLDE ra-
dioactive ion beam (RIB) post-accelerator at CERN will
utilise a compact lattice comprising quarter-wave res-
onators (QWRs) and solenoids, accelerating beams in the
mass range 2.5 < A/q < 4.5 to over 10 MeV/u. The
short and independently phased quarter-wave structures al-
low for the acceleration of RIBs over a variable velocity
profile and provide an unrivalled longitudinal acceptance
when coupled with solenoid focusing. The incorporation of
the solenoids into the cryomodule shortens the linac, whilst
maximising the acceptance, but the application of solenoid
focusing in the presence of asymmetric QWR fields can
have consequences for the beam quality. The rotation of an
asymmetric beam produces an effective emittance growth
in the laboratory reference system. We present modifi-
cations of the cavity geometry to optimise the symmetry
of the transverse fields in the high-β QWR. A racetrack
shaped beam port is analysed and a modification made to
the inner conductor with a geometry that will enable a nio-
bium film to be effectively sputtered onto the cavity sur-
face.

INTRODUCTION

The energy upgrade of RIBs at CERN under the HIE-
ISOLDE framework will be realised using a superconduct-
ing linear post-accelerator comprising quarter-wave res-
onators of two geometries, corresponding to low and high
energy with reduced velocities of 6.3 % and 11.3 %, respec-
tively [1]. The beam will be focused using superconducting
solenoids located within the cryomodules in order to max-
imise both the transverse and longitudinal acceptance of
the machine and to allow for easy scaling of linac settings
when accelerating radioactive beam. In total, twelve low-β
cavities and four solenoids will be housed in the first two
cryomodules providing an energy of at least 3.6 MeV/u at
injection into the high energy section, which will contain
twenty cavities and four solenoids housed in 4 cryomod-
ules. Two stages of the planned upgrade of REX-ISOLDE
are shown in Figure 1. This paper focuses on the high-
β cavity and consequently the beam dynamics of the high

∗matthew.alexander.fraser@cern.ch

energy section of the HIE-ISOLDE linac. The study pre-
sented analyses the effect of the asymmetric rf fields of the
QWR on the beam and investigates two modifications of
the nominal cavity to improve the symmetry of the fields:
The first a simple modification to the beam port and the
second a redesign of the drift tube on the internal conduc-
tor.

Figure 2: The nominal high-β cavity (left), the coordinate
system (top right) and the geometry of the internal conduc-
tor (bottom right). Dimensions in mm.

THE HIGH-β CAVITY

The high-β cavity has a design gradient of 6 MV/m,
providing 1.8 MV of accelerating potential over an active
length of 30 cm, at a resonant frequency of 101.28 MHz.
The cavity will be made from a copper substrate onto which
a niobium film will be sputtered, details of which can be
found in [2]. The cavity geometry is shown in Figure 2 as
drawn in the MWS code used to numerically simulate the rf
fields of the cavity [3]. The nominal cavity design has a cir-
cular aperture of 20 mm, instead of the racetrack variant, as
presented, inset, in Figure 5. The cavity noses are formed
by pressing the external cylindrical copper sheet. More in-
formation regarding the cavity design and manufacture can
be found in [4]. The TEM modes characteristic of this type

ester, Manchester, UK.
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Figure 1: The layout of two stages of the HIE-ISOLDE linac upgrade: intermediate (top) and complete (bottom). The
existing normal conducting infrastructure is shown in black and the new superconducting upgrade is shown in red.

of cavity geometry introduce an appreciable component of
magnetic field on axis, as shown in Figure 3.
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Figure 3: The longitudinal and transverse field components
on the beam axis of the high-β QWR. Hx is shown with a
90◦ phase delay to E. Ey is enhanced by a factor of 10.

The beam steering effect is phase and energy dependent
and a source of coupling between the transverse and lon-
gitudinal dynamics, which can cause significant transverse
emittance dilution if not compensated. The method of com-
pensation employed in the high-β cavity requires an off-
set of the cavity relative to the beam, such that the beam
centroid samples the electric (de)focusing field created by
the beam port, providing good compensation over a wide
velocity range, as shown in Figure 7. The compensation
scheme is detailed in [5]. The velocity dependency of the
steering force and the variable velocity profile along the
linac for different mass-to-charge states makes the opti-
mum cavity offset dependent on A/q. The offset of the cav-
ities was determined by minimising the sum of the squares
of the steering kicks in each cavity along the linac, across
the mass-to-charge state acceptance, i.e. from A/q = 2.5 to
4.5, as shown in Figure 4. A compromise was made to
keep the deflection low over all RIBs in the machine’s ac-
ceptance. In fact, the increased sensitivity of low mass-to-
charge RIBs to the steering force is compensated somewhat
by the higher velocity developed in the linac. The range of

the velocity profiles in the high energy section is shown in
Table 1, along with the optimised offset for the nominal
cavity and its racetrack variant, at injection energies pro-
vided by the existing REX-ISOLDE linac and by the low
energy superconducting section in the complete upgrade.
The offset is dependent on the aperture geometry. In the
nominal case with no misalignment, the centroid excursion
can be kept to below 0.5 mm along the entire 10.5 m length
of the high energy section, as shown in the bottom series of
graphs in Figure 9.
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Figure 4: The optimisation of cavity offset for the nominal
cavity.

Table 1: The range of the energy, E, velocity, β and the
corresponding optimum cavity offset, at injection after the
9-gap resonator (top series) and after the low energy super-
conducting section (bottom series).

A/q Einj /β
(MeV/u)/(%)

Eej /β
(MeV/u)/(%)

Offset
(NOM/RT)

(mm)

4.5 2.8 / 7.8 9.3 / 14.0 2.4 / 3.0
2.5 3.0 / 8.0 14.4 / 17.4 2.3 / 2.8

4.5 3.6 / 8.8 10.2 / 14.7 2.2 / 2.8
2.5 5.4 / 10.7 16.6 / 18.6 2.0 / 2.5
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MODIFIED CAVITY GEOMETRIES

Two cavity variants are presented in Figure 5: The nom-
inal cavity with a racetrack aperture (RT) and with a mod-
ified drift tube (MOD DT). Their parameters are displayed
for comparison with the nominal cavity (NOM), in Table
2.

Table 2: Comparison of cavity variants

Parameter NOM RT MOD DT

TTFmax(β = βmax) 0.904 0.902 0.904
βmax (%) 11.3 11.3 11.3
Mechanical Height (mm) 785 785 807
Mechanical Length (mm) 320 320 320
Active Length (mm) 300 300 300
Drift Length (mm) 90 90 90
Gap Length (mm) 70 70 70
Epeak/Eacc 5.4 5.4 6.6
Hpeak/Eacc Oe/(MV/m) 96 96 93
Rshunt/Q0 (Ω) 548 548 585
Γ = Rsurface.Q0 (Ω) 30.6 30.6 31.3
U/E2

acc J/(MV/m)2 207 207 196
Compensation Offset (mm) 2.2 2.8 2.2

The dimensions of the racetrack aperture are shown inset
on Figure 5. The racetrack minimises the loss in aperture
when the cavity is offset and keeps the shunt impedance
high with respect to a circular beam port. The modification
to the drift tube of the internal conductor reflects the shape
of the noses and is achieved by tapering a flattened sphere
onto the shaft. An extension to the bottom of the sphere is
required to move the site of peak electric field away from
the beam axis, such that an effective compensation of beam
steering can be achieved. The modification to the internal
conductor is shown in Figure 6. With the exception of the
flattened faces, the modification has cylindrical symmetry
about the resonator axis and would present an acceptable
surface for sputtering. The beam dynamics performance
of each cavity was analysed by numerically integrating the
Lorentz equation of motion of a single particle in the elec-
tromagnetic fields exported from MWS. A mesh size of 1 mm
was used and the field values interpolated linearly between
the mesh at each integration step. A comparison of the rf
defocusing force experienced by an ion of A/q = 2.5 at a
synchronous phase of -20◦, 1 mm from the offset axis in
the vertical and horizontal directions, is shown as a func-
tion of reduced velocity in Figure 7 for the three differ-
ent cavities investigated. Also shown is the beam steering
force. The asymmetry of the rf fields in each cavity vari-
ant, defined as the difference between the defocusing force
in the vertical and horizontal directions at 1 mm from the
offset beam axis, is summarised in Figure 8. One can see
that over most of the velocity profile of interest for A/q
= 2.5, the racetrack aperture reduces the asymmetry com-
pared to the circular aperture. The asymmetry of the fields
in the QWR is intrinsic to the cylindrical geometry and can
be attributed to the way the cavity walls bend away from

the beam port in the vertical and horizontal directions. The
racetrack shape keeps the difference in the horizontal and
vertical rf defocusing forces to less than 0.05 mrad for ions
with A/q = 2.5, in the complete upgrade.

Figure 5: The RT cavity (left) and MOD DT cavity (right)
(exported from MWS). Inset is the racetrack geometry with
dimensions in mm.

Figure 6: The design of the modification to the internal
conductor. Dimensions in mm.

The improvement with the racetrack shape arises by
orientating the major axis vertically, which reduces the
amount of metal seen above and below the aperture at the
beam axis. Although the racetrack shape is beneficial on a
cylindrical geometry, a circular aperture is required to op-
timise the field symmetry on the modified internal conduc-
tor. The fields are kept symmetric to better than 0.03 mrad
across the entire velocity range with the modification made
to the internal conductor. When the upgrade is completed
the injection energy will be lifted to at least 3.6 MeV/u,
making the intrinsic asymmetry of the racetrack variant
preferable over the circular aperture. The modification to
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the internal conductor reduces the capacitive loading on the
QWR and, in order to maintain the resonant frequency of
101.28 MHz, the cavity must be lengthened. The modifica-
tion required to compensate for the field asymmetry causes
the peak electric field to rise as a result of reducing the ra-
dius of curvature of the high field region on the end of the
internal conductor.
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Figure 7: The rf defocusing force at 1 mm from the offset
beam axis and beam steering force in the nominal high-β
cavity with a circular aperture (top), modified with a race-
track aperture (middle) and with a modified drift tube (bot-
tom). A/q = 2.5 and φs = -20◦.

BEAM DYNAMICS SIMULATIONS

Multi-particle beam dynamics simulations of the linac
containing the three different cavity variants were carried
out using the TRACK code [6]. The linac was first tuned us-
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Figure 8: A comparison of the asymmetry in the rf defo-
cusing force, arising from the quadrupolar component of
the cavity fields on the beam axis. A/q = 2.5 and φs = -20◦.

ing the LANA code, in which the cavity and solenoid fields
are represented by hard-edge models [7]. The supercon-
ducting linac is operated with a focusing channel deliver-
ing a phase advance between solenoids of 90◦, chosen to
ensure a resonant growth in emittance is suppressed, as re-
ported in [8]. The results presented in Figure 9 are of the
dynamics of the lightest beams with A/q of 2.5 at an injec-
tion energy of 3.0 MeV/u. The simulations are of the nomi-
nal linac without error. A comparison of the emittance evo-
lution of the the three cavities indicates that the main source
of transverse emittance growth comes from the phase de-
pendency of the transverse rf defocusing and beam steer-
ing forces. From the trajectory of the beam centroid shown
in the bottom series of graphs in Figure 9 it is clear that
the racetrack compensates equally as well for beam steer-
ing as the circular aperture. The asymmetric fields split
the beam envelopes as a result of different phase advances
in the horizontal and vertical planes, making the linac less
tolerant to mismatch resulting from errors in the injected
beam parameters and solenoid field values. The modifica-
tion to the internal conductor removes the asymmetry and
maintains beam envelopes of the same dimension. With
these linac settings, along the first half of the linac the race-
track aperture keeps the envelope of the beam symmetric.
As an asymmetric beam is rotated in the solenoid, the hor-
izontal and vertical emittances are mixed, which results in
an effective increase (or decrease) of the transverse emit-
tance in the horizontal and vertical planes. The effect of the
quadrupole component of the fields can be observed clearly
by the structure, at the level of a few percent, in the evo-
lution of the emittance at the solenoid positions along the
linac. The modification to the internal conductor ensures
that the splitting of the x and y emittance is minimised and
that the increase in the emittance is smooth, however, the
improvement to the beam quality is only of the order of a
few percent.
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Figure 9: The salient characteristics of the beam for the three cavity geometries: circular aperture (left series), racetrack
aperture (middle series) and the modified drift tube (right series).

CONCLUSIONS

We have investigated the field asymmetry intrinsic to the
QWR by studying three different cavity geometries in the
high energy section of the HIE-ISOLDE linac. A race-
track shaped aperture is shown to reduce the field asym-
metry, with respect to a circular aperture, above an energy
of 3.7 MeV/u (β = 0.09) on the cylindrical geometry of the
QWR. This energy coincides very closely with the lowest
injection energy foreseen in the complete upgrade possess-
ing the low energy superconducting section, as was shown
in Table 1. A major modification to the internal conduc-
tor was shown to make the fields highly symmetric on the
beam axis, however, the small improvement to the beam
quality is achieved at the expense of a 20 % rise in the peak
electric field.
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Abstract

The upgrade of the ISOLDE machine at CERN foresees
a superconducting linac based on two gap independently
phased Nb sputtered Quarter Wave Resonators (QWRs)
working at 101.28MHz and producing an accelerating field
of 6MV/m on axis. A careful study of the fields in the cav-
ity has been carried out in order to pin down the crucial e-m
parameters of the structure such as peak fields, quality fac-
tor and e-m power dissipated on the cavity wall. A tuning
system with ≈200kHz frequency range has been developed
in order to cope with fabrication tolerances. In this paper
we will report on the cavity simulations. The tuning plate
design will be described. Finally the frequency measure-
ments on a cavity prototype at room temperature will be
presented.

INTRODUCTION

The upgrade of the ISOLDE machine will consist
in boosting the energy of the beam from 3MeV/u up
to 10 MeV/u with beams of mass-to-charge ratio of
2.5≤A/q≤4.5 and in replacing part of the existing normal
conducting linac [1].

The new accelerator will employ superconducting
QWR’s based on Nb sputtered on Cu substrate technol-
ogy [2] with a working frequency of 101.28MHz and with
a nominal accelerating field of 6MV/m on beam axis.

Two cavity geometries, low and high β, will be used to
cover the whole energy range. As the first part of the up-
grade will consist in the realization of the high energy sec-
tion, the R&D effort have been focused on the study and
production of a prototype of the high β cavity.

The electromagnetic study and realization of the cavity
prototype has been carried out in different steps. The def-
inition of the cavity main parameters derives directly from
beam dynamics studies (beam aperture, gap to gap dis-
tance, RF field asimmetry) [3], from the upstream linac (RF
frequency) and from manufacturing technique (Nb sput-
tering). Given the above constraints, the electromagnetic
study has been performed in order to minimize the surface
peak electric and magnetic field, maximizing the Rsh/Q
and the g factor. In addition a particular attention has been
payed to the study of the frequency sensitivity of the dif-
ferent geometric parameters, in order to evaluate a suitable
tuning range. During the fabrication of the cavity proto-
type, after each significant step (machining, welding, deep

∗Alessandro.Delia@cern.ch

pressing) an RF measurement has been performed and re-
sults are reported after in the paper. Given the limited fre-
quency range of the tuner, the final dimension of the ex-
ternal conductor has been set only after the final frequency
measurement.

Figure 1 shows the prototype built at CERN and,
presently, under sputtering tests.

In the following we will show the main electromagnetic
parameters for the optimized geometry of the cavity and
we will compare them to the ones of similar structures as
in TRIUMF and SPIRAL2. The tuner system will be pre-
sented. Finally the results of the frequency tests at room
temperature at different steps of the machining will be re-
ported.

(a) the cavity during the cleaning
process

(b) internal view of the cavity

Figure 1: The prototype of the high β cavity produced at
CERN.

ELECTROMAGNETIC SIMULATIONS

The electromagnetic design of the cavity aims to min-
imize the surface peak fields, both electric and magnetic.
As mentioned above the geometry has also been optimized
for the sputtering process [2].

In particular beam ports on the external conductor have
been shaped in order to avoid any hidden edges on surface
to the Nb cathode. Similarly, the region of the maximum
magnetic field has been rounded in order to have a better
homogeneity of the Nb film and this shape gives also a reg-
ular surface current paths minimizing the magnetic fields
on these positions.

The electric peak field, located at the bottom part of the
resonator antenna, can be varied by changing the distance
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of the bottom part of the antenna from the bottom plate of
the cavity (tipgap). The tipgap has been chosen of 70mm
but the cavity, at the beginning, has been manufactured
with a tipgap of 90mm. This gives the opportunity of tune
up the frequency at the end of the machining procedures if
needed. The simulations presented in the following have
been carried out with the nominal value of 70mm. Figure 2
shows a cut-view of the CAD model and the positions of
the maximum electric and magnetic field.

Figure 2: Cut-view of the cavity showing the internal ge-
ometry and also coupler and pick-up seats; in the middle,
the regions of the maximum electric and magnetic fields
are shown.

Because of the cavity geometry is not azimuthal sym-
metric, 3D electromagnetic codes need to be used to eval-
uate its RF properties. In order to pin down reliable re-
sults, a calibration of the simulation tools have been per-
formed. A simpler geometry without beam ports has been
designed in order to get a comparison between Ansoft
HFSS c© [5], CST Microwave c© [6] and POISSON SU-
PERFISH (Fig. 3). For this kind of structures, we consider
the data from SUPERFISH as the reference one.

Figure 3: Models used for simulations: a) MWS, b) SU-
PERFISH, c) HFSS.

Considering the azimuthal symmetry of this simpler
structure, only one quarter has been simulated in CST and
the mesh refinement has been used. The higher step in the
refinement corresponds to about 1.000.000 of meshcells.

In HFSS, only a slice of one sixteenth has been simulated.
The results have been obtained by considering a surface re-
finement of the meshes of 2μm, the total number of tetrahe-
dra is about 110.000. The mesh stepsize for SUPERFISH
is of 2.5mm (finer meshing does not change the results).

The comparison terms have been the maximum electric
and magnetic field and the Q0. The results for peak fields
are shown in Fig. 4.
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Figure 4: Peak surface fields.

The fields are normalized to give 1J stored energy in the
cavity (CST normalization). The plots show consistent re-
sults between the three codes. A summary of the results,
included Q0 values are listed in Table 1.

When the beam ports are added to the structure, the re-
sults are expected to stay consistent with the ones found
previously. For this structure, Superfish is no longer pos-
sible to use and then the results are extracted only from
HFSS and CST. Actually Epeak and Hpeak are consis-
tent between HFSS and CST and also with the previous
plots, but the value of Q0 found by CST is overestimated,
about 14000, and not consistent with the HFSS simula-
tions, about 11700. Probably this is due to some geometry
problem in the CST model around the noses. In fact, when
the racetrack shape of the noses is changed to a simpler cir-
cular geometry, the value becomes compatible with other
simulations.

THPPO027 Proceedings of SRF2009, Berlin, Germany

07 Cavity design

610



Table 1: Comparison table.

Superfish CST HFSS
CST − SF

%
HFSS − SF

%

Frequency
(MHz)

101.674 101.666 101.674 - -

Hpeak

(kA/m)
16.711 16.733 16.763 0.1 0.3

Epeak

(MV/m)
11.38 11.57 11.6 1.7 1.9

Q0 11795 11844 11746 0.4 -0.4

Finally, the electromagnetic cavity parameters are shown
in Table 2 in comparison with TRIUMF and SPIRAL2.

Table 2: Cavity parameters in comparison with TRIUMF
and SPIRAL2.

ISOLDE TRIUMF SPIRAL2
Frequency (MHz) 101.28 141.4 88

β (%) 11.4 11.2 12
Eacc (MV/m) 6 6 6.5
Lnorm (mm) 300 180 410
Epeak/Eacc 5.4 4.9 4.9
Bpeak/Eacc

[G/(MV/m)]
96 99 90

Rsh/Q0 (Ω) 554 545 518
g=Rs · Q0 (Ω) 30.34 25.6 37.5

Pcav (W) 7 7a 10b

aMeasurements on a cavity prototype showed results exceeding the
design parameters: Q0=7·108 for Eacc=8.5MV/m with Pcav=7W [7].

bMeasurements on a cavity prototype showed: Q0=109 for
Eacc=6.5MV/m with Pcav=10W [8].

THE TUNER PLATE

For the tuning system it has been decided to follow the
concept that has been developed at TRIUMF [9]. An oil-
can shaped diaphragm of CuBe has been hydroformed with
a pressure up to 120 bar. All radial slots necessary for the
elongation and contraction of the diaphragm are performed
with a laser beam. The same plate can be mounted directly
on the low β cavity or welded to a flange in the case of the
high β cavity. The actuator is designed to have no backlash.
A pictorial view of the tuner is presented in Fig. 5.

The useful stroke of the tuner plate is of 20mm. From the
manufacturing position the plate can be pushed up towards
the central resonator of 5mm (position +5) and down, in
the other direction, of 15mm (position -15). In Table 3 the
results of the simulations are listed for the nominal value of
the tipgap of 70mm and for a tipgap of 90mm.

The coarse range of the tuner plate for tipgap=70mm is
foreseen to be of 245kHz for a moveable range of 20mm
giving an average Δtunerplate ≈12.25kHz/mm. The value
for tipgap=90mm is of 5.2kHz/mm and the correction is
less efficient as expected (coarse range of only 140kHz).
However, both coarse ranges largely cope with frequency
detuning coming from machining errors, listed in Table 4,

Figure 5: Tuner plate with its actuator.

Table 3: Simulated frequency values of the tuning plate
when all up (Position +5) or all down (Position -15); in
yellow the values for the nominal tipgap value.

Tipgap 70mm Tipgap 90mm

Position +5 100.684 MHz 101.235 MHz

Position -15 100.929 MHz 101.339 MHz

Δtuner plate 12.25 kHz/mm 5.2 kHz/mm

considering that mechanical tolerances are in the order of
the tenth of mm.

Table 4: Simulations results of the frequency detuning due
to the main possible machining errors.

Type of error Δfreq (kHz/mm)
Cavity diameter ≈65
Resonator length ≈160

Nose length ≈50

Another important aspect to take into account is the ra-
diation pressure acting on the tuner plate. Because of the
high number of cuts and the reduced thickness of the di-
aphragm, a strong force could irreversibly modify the tuner
shape leading to an unrecoverable frequency shift. The ra-
diation pressure can be calculated by evaluating both elec-
tric and magnetic field on the plate surface by the following
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equation:

P =
1
4

(
μ0|H|2 − ε0|E|2)

The result is shown in Fig. 6 in the case of a flat plate:
the total force is quite low, equal to -1.77N.

Figure 6: Radiation pressure on a flat plate.

FREQUENCY MEASUREMENTS

The working frequency of the cold cavity has to be
101.28MHz. Taking into account the scaling factors due
to the superconducting mode of operation (shortening of
the length of the central resonator, skin depth variation,
etc...) and due to the vacuum-air environment change,
the hot frequency at room temperature in air should be
≈100.900MHz.

As described before we have left the value of the tipgap
as a free parameter in order to compensate possible errors
coming from the machining process. During the welding of
the top part of the cavity, a problem occurred and the result
has been a change of the length of the internal conductor,
which is now shorter of 0.4mm, with a foreseen increase
of the frequency of about 65kHz. The measured variation
is of 77kHz. Table 5 shows the measured values before
and after welding the inner conductor to the outer. It is also
shown the value of Q0 which is significantly improved after
welding as expected. Furthermore the measured value is
consistent with simulations giving a value of about 11700.

Table 5: Measurements before and after welding the inner
conductor to the outer with tipgap=90mm.

Before welding After welding
Frequency 101.147 101.224

Q0 5908 11380

The last step is to finally define the length of the outer
conductor. An intermediate cut of 75mm has been per-
formed and the subsequent frequency measurement con-
firmed the final cut position as from design value. The re-

sults are shown in Table 6: the values both of the simula-
tions and of the measurements have been properly scaled
(values in bold) to get a comparison. The effect of the
shorter central conductor can be accepted and the cut has
been done at the nominal tipgap length of 70mm.

Table 6: Set of measurements for different cut of the tipgap
and different coupler insertion; bold values are scaled to
get a comparison.

Coupler in=64mm and Pickup in=22mm

Tipgap 90

Simulation
101.233MHz
(-32kHz air)
101.201MHz

Measurement
101.246MHz
(-77kHz res)
101.169MHz

Tipgap 75

Simulation
101.013MHz
(-32kHz air)
100.981MHz

Measurement
101.000MHz
(-77kHz res)
100.923MHz

Tipgap 70

Simulation
100.899MHz
(-32kHz air)
100.867MHz

Measurement
100.916MHz
(-77kHz res)
100.839MHz

Coupler in=22mm and Pickup in=22mm

Tipgap 90

Simulation
101.410MHz
(-32kHz air)
101.378MHz

Measurement
101.483MHz
(-77kHz res)
101.406MHz

Tipgap 75

Simulation
101.191MHz
(-32kHz air)
101.159MHz

Measurement
101.240MHz
(-77kHz res)
101.163MHz

Tipgap 70

Simulation
101.083MHz
(-32kHz air)
101.051MHz

Measurement
101.150MHz
(-77kHz res)
101.073MHz

Finally the measurement with the tuning plate has been
done. The value is shown in Table 7 in comparison with
simulation results opportunely scaled and goal frequency
and all the values are fully compatible.

Table 7: Frequency measurement at room temperature with
tuner plate in rest position.

Measured frequency 100.885 MHz

Simulation

100.816 MHz
(-32kHz air)
(+77kHz res)
100.861MHz

Goal frequency ≈100.900 MHz

CONCLUSION

The high β cavity for ISOLDE upgrade has been fully
designed and built. The cavity parameters have been de-
rived showing values comparable to other similar struc-
tures (TRIUMF and SPIRAL2). The foreseen Q0 should
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be 6.6 · 108 with a surface resistance Rs=46nΩ giving a
power dissipation on the cavity wall of 7W.

A prototype tuner plate has been built. The total coarse
range in simulation is of 245kHz for a stroke of 20mm giv-
ing 12.25kHz/mm.

The frequency measurements at room temperature show
a perfect agreement with the designed frequency: the mea-
sured frequency is 100.885MHz, the design frequency at
room temperature should be ≈100.900MHz (the simula-
tions give 100.861MHz).

Presently the cavity and the tuner plate are under sput-
tering tests.
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A. D’Elia∗, Cockroft Institute, UK and University of Manchester, Manchester, UK
M. Pasini, CERN, Geneva, Switzerland

and Instituut voor Kernen Stralingsfysica, K. U. Leuven, Leuven, Belgium

Abstract

The first stage of the planned upgrade of the ISOLDE
facility at CERN will provide a boost in beam energy from
3MeV/u up to 5.5MeV/u [1]. In order to reach this goal,
it is planned to install downstream the present structure
a superconducting linac based on two gap independently
phased Nb sputtered Quarter Wave Resonators (QWRs)
working at 101.28MHz. The design parameters foresee to
have a power dissipated on the cavity wall of 7W with a
Q0=6.6·108 for an accelerating field of 6MV/m. The cav-
ity will be fed via a moveable antenna that, in operating
condition, is designed to reach a maximum overcoupled
condition of a factor 130 (rms power flowing in the coupler
line of 230W) in order to get a bandwidth at the resonant
frequency of ≈20Hz. A wide dynamic range (Qext rang-
ing from 104 to 109) is requested in order to allow tests
and conditioning both at room temperature and in super-
conducting operating mode. A “dust free” sliding mecha-
nism has been integrated in the mechanical concept which
will be presented below together the full e-m analysis of
the coupler line.

INTRODUCTION

The HIE-ISOLDE cavities will be constructed by mak-
ing use of the Nb/Cu sputtering technology [2]. The use of
copper permits to have massive and stiffer cavities which
reduces microphonics effects, and prevents the deforma-
tions due to the mechanical actions of the tuning system,
at a fraction of the cost, compared to bulk niobium tech-
nology. The main parameters of HIE-ISOLDE cavity are
shown in Table 1 [3].

As mentioned in [4], a common practice for choosing
the loaded bandwidth is to consider six times the rms mi-
crophonic noise plus twice the resolution of the mechanical
tuner. The microphonic noise is estimated to be less then
1.5Hz, based on Legnaro experience [5], and we foresee a
tuner sensitivity of ≈1.25Hz. Then, the expected loaded
bandwidth should be of ≈11.5Hz. We have chosen a cou-
pling coefficient β=130, giving a bandwidth of Δf ≈20Hz,
to stay in a safer margin. The forward power will be of
Pf ≈230W rms.

However a sliding mechanism has also to be foreseen
both in order to perform tests and conditioning at differ-
ent temperatures and in case of slight changes in the cavity
measured parameters.

∗Alessandro.Delia@cern.ch

Table 1: Cavity parameters.

Frequency (MHz) 101.28
β (%) 11.4

U 7.4J
Eacc (MV/m) 6
Lnorm (mm) 300
Epeak/Eacc 5.4

Bpeak/Eacc [G/(MV/m)] 96
Rsh/Q0 (Ω) 554

g=Rs · Q0 (Ω) 30.34
Pcav (W) 7
Rs (nΩ) 46

A capacitive coupler has been chosen to couple the elec-
tromagnetic power to the cavity. Its position is shown in
Fig. 1 where also the layout of the whole line is presented.

Figure 1: Coupler line layout: the full line has been divided
in 10 parts, dimensions are in mm.

In the following the mechanical design of the coupler
will be described. The analysis of the RF line with the
power dissipated distribution will be fully reported. Finally
we will describe the method we use to measure the external
Q of the coupler and pick-up.
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COUPLER MECHANICAL DESIGN

The cleanliness of the cavity environment is fundamental
to reach the optimum performances. Therefore it is very
important to provide for a “dust free” sliding mechanism.

Figure 2 shows a 3D view of the coupler when fully in-
serted (Fig. 2 a)) or fully extracted (Fig. 2 b)). Figure 3
shows a cut view of the coupler along the axis in which the
wheels providing for the sliding motion are visible. This
solution minimizes the powder production because of the
wheel mechanism. Furthermore, as the motion happens on
the external part of the outer conductor, if some dust is pro-
duced, it has no possibilities of falling down on the inner
part and then to soil the cavity. The internal antenna is
made in copper while the rest of the body is in stainless
steel. Two pieces of MACOR are used for mechanical sta-
bility and alignment.

The total stroke is of 70mm, giving an insertion length of
−10 ≤ Lin ≤ 60 , for a quite large dynamic range
of 7 · 103 ≤ Qext ≤ 5 · 109.

Figure 2: 3D view of the coupler when fully inserted, a), or
fully extracted, b).

Figure 3: Mechanical layout of the coupler. The coupler
line has been divided in 4 pieces: pieces 2 and 4 are filled
with MACOR, the dimensions are relative for β=130 and
are in mm.

ELECTROMAGNETIC SIMULATIONS

The coupler has been simulated by using MWS [6].
The result curve is shown in Fig. 4: a coupling of β=130

should be reached for an insertion length of ≈10mm while
the critical coupling at room temperature for a length of
≈50mm. The design foresees also to reach the critical cou-
pling when the cavity is superconducting.
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Figure 4: Result of a parametric simulation by MWS show-
ing the behavior of Qext for different penetration of the
antenna; the critical coupling at room temperature should
happen around 45mm while the desired condition of β=130
should be reached for a penetration length of about 10mm.

The penetration of the coupler inside the cavity will
change also the resonant frequency. In Fig. 5 the behav-
ior of this change coming from a set of measurements is
shown. It has to be noticed that for penetration length less
than 22mm the change in frequency starts to be negligible.

Figure 5: Resonant frequency as a function of the coupler
penetration length.

LINE ANALYSIS

As written above, the line has been divided in 10 parts
dependently on the different geometrical and electromag-
netic behaviors. The line has been treated as described
in [7] and [8]. We assume a TEM mode propagating along
the line and we assume also that the line is loaded by the
antenna, as shown in Fig. 6. We will express this load in
terms of reflection coefficient ΓL = 1−β

1+β and then we will

mmmm
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propagate this load along the line in order to get the full
voltage and current profiles.

Figure 6: Model of the coupler line used for the calculation:
the line has been divided in 10 parts and we move back
from the load characterized by its reflection coefficient ΓL,
towards the generator.

The reflection coefficient will propagate in each piece of
the line as ∝ e−2γix and it has also to be provided for its
continuity on the interfaces between two different pieces of
line. Therefore we get

Γi(x) = Aie
−2γix (1)

where the coefficient Ai takes into account the continuity
of Γ along the line and it can be expressed as

{
A1 = ΓL

Ai = Γi−1(Li−1)eγiLi−1 for i = 2, . . . , N
(2)

In the above equations, γi is the propagation coefficient
equal to

γi = αi + jβi with

{
αi = αic + αid

βi = 2π
λ0

√
εir

, (3)

where αi is the attenuation constant due to the losses into
conductors (αic) and into dielectrics (αid); βi is the prop-
agation constant which depends on the wavelength λ0 and
on the dielectric permittivity, εir, of the medium. More in
details, the expression of the attenuation constants is the
following

⎧⎪⎨
⎪⎩

αic =
1

4πZic

[
Rsii

a
+

Rsoi

b

]

αid =
πf

c
tan δi

(4)

where Zic is the line impedance, Rsii,soi is the surface re-
sistance of the inner or outer conductor, respectively, a and
b are the radii of the inner and outer conductor, respectively,
and tan δi is the loss tangent of the dielectric. As αic ∝ √

f
while αid ∝ f , at low frequencies the contribution of the
losses in the dielectrics is negligible.

Finally, rewriting the solution of the telegraph’s equa-
tions in terms of the reflection coefficient we can get the
profile of the voltage and current for each piece of the line
as

{
Vi(x) = V +

i · eγix [1 + Γi(x)]
Ii(x) = I+

i · eγix [1 − Γi(x)]
(5)

The terms V +
i /I+

i can be found by imposing the continuity
on the interfaces which gives

{
V +

1 =
√

2Zc1Pf

I+
1 =

√
2 Pf

Zc1

and

{
V +

i = V +
i−1e

Li−1(γi−1−γi)

I+
i = I+

i−1e
Li−1(γi−1−γi)

(6)

with i = 2, . . . , N ; Pf in our case is equal to ≈230W and
Zc1 ≈ 50Ω.

Voltage, current and Γ profile along the line is shown in
Fig. 7

Figure 7: Behavior of the voltage (blue), current (red) and
reflection coefficient Γ (black) along the line.

The active power dissipated in the line will be derived
from the profile of the voltage and current as

Pd(x) =
1
2
�{

V (x)I(x)
}

. (7)

This represents the total power dissipated in the line, by
subtracting the 7W absorbed by the load, we have the
ohmic power dissipated only in the transmission line. The
results are shown in Fig. 8.

Figure 8: Behavior of the absolute value of the power flow-
ing along the line (top plot); behavior of the dissipated
power along the line (bottom plot).
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Table 2: Dissipated power in the coupler line.

Piece Pout (W) Pin (W) Ptot (W)
1 0.0195 0.045 0.0645
2 0.0105 0.029 0.0395
3 0.035 0.096 0.131
4 0.006 0.0175 0.0235
5 1.269 2.922 4.191
6 0.533 1.5325 2.065
7 0.635 1.4615 2.097
8 0.0055 0.067 0.0725
9 0.635 1.462 2.097

10 0.593 1.704 2.297
Total 3.742 9.337 13.079

In Table 2 the numerical values of the power dissipation
on the different pieces of the line are shown. The values
for inner and outer conductor dissipations are derived by
considering that the total power dissipated on the conduc-
tors is the sum of inner and outer dissipated power and that
the power dissipated on each conductor is inversely propor-
tional to its radius and to the square root of its conductivity.

As final remark, the N connectors have to be inserted
in the current node positions, when possible, in order to
minimize the losses coming from bad contacts.

QEXT MEASUREMENTS

Measurements at room temperature are important to test
and calibrate the coupler and pick-up. Usually, around crit-
ical coupling with β=1, it is possible to obtain the value by
a measurement of S11. When the system becomes highly
undercoupled, due to the very high Qext, to get reliable re-
sults by a S11 measurement becomes difficult. A possible
method to ride out the impasse is presented in the follow-
ing. This method has been developed to measure the Qext

of the pick-up by measuring S21 by feeding by the cou-
pler, but, due to the symmetry of the system it is obviously
possible to feed by the pick-up and measuring the coupler.

From the power balance Pin=Pf-Pr=Pc+Pe (see Fig. 9)

and considering that Pr=

[
1 −

(
βc−1
βc+1

)2
]

, we can write the

relation

βpu =
|S21|2

4βc

(βc+1)2 + |S21|2 . (8)

where, βpu, is the coupling coefficient of the pick-up and
βc, is the coupling coefficient of the coupler.

Therefore, Qextpu can be measured in four simple steps:

1. Measuring βc by S11:

βc =
{

SWR if βc ≥ 1
1/SWR if βc < 1;

2. Measuring S21, from which, one gets βpu from eq. 8;

3. Getting Q0 from the relation Q0 = Qload(1 + βc +
βpu);

4. Getting Qextpu from the relation βpu = Q0/Qextpu .

Figure 9: Qext measurements: Pf stands for forward power,
Pr is the reflected power, Pin is the power inside the cavity,
Pc the dissipated power on the cavity wall and Pe is the
output power from pick-up.

Table 3 shows some measurements: yellow line is a Q0

measurement by a S11 without pick-up. The value of the
Q0 should stay the same in the this condition of measure-
ment. Then the precision of this method can be roughly es-
timated by evaluating the maximum variation of Q0 which
is of 3.6%.

Table 3: Measurement results, yellow line is a Q0 measure-
ment by a S11 without pick-up.

Pick-up βc βpu Q0 Qpu

insertion (mm)
W/O 1.019 - 11380 -

22
1.73 0.0557 10870 1.95·105

0.96 0.0565 11085 1.96·105

-1
1.84 0.0003 11204 3.66·107

1.016 0.0003 11376 3.7·107

CONCLUSIONS

The coupler line for the first cavity prototype of HIE-
ISOLDE has been fully studied and characterized. The an-
alytical analysis of the line has been developed. We have
paid particular attention to the ohmic losses. The final re-
sults will be taken into considerations for the design of the
cryomodule as additional cryogenic losses.
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The final layout of the line could be slightly changed
without affecting significantly the results here presented.

Finally we have also presented the method we use to
measure the very high values of Qext of the coupler and
pick-up by means of a simple S21 measurement. This
method is very helpful to have a measurement of high Qext

(up to ≈ 1010) of the coupler and pick-up when the cavity
is normal condcting (Q0 ≈ 104). Some first measurements
have been presented showing a precision of ≈4% of the
method.
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A CLEAN PUMPING AND VENTING SYSTEM FOR SRF CAVITIES AND 
CRYOMODULES 

S.M. Gerbick, M.P. Kelly, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

Abstract 
 A system based on a pair of mass flow controllers has 

been used to evacuate and vent a clean cavity rf space. 
The mass-flow system is used in both single cavity testing 
and with the ATLAS upgrade cryomodule at Argonne. It 
is similar schematically to that already in use at DESY, 
however, it is very compact and maintains the capability 
to precisely control both the pump out and venting rates. 
Initial tests of the system with both the ATLAS single 
cavity test cryostat and the ATLAS upgrade cryomodule 
show that pump down and venting cycles may be 
performed without introducing substantial particulates 
into the cavity rf space. The system, together with the 
ANL top loading cryomodule design with easy access to 
individual cavities, will allow an individual cavity to be 
removed and replaced in a cryomodule string without the 
need to re-clean the entire string. This capability would 
also remove the need to test every cavity individually 
before installation into the string, constituting a major 
savings for large projects. 

INTRODUCTION 
A major focus of the assembly of a superconducting 

high gradient cavity string is on clean assembly.  This is 
done in order to minimize the introduction of particulates 
into the rf space which can degrade the performance of 
the cavities.  Special attention is paid to prepare the 
cavities and associated parts by ultrasonic cleaning, high 
pressure rinsing with ultra pure water, and cleanroom 
assembly of the entire cavity string.  However, new 
techniques need to be implemented if a cavity string is to 
 

 

Figure 1:  “Up-to-air” system schematic. 

be repaired after testing.  Therefore, a critical requirement 
for the maintenance of a clean cavity string is the ability 
to vent the evacuated string up to atmosphere without 
introducing any particulate contamination or disturbing 
any particulates already present in the rf space.   

UP-TO-AIR SYSTEM 
The ANL up-to-air system is schematically similar to a 

mass-flow system currently in use at DESY, however, 
with emphasis placed on the compactness and portability 
of the unit while still allowing the precise control of both 
the pump out and venting rates of the clean cavity rf 
space.  The first unit was initially tested on the single 
cavity test cryostat and is currently installed on the 
ATLAS upgrade cryomodule.  A second unit is being 
assembled for future single cavity tests. 

 

               

Figure 2: Pall ChamberKleen 1100 Series diffuser welded 
into a 2.75” double-sided Conflat flange. 

Design 
The layout of the up-to-air system follows the 

schematic presented by DESY (see Figure 1), with the 
heart of the system being the mass flow controllers and 
diffuser.  The system contains two separate mass flow 
controllers (one for venting and one for pump out), a 
loadlock transducer for measuring p and ∆p, and a 
diffuser that both filters out any particulates that may 
otherwise be introduced into the clean rf space during 
venting along with reducing turbulent gas flow to limit the 
disturbance of any particulates that may already be 
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present in the system [1].  The ANL system maintains all 
of the functionality of the DESY system yet still retains a 
very compact footprint.  

Diffuser 
The diffuser used at ANL is a ChamberKleen 1100 

Series manufactured by Pall Microelectronics.  This 
diffuser consists of a 316L stainless steel diffuser 
membrane which allows 360° gas flow in a uniform 
manner which limits the disturbance of particulates in the 
cavity rf space and a 316L filter medium that has a 
removal rating of ≥ 0.003 µm.  The diffuser has a 
designed flow rate of 15 SLPM @ 15 psig and normally 
comes with a NW25 ISO flange for mounting.  The Viton 
o-ring was removed for our application and the diffuser 
was welded into a 2.75” double-sided Conflat flange (see 
Figure 2).  

Mass Flow Controllers 
The mass flow controllers measure and set the flow of a 

gas, providing a constant flow control for the chosen set 
point.  The mass flow controllers used in the ANL system 
are Model #FMA-772A-V (see Figure 3) and are 
manufactured by Omega Engineering, Inc.  Each mass 
flow controller has a flow range of 0 - 20 SLPM with a 
maximum pressure of 1000 psig.  Connection to each 
controller is made with a ¼” Swagelok compression 
fitting.  Both controllers were calibrated for use with 
nitrogen gas, however, the venting controller was 
calibrated for a 20 psi inlet pressure/0 psi outlet pressure 
while the pump out controller was calibrated for a 10 psi 
inlet pressure/0 psi outlet pressure.  All of these 
parameters were calibrated accordingly by the 
manufacturer before shipment.   

 

 

Figure 3:  Omega Model #FMA-772A-V mass flow 
controller 

Compact Footprint 
In order to keep the up-to-air system as compact as 

possible, 1.33” “mini”-Conflat (CF) connections were 
used when possible (see Figure 4).  The system consists of 

four manually actuated values; three of which are VAT 
Series 284, DN 16 (1.33” CF), UHV angle valves, while 
the fourth valve is a Circle Seal Series 9500 shutoff valve 
with a ¼” Swagelok compression fitting threaded into the 
outlet side and a ¼” Rad Lab style fitting threaded into 
the inlet side.  The loadlock transducer attaches to the 
system via a ¼” VCR fitting.  To mount the diffuser into 
the system, a 2 ¾” CF nipple was produced as well as 
fittings to adapt from both 1.33” CF to ¼” VCR and 1.33” 
CF to ¼” Swagelok.  The remaining components were 
standard 1.33” CF tees, cross, elbow, a 2 ¾” CF to 1.33” 
CF conical reducer, and a 2 ¾” CF to 1.33” CF zero-
length reducer. 

 

 

 

Figure 4:  Assembled “up-to-air” system. 

Assembly 
Before assembly of the up-to-air system, all of the 

components and necessary hardware were ultrasonically 
cleaned (minus the mass flow controllers and the loadlock 
transducer).  After ultrasonic cleaning the components 
and hardware were high pressure rinsed in a Class 100 
cleanroom, allowed to thoroughly dry, bagged, and then 
transported to a larger Class 100 cleanroom for assembly 
via a portable, battery powered cleanroom.  Once in the 
larger cleanroom all of the components and hardware, 
including the mass flow controllers and loadlock 
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transducer, were blown down with filtered nitrogen while 
taking measurements of the blow-off with a particle 
counter.  Once the particle counts of the blow-off for each 
component was acceptable, the unit was assembled in the 
configuration seen in Figure 4. 

EXPERIMENTAL TEST AND RESULTS 
The up-to-air system was tested on a single cavity test 

of a quarter-wave resonators (QWR) that is now currently 
installed and operational in the ATLAS upgrade [2].  The 
QWR was first evacuated, cooled down, pulse 
conditioned, and quality tested following the normal 
cavity testing procedures at ANL.  The test cryostat was 
then backfilled with neon gas in order to warm up the 
cavity quickly. Once warm, the up-to-air system was used 
to vent the cavity rf space to atmosphere with nitrogen gas 
following the venting procedure outlined in Ref. [1].  
After being vented to atmosphere, the system was used to 
pump out the cavity following the pump down procedure 
again outlined in Ref. [1].  Following pump out, the 
cryostat and cavity were once again cooled down, pulse 
conditioned, and another quality test on the cavity was 
performed.  The results can be seen in Figure 5. 

 

 

Figure 5:  Plot showing Q-curve data from a single cavity 
test before and after the clean cavity space was vented and 
evacuated using the “up-to-air” system. 

FUTURE APPLICATIONS 
The up-to-air system, combined with the ANL top 

loading cryostat design which allows easy access to 
individual cavities, will allow an individual cavity to be 
removed and replaced in a cryomodule without the need 
to re-clean the entire cavity string.  This will greatly 
reduce downtime of the cryomodule.  However, before 
replacing a poor performing cavity in a cryomodule, a 
nitrogen gas purge system will need to be developed.  
This purge system will keep the cavity rf space and 
related components at a positive pressure of clean 
nitrogen gas, preventing any particulates present in the 
cleanroom from migrating into the rf space.  Once 
developed, this capability would also remove the need to 

individually test every cavity before installation into the 
string, resulting in a major cost savings. 

SUMMARY 
The use of an up-to-air system based on the 

diffuser/mass flow controller schematic can prove to be a 
viable option when performing single cavity tests or 
constructing a new cryomodule.  The use of this system 
has shown that pump down and venting cycles may be 
performed without introducing substantial particulates 
into the cavity rf space.  An up-to-air system may also 
prove not only to reduce the downtime associated with 
replacing a poor performing cavity in an operational 
cryomodule, but can also cut down the time and costs 
associated with the construction and testing of a new 
cryomodule by removing the need to test every cavity 
individually. 
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A TOP LOADING 2 KELVIN TEST CRYOSTAT FOR SRF CAVITIES 
 

M. Kedzie, M.P. Kelly, S.M. Gerbick, J.D. Fuerst, K.W. Shepard, Argonne National Laboratory, 
Argonne, IL, U.S.A. 

 

Abstract 
   A new large 2 Kelvin test cryostat is being 
commissioned at Argonne National Laboratory. This 
system will have a full time connection to the 4.5 Kelvin 
Atlas refrigerator and, with a integrated J-T heat 
exchanger, will  allow continuous 2 Kelvin operation. The 
large diameter was chosen to accommodate essentially all 
of today’s superconducting cavities and the top loading 
design facilitates clean room assembly. The 
commissioning run will be with a coaxial half wave cavity 
to be followed by testing with a 1.3 GHz single-cell 
elliptical cavity 

INTRODUCTION 
    Argonne’s SRF group started testing superconducting 
cavities in the late 1970’s. The first test cryostat was a top 
loading vertical cryostat built specifically for split ring 
cavities for the ATLAS linear accelerator.  This cryostat 
is a cylinder 3 feet wide by 6 feet high with a 50 liter 
helium dewar, a copper LN2 shield, and a common 
vacuum for the cryogenics and cavity. This first test 
cryostat (TC1) was used to test nearly 100 split ring 
cavities. In the late 1980’s TC1 was modified to be able to 
test low beta inter-digital cavities. The cryostat was 
extended to accommodate the new larger sized cavities.  
Magnetic shielding was added to the outside of the 
cryostat to reduce trapped flux during cavity cool down. 

 In the early 1990’s a new test cryostat was designed 
and built (TC2) to make the testing of inter-digital cavities 
more efficient. TC1 and TC2 were very similar structures 
both being top loading cylindrical cryostats. TC2 had the 
magnetic shielding designed to be placed inside the 
cryostat. The cryostat also had some LN2 plumbing 
changes that made assembly easier. Both Cryostats were 
moved to the present location where connection to the 
ATLAS 4.5˚ Kelvin refrigerator was possible. 

 The next cryostat for the SRF test facility was a 
horizontal cryostat for testing double and triple spoke 
cavities built in 2001. This cryostat had all the same 
features as TC1 and TC2 with the added feature of 
separate vacuum systems for the cavity and cryogenic 
spaces. The draw back of this cryostat was a tedious and 
time consuming installation of the cavities. 

 In 2003, TC2 was modified to use separate vacuum 
systems for the cavity and cryogenics in order to test RIA 
prototype half wave and quarter wave cavities. These 
modifications worked well and allowed the testing of a 
half wave and 7 quarter wave cavities for the ATLAS 
energy upgrade. Since clean assembly wasn’t an integral   

design of the cryostat, cavity assembly  was difficult and 
time consuming. TC2 was also limited to  testing cavities 
that would fit in the limited dimensions of the cryostat. 
More recently the design of a new cryostat, TC3 was 
started, would provide easy clean assembly and testing of 
all the present SRF cavity types. 

DESIGN 
TC3 was designed to handle all classes of SRF cavities 

presently being built. It is a large cylindrical cryostat (See 
figure 1) with an interior space for cavity placement of 
140 cm high by 157 cm diameter.  

Figure 1:  SRF Test Cryostat. 
 

The improvements of this design over TC1 and TC2 are 
easy clean room assembly, improved magnetic shielding, 
improved 80˚K Thermal shielding, larger liquid helium 
vessel that is ASME code stamped, continuous 2 Kelvin 
operation and multi layer insulation for reduced heat load 
on refrigeration system. 
This cryostat allows cavities to be fully assembled with 
pickup, movable coupler and cavity vacuum pumping 
system in a clean room environment then connected to the 
top lid for loading into the bottom vessel for testing. 

Magnetic Shielding 
TC2 has a one piece cylinder for magnetic shielding in 

the lower part of the vacuum vessel with the top of the 
cylinder open. The best magnetic field reading we were 
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able to obtain was 61mG. We managed to reduce the 
magnetic field to 20mG by using bucking coils on the 
outside of the cryostat during cool down. 

The magnetic shielding has been improved on TC3 by 
totally shielding the interior of the vessel. (See figure 2)  
The shield consists of two cylinders ( upper and lower) 
and two cones (upper and lower). All four sections were 
made from smaller overlapping sections. 
 

Figure 2:  Magnetic Shield. 
 

Threaded studs were spot welded to the interior of the 
vacuum vessel then each shield section is mounted on to 
the studs with one over lapping the next. Then stainless 
steel strips compress a lap joint to make a good 
mechanical and magnetic seam. Conical sections are 
tabbed to mate with cylinders using fasteners. The top 
shield is attached to the lid and overlaps the bottom when 
the two sections are mated.  The material used to make 
the shield is AD-MU-80 sheets 1 mm thick.  The end 
result of this shield construction is a measured magnetic 
field from 8mG to 17mG inside the vacuum vessel. 
  

80K Copper Thermal Shield 
   There are two improvements to the 80K shield that 
TC1and TC2 did not have. The first is a liquid nitrogen 
phase separator which ensures good quality liquid to the 
shields (see figure 3) and any secondary nitrogen systems. 
The second is 35 layers of MLI wrapped around the 
outside of both the upper and lower shield sections. The  
helium dewar is also wrapped in MLI reducing total 
cryogenic static heat load of the cryostat. 
  The copper shielding has been constructed with two 
main assemblies, an upper and a lower. Each section was 

made of smaller pieces welded together to form both 
shield sections. Both upper and lower sections have a ½” 
OD tube brazed to the outside of the shields (see figure 4). 
Liquid nitrogen is force flowed through the upper shield 
then out of the top lid through a removable vacuum 
insulated line to the lower shield. The LN2 then exits the 
lower vacuum vessel through an external heater and is 
exhausted to room air. The upper shield is fastened to the 
helium dewar neck through a copper ring that is brazed on 
to the neck; this also serves as an 80k intercept for the 
helium dewar. The lower shield is on G10 spacers which 
thermally insulated it from the magnetic shield. There are 
35 layers of MLI in between the magnetic and LN2 
shields.   

Figure 3:  LN2 Phase Separator. 
 

Figure 4:  80K copper Shield. 

 Magnetic Shielding 
   Both TC1 and TC2 are capable of continuous 4.5K 
operation connected to the ATLAS refrigerator. For 2K 
operation the cryostats needed to be disconnected and 
batch filled. This limits the amount of time that an 
experiment can run due to the 50 liter dewar capacity. 
TC3 has an integral JT heat exchanger that allow 
continuous 2 Kelvin operation while connected to the 
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ATLAS refrigerator. When not connected to the 
refrigerator the large 400 liter Dewar allows for many 
hours of 2K operation. 
   

 JT Heat Exchanger  
  The JT heat exchanger (HX) in TC3 is based on the 
CERN design. (See table 1) This heat exchanger has 1.5 
g/s flow which equals 35 watts of capacity at 1.8K 
 

Table 1: JT heat exchanger specs 
 CERN HX Argonne HX 
Helium mass flow 4.5g/s 1.5g/s 

High pressure stream  (SC) 
Inlet temperature 4.5K 4.5K 

Outlet temperature <2.2K <2.2K 
Pressure 240 to 360 kPA 240 to 360 kPA 

Pressure drop <20KPA <20KPA 
Low pressure stream (VLP) 

Inlet temperature 1.8K 1.8K 
Pressure 1.64KPa 1.64KPa 

Pressure drop <100Pa <100Pa 
Overall dimension 

Length 450 mm 450 mm 
Width 150 mm 150 mm 
Height 150 mm 100 mm 

 
The heat exchanger works by sub-cooling the LHe supply 
to 2.2K with counter flow boil-off vapor before being 
throttled to low pressure by the JT expansion valve. The 
result of this is approximately 90% liquid supplied to 
helium Dewar. (See figure 5) 

Figure 5:  Heat exchanger flow schematic. 
 

 Summary 
   TC3 is the latest in single cavity cryostat design. The 
large internal volume lets us test all classes of today’s 
SRF cavities. The connection to the ATLAS refrigerator 
along with the JT heat exchanger allows long term testing 
of cavities from 4.5˚K to below 2˚K. The improvements 
to the magnetic shield will reduce the trapped magnetic 

flux in cavities during cool down allowing the 
measurement of intrinsic cavity Q. The addition of the 
LN2 phase separator and the MLI reduces the static heat 
load as seen by the refrigerator allowing the use of more 
RF power during tests. 
   The fall of 2009 will be the first engineering cool down 
of the cryostat followed by a half wave cavity  then a 1.3 
GHz single-cell elliptical cavity. 
   Shown below is a 169 MHz half wave cavity (see figure 
6) and 1.3 GHz 9 cell elliptical cavity (see figure 7) as 
they would be assembled in TC3. 
 

Figure 6: Half wave cavity in TC3. 
 

Figure 7: 9 cell elliptical cavity in TC3. 
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HOM ABSORBERS FOR ERL CRYOMODULES AT BNL* 

H. Hahn#, I. Ben-Zvi, L. Hammons, W. Xu,  
Brookhaven National Laboratory, Upton, NY, U.S.A.

Abstract 
The physics needs and technical requirements for several 
future accelerator projects at the Relativistic Heavy Ion 
Collider (RHIC) all involve electron Energy Recovery 
Linacs (ERL).  The required high-current, high-charge 
operating parameters make effective higher-order-mode 
(HOM) damping mandatory and the development of 
HOM dampers for a prototypical five-cell cavity is 
actively pursued.  An experimental five-cell niobium 
cavity with ferrite dampers has been constructed, and 
effective HOM damping has been demonstrated at room- 
and superconducting (SC) temperatures. A novel type of 
ferrite damper around a ceramic break has been developed 
for the ERL electron gun and prototype tests are also 
reported.  Contemplated future projects are based on 
assembling a chain of superconducting cavities in a 
common cryomodule with the dampers placed in the cold 
space between the cavities, imposing severe longitudinal 
space constraints.  Various damper configurations have 
been studied by placing them between two five-cell 
copper cavities. Measured and simulated copper cavity 
results, external Q-values of possible dampers and 
fundamental mode losses are presented.  

INTRODUCTION 
The development  of  (HOM) dampers is performed at 
this laboratory in support of  three programs directed at 
(1) an experimental 703 MHz Energy Recovery Linac 
(ERL) facility [1]; (2) the  superconducting (SC) cavities 
for a medium energy, polarized electron-ion collider 
(MeRHIC) as a stage toward the realization of a 20 MeV 
electron-ion facility in the Relativistic Heavy Ion Collider 
(eRHIC) [2]; and (3) steps toward a proof-of-principle 
experiments for coherent electron cooling [3].  HOM 
damping is crucial to the performance of these projects in 
view of their high-current, high-brightness, and high-
charge requirements.  
     The ERL facility is comprised of a five-cell SC Linac 
plus a half-cell SC photo-injector RF electron gun [4], 
both operating at 703.75 MHz.  The facility is designed 
for either a high-current mode of operation up to 0.5 A at 
703.75 MHz or a high-bunch-charge mode of 5 nC at 10 
MHz bunch frequency.  The facility will be assembled 
with a highly flexible lattice covering a vast operational 
parameter space to serve as a test bed for the technologies 
and concepts necessary for future projects including the 
MeRHIC.  HOM damping is accomplished by ferrite 
absorbers attached to either side of the cavity. 

 At present, the SC 5-cell cavity string has been installed, 
and several cold tests have been performed with the 
damping of dipole modes summarized in Table 1 [5]. 
 

Table 1 : Dipole modes of SC ERL cavity 

fMWS 
[MHz] 

fSC (4 K) 
[MHz] 

R/QMWS 
[Ω] 

QCu+Fe 
QSC 

(4K) 
R⊥  

[kΩ/m] 
803.4 808.5 0.13 588 1031 2.25 
808.4 -- 1.12 150 -- -- 
816.1 -- 0.73 136 -- -- 
827.0 826.0 0.22 265 426 1.63 
849.5 849.8 11.84 493 147 30.88 
872.6 -- 49.33 379 -- -- 
888.1 -- 42.01 163 -- -- 
895.0 -- 22.78 201 -- -- 
926.2 -- 6.66 104 -- -- 
940.7 -- 8.58 79 -- -- 
956.1 960.0 0.05 40,370 46,000 45.96 
962.2 966.0 2.65 6,410 5126 273.12 
973.7 978.6 8.07 2,132 593 97.40 
989.8 995.9 2.39 1,644 296 14.63 

 
   The MeRHIC will employ five-cell SC cavities based 
on the type being used in the ERL facility but upgraded 
depending on the experience gained. The physics program 
requires 5 nC bunches in the 46 mA electron current to be 
accelerated to 4 GeV for collision with 250 GeV protons 
in RHIC. A key consideration in this project is that the 
design of the cryomodules and accompanying structures 
be highly compact and modular.  The present concept sees 
the electron LINAC to be a chain of sections as shown in 
Fig. 1, each employing six five-cell cavity cryo-modules.  
The HOM dampers will be placed into the cold section 
between two cavities. The primary focus in the present 
study is on using capacitive dampers which is simulated 
by placing the HOM damper structures between to copper 
cavities as shown in Fig. 2.  
 

 
Figure 1: A MeRHIC linac section with 6 cryo-modules. 
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Figure 2: The HOM damper ring with capacitive probes between two copper cavities. 

THE CAVITY STRING MODEL 
The summary goal of the present damper studies is the 
creation of a list with best estimates for the shunt 
impedance of dipole cavity resonances. The estimates are 
based on the measured Q-external and the /R Q  from 

computer simulation. The measurement of the external Q 
follows from the difference of the unloaded and loaded Q.  
To be valid for the linac string both tasks require a model 
beyond the conventional single cavity.  The string is 
sufficiently replicated by the two cavity arrangement in 
Fig. 2 and by the simulation by the Microwave Studio 
(MWS) model in Fig. 3. Quoting the effectiveness of a 
damper and consistency of results mandates that both 
structure ends are shorted.  The MWS simulation results 
for the lowest two dipole pass bands are given in Table 2. 
The longitudinal integral is done off-axis at a = 1 cm and 
interpreted as 

( ) ( ) 2/ / /R Q R Q ka⊥ =
�

. 

Table 2 : Simulation of dipole resonances  
f  

[MHz] 
/R Q

�
 

[Ω] 

/R Q⊥  

[Ω] 

/R Q⊥  

[Ω/m] 

Mode 
Type 

775.69 0.003503 0.13 2.16 B 
775.71 0.005878 0.22 3.62 B 
808.82 0.003477 0.12 2.05 C 
826.17 0.02781 0.93 16.08 C 
849.08 0.1748 5.53 98.31 C 
870.13 1.2041 36.27 660.85 C 
883.26 1.7304 50.58 935.58 C 
890.06 0.9097 26.19 488.09 C 

     
931.04 0.8552 22.50 438.65 E 
931.06 0.2273 5.98 116.59 E 
959.43 0.001826 0.05 0.91 C 
965.68 0.1062 2.60 52.52 C 
977.63 0.3045 7.27 148.74 C 
994.38 0.09844 2.27 47.28 C 

1064.83 0.008471 0.17 3.80 B 
1065.73 0.05258 1.06 23.56 B 
1199.06 0.03856 0.61 15.36 E 

 
Note the larger number of resonances actually found 

compared to the expected ones in a free-standing single 
cavity, identified as “C” in the table.  The additional 
resonances are pure beam tube resonances, ”B”, or are 
located mainly in the end cells, ”E”. The design was 
based  on the concept that a large beam tube aperture, here 
24 cm, allows exit of the HOMs from the cavity to the 
damper, which in fact  is confirmed by the measurements 
discussed below. The beam tube resonances with Fig. 4 as  
example are locally damped, whereas the end cell 
resonances, e. g. Fig. 5, may not be strongly connected to 
the dampers. 

An example of a quasi-trapped resonance is found at 
~959 MHz which has the fields concentrated in the center 
cell and minimal connection to any damper in the adjacent 
beam tube.  The longitudinal and transverse electric and 
transverse magnetic field components shown in Fig. 6 are 
concentrated within the nominal cavity length of 2 × 63 
cm and have essentially no extension into the inter-cavity 
connection. 

 
Figure 4: Fields in beam tube at 776 MHz. 

 

 
Figure 5: Fields in end cell at 931 MHz. 

 

 

Figure 3: MWS cavity model.  
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Figure 6: Fields in the cavity at  959 MHz resonance. 

 
Another effect of large beam tubes is the coupling and 

the resulting frequency shift and splitting seen in Fig. 7 of 
the un-damped HOMs in neighboring cavities.  Note 
however that there is essentially no coupling between the 
two cavities at the fundamental. 

 

 
Figure 7: Frequency splitting of HOMs. 

CAPACITIVE  DAMPERS 
The HOM dampers are attached to a spacer ring and 

placed in the cold section between two cavities of the 
present type as shown in Fig. 8.   Since the ring is also 
between Fundamental Power Coupler (FPC) and RF 
pickup probe (PU), damping of the fundamental power 
and cross coupling FPC to PU must be considered in 
addition to the HOM damping.  The   length of the 
damper ring and its location with respect to the cavities is 
a critical design parameter, and is selected for strong 
damping together with the shortest overall length and 
minimum coupling to the fundamental.  

 Several damper geometries based on inductive, 
capacitive, and ferrite have been studied. The ring with 
capacitive probes, 2 inch diameter disk, 1 inch long stem 
is shown in Fig. 9. Its simulated and measured frequencies 
and measured Q-external are listed in Table 3.  The 
capacitive probes are centered in the ring which places 
them at 7 inch from the left and 8.5 inch from the right 
cavity, which explains the difference in the Q-values of 
the split cavity resonances.  The column indicated by (wo) 
is obtained with dampers of equal length but removed 
disks, pointing to the 2-inch dia., 1-inch long capacitive 

probes as appropriate dampers.  It can be expected that 
placing damper rings at both cavity ends will half the Q-
values. 

 
The fields of the HOMs in the beam tube are stationary 

even though they are above cutoff and  the axial location 
of the probes determines the coupling strength.  
Measurements with staggered placements of the probes 
were performed and the results listed in Table 4, 
indicating improved damping.  Staggered dampers with 
three probes at 2, 6, 10 and at 4, 8, 12 o’clock seems 
optimum. 

 

 
Figure 8: Connecting tube with damper ring. 

 
Table 3: Simulated and measured frequencies and their 
measured Q-external 
f MWS 

[MHz] 
f Data 

[MHz] 
Q0 QL QX QX (wo) 

 

808.8 806.3 11,370 9940 79,033 311,822 

 814.3 7090 5310 21,151 125,194 

826.2 825.1 17,050 4190 5555 42,889 

 828.6 9450 2490 3381 24,249 

849.1 847.1 1,440 3610 4936 44,270 

 852.8 10,980 1680 1983 17,521 

870.1 867.9 10,520 2770 3760 35,593 

883.3 877.2 13,570 2603 3221 38,448 

890.1 884.3 7990 3290 5593 50,046 

 

959.4 958.2 35,390 29,460 175,816 4,283,410 

 958.7 34,900 2,880 138,606 5,501,509 

965.7 965.6 13,950 17,760 65,027 26,151 

977.6 976.7 19,370 3440 4183 124,384 

 978.0 23,400 13,000 29,250 165,414 

994.3 994.5 1340 1100 1199 8335 

 996.8 15,090 4840 7125 71,821 
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Figure 9: Axially staggered capacitive probes. 

 
Table 4: Frequencies and Q-values  with staggered 
dampers 

f  [MHz] 
0Q  LQ  XQ  

    
808.0 5810 3260 7428 
808.6 4260 2520 6170 
819.3 5660 4460 21,036 
825.0 17,920 100 101 
833.0 9740 4970 10,148 
846.2 12,440 1540 1758 
854.6 11,310 3280 4620 
865.8 3420 10 10 
877.0 12,180 1400 1582 
883.2 6300 2040 3017 

    
958.7 33,040 22,790 73,462 
965.5 28,650 4830 2809 
976.9 13,050 100 101 
877.8 15,670 1850 2098 
995.0 8660 3880 7029 
996.4 8770 2240 3008 

 
The Q-external at the fundamental mode attributable to   

the four probes in the ring and its variation with their 
geometry and location was measured and is shown in Fig. 
10.  The HOM damping in Table 3 is achieved with an 
external cavity  Q of only  ~ 1×108 but  higher values are 
limited by the required damping.  The capacitive ring 
adds 5 inch to the cavity length and reducing the 
fundamental load by an order of magnitude would require 
about 3 inch additional length.   

Fundamental cross coupling between FPC and dampers 
was found to be ~3×10-3.  Suppression of fundamental 
losses requires added length or a filter of the type shown 
in Fig. 11.  The filter shown was designed by Sekutowicz 
for a prototype electron gun cavity, but the separation 
between the fundamental frequency and the HOM high-
pass is not steep enough and a notch filter would have to 
be developed [6]. 

 

 
Figure 10: Q-external versus damper position and probe 
size (disk diameter × stem length × diameter). 

 

.  
Figure 11: HOM damper with built in fundamental filter 
(dimensions in inch). 

FERRITE DAMPERS 
The prototype ferrite absorber in Fig. 12 which 

remained from the damping studies for the ERL was 
placed between the Copper cavities to replace the 
capacitive damper ring as seen in Fig. 13.  The 
measurements with the ERL ferrite damper produced the 
strongest HOM damping so far.   The changes of the 
resonance frequencies and the qualitative pictorial of the 
damping is plotted in Fig. 14 against the un-damped two-
cavity results. The ferrite damped Q-values listed in Table 
5 are sufficiently low to be treated as the Q-external 
values in estimating the shunt impedance.  

 

 
 

Figure 12: Prototype ferrite HOM load. 
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Figure 13: Ferrite damper between the cavities. 

 

Table 5: Ferrite damped HOM resonances 

f [MHz] QL f  [MHz] QL 

808.4 4690 958.1 13,210 
809.0 4380 958.6 13,390 
825.3 1480 964.7 1950 
849.1 910 974.0 580 
858.2 130 985.9 460 
873.1 580 1001.3 790 
879.3 410   
892.0 630   
897.9 2110   

 

 

 
Figure 14: Ferrite damping of  the HOMs versus the un-
damped two coupled cavities. 

 

Ceramic Break

Ferrite Tiles

Clamshell Holder

Beampipe  

Figure 15: Ferrite HOM damper with ceramic break. 

FERRITE DAMPER OVER CERAMIC 
BREAK 

The associated fundamental damping of the prototype 
ERL ferrite has not yet been determined, but is likely to 
be unacceptable for space reasons. A novel damper 
configuration separating the ferrite from the beam vacuum 
by the insertion of a ceramic beam tube, 10 cm i.d., and 
allowing cooling at intermediate temperatures is a 
promising compromise between on one hand strong HOM 
damping and economic cooling on the other hand.  The 
ceramic (alumina) break must be coated with a thin film 
of titanium-enhanced stainless steel with an end to end 
resistance of ~10 to 100 MΩ to prevent static charge 
accumulation.  The multi-layer structure was analyzed 
and confirmed the damping properties [8]. A ferrite HOM 
damper with ceramic break is constructed for the ERL 
electron gun [4] and will provide the basis for further 
development.   
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TESTS OF 704 MHz 1MW POWER COUPLER AT SACLAY  
G. Devanz, P. Carbonnier, S. Chel, M. Desmons, Y. Gasser, A. Hamdi, D. Roudier,  

CEA IRFU, Gif-sur-Yvette, France

Abstract 
Coaxial 704 MHz power couplers have been developed 

for high intensity superconducting proton linacs. Projects 
like the Superconducting Proton Linac (SPL)[1] at CERN 
or the European Spallation Source ESS require up to 
1 MW pulsed power with a high duty cycle in the high 
energy section of superconducting elliptical cavities. One 
pair of couplers has been successfully conditioned on the 
704 MHz test stand at Saclay at room temperature at a 
maximum power of 1.2 MW, with 2 ms pulses and 50 Hz 
repetition rate, equivalent to 10% duty cycle. In order to 
test the coupler in realistic conditions with its cryogenic 
environment, we prepare a cold test with a cavity in the 
horizontal cryostat Cryholab. 

INTRODUCTION 
The development of superconducting high intensity 

pulsed proton linacs with duty cycles in the 1-10% range 
requires RF couplers to deal with high peak power, since 
cavities are foreseen to run at high gradient with high 
peak currents. The average power is high enough that RF 
dissipation aspects have to be  dealt with, both for thermal 
stability when the couplers are integrated on a cavity 
inside a cryostat, and for integrity of the components such 
as the ceramic window. We have developed a 704 MHz 
coupler [2] based KEK-B coaxial window design [3]. The 
outer conductor connecting the window to the cavity is a 
double walled stainless steel cylinder, 100 mm in 
diameter, incorporating gaseous He cooling channels. It 
has been copper coated at CERN using magnetron 
sputtering. A doorknob transition ensures the connection 
between the air side of the window and the WR1150 
waveguide network (Fig.1 ). 

 

Figure 1: Schematic view of the coupler. 

This coupler was originally meant to run at 250 kW 
peak power with a 10% duty cycle on a medium β 5-cell 
cavity, but since the RF design permits a much higher 
power handling, the cooling scheme was designed 
accordingly, aiming at 1 MW peak power, 10% duty 
cycle. Two separate cooling circuits are built in the 
coupler, one for the whole inner conductor, one at the 
periphery of the ceramic disk. The inner channel cools the 
antenna tip, the inner part of the ceramic, and the air part 
of the coaxial line in that order. One requirement is to 
keep the coupler antenna from heating to minimize the 
radiative heat transfer to the superconducting cavity 
operating at 1.8 K. Water cooling has been preferred upon 
forced air since it is able to limit the temperature increase 
at the antenna tip below 1 K instead of 30 K at full 
reflected power, which represents a gain of 50% on the 
radiative heat  transfer to the cavity. 

COUPLER TEST STAND  
The RF power is delivered by a 1 MW klystron, driven 

by a high voltage modulator running at 50Hz and 
providing 2 ms pulses up to 90 kV[4]. The circulator and 
loads are able to withstand full reflection in all phase 
conditions.  

 
 Figure 2: Couplers mounted on the coupling box. 

The conditioning at room temperature is performed on 
a pair of couplers connected through a specifically 
designed vacuum waveguide, which is also used as a 
pumping port. This coupling box is made from stainless 
steel and is copper coated to reduce the RF losses at the 
maximum average power to a low level so no external 
cooling is required. The vacuum system consists in a 
150 l/s turbomolecular pump and a scroll primary pump. 
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The couplers are mounted in horizontal position on the 
test stand, as shown on Figure 2. 

Pressure, electron activity and light emission are 
monitored on each coupler in the ceramic window area. 
Electron activity is detected using an pickup antenna 
which is brought to a potential of 45 V and amplified with 
a fast electronic circuit. Visible light emitted in the 
coupler is amplified using a photomultiplier (PM). 
Antenna cooling circuits are connected in series, and 3 
thermal sensors enable the measurement of water 
temperature increase in each coupler. The same 
configuration is used for the ceramic outer cooling 
circuits. The full test stand is shown in Figure 3: 

 

 
Figure 3: Test stand connected to the RF power station 

COUPLER PREPARATION 
The coupler and coupling box have been assembled in 

our class 10 cleanroom. All components but the ceramic 
window have been cleaned in ultrasonic bath and rinsed 
with ultra-pure water. The windows and antennas have 
been blown with pressurized class 10 air before the final 
assembly. All subsequent  transfers of the vacuum parts of 
the couplers has been carried out with the antennas in the 
vertical position, pointing to the ground in order to 
minimize transverse acceleration on bumps or small steps. 

 

 
Figure 4: coupler assembly in the class 10 clean room 

 This vacuum parts have been baked at 180°C for 48 h 
on the test stand to remove water from the surfaces. The 
pressure in the windows after baking was 7.10-8 mbar 
(6 10-8 mbar before). 

COUPLER CONDITIONING 
Conditioning Strategy 

The enabling of RF is based on hardware interlocks : 
user defined threshold on the pressure level, on the water 
flow in the cooling circuit, and status of the main vacuum 
valve.  

Faster interlocks are electron current in the pickup and 
the amplified light intensity. The voltage output of these 
diagnostics is compared to a threshold using analog 
electronics which permits to shut down the power during 
the RF pulse, and restore it in 50 μs as the activity is 
reduced under the threshold. This is more efficient than 
disabling the whole RF pulse and wait for the next one. 
The general behavior of the power level is controlled by a 
Labview application which also records the RF levels, 
vacuum, electron and light measurements. The data are 
not recorded for every  pulse due to the high pulse rate, 
but every 4 s instead. A screenshot of the RF and vacuum 
panels is shown in Figure 5. 

 

 
Figure 5: RF power, vacuum data recording panel 

 The RF power level is increased every N pulse 
according to a user defined step, only if no incident has 
occurred, otherwise it is reduced automatically. An 
incident is either an hardware interlock or a pressure 
reading by the NI/Labview acquisition system exceeding 
a software user defined threshold (2.7 10-7 mbar for these 
tests). This later facility is used mainly by setting vacuum 
software threshold lower than hardware vacuum threshold 
(3. 10-7 mbar) in such a way as to reduce the number of 
hardware interlocks, but being at the edge of them most of 
the time. In this way, we maximize the outgassing rate, 
while reducing the number of large pressure bursts 
potentially dangerous for the couplers. This conditioning 
method was defined on our former 1.3 GHz coupler test 
stand [5]. 

Power Ramping in Travelling Wave 
The first power ramping up to 300 kW was done with 

50 μs pulses exclusively, reducing the repetition rate Frep 
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from 50 Hz to lower discrete values of 25, 12.5 or 
6.25 Hz to reduce the outgassing rate in some power 
ranges. 

Around the 300 kW level, the RF was interrupted from 
the photomultiplier interlocks, but no pressure increase 
was involved, so the pulse were lengthened progressively 
in order to generate outgassing, and achieve a more 
efficient conditioning. The 310-520 kW range was 
processed at 50 Hz with 120 μs pulses. 

The 200-550 kW range was then processed using slow 
power ramps, gradually increasing the pulse length to 
2 ms at 50 Hz, which is the nominal duty cycle of 10%. 
The 80 kW region had to be reprocessed, then the power 
could be raised up to 720 kW without vacuum events. 
Above this power level, the duty cycle was reduced to 
process the couplers up to 900 kW.  

At 6% DC (1.2 ms pulses at 50 Hz) and 900 kW 
(54 kW average) a water leak and arcing occurred on the 
air part of the inner conductor of the downstream coupler, 
at the connection between the window and the doorknob. 
Inspection showed that arcing had cut the Vitton gasket 
ensuring the water tightness. The RF surface was pitted 
but could be re-polished and cleaned. The ceramic disk of 
the window was not damaged in the process. It is difficult 
to determine if a small water leak started the arcing, or if 
an arc cut the gasket in the first place. The coupler was re-
aligned and assembled using the original parts, only the 
gasket was replaced. 

The processing was resumed with 100 μs, 12.5 Hz 
pulses. Within 4 hours, the power could be raised to 
1 MW, with light activity only at 400 kW. The pulses 
were then lengthened from 100 μs to 1.6 ms, keeping a 
repetition rate of 12.5 Hz, up to 1 MW. Then the rate was 
doubled to 25 Hz, and the pulse length gradually 
increased from 1.2 to 2 ms, while ramping the power 
from 50 kW to 1 MW for 18 hours. The same procedure 
was then applied for Frep =50 Hz, increasing the pulse 
length from 1ms to 2ms, by 200 μs increments. Most of 
the processing occurred for the longer pulse length of 1.8 
and 2 ms between 1 and 1.1 MW.  

 

 

Figure 6: Klystron output power history 

The complete power and vacuum history of the 
processing in TW is shown on Figure 6 and 7 respectively. 
Both coupler had very similar behaviour. The total RF 
time can be estimated to 300 hours for TW conditioning. 
The maximum power of 1.2 MW at 10% DC was 
obtained, limited by the klystron capabilities. 

 

 
Figure 7: Vacuum history 

Temperature measurements on the antenna water 
cooling circuits indicate that for a nominal flow of 
2.4 l/min, the temperature increases by 1.6 K at 100 kW 
average RF power. This corresponds to a power extracted 
from one complete antenna of 270 W. A similar 
measurement on the external cooling channel of the 
window yields 33 W. 

Standing Wave Processing 
The processing in SW had to be carried out with lower 

duty cycles due to a failure of the main 110 kV 2.5 A 
High Voltage Power Supply (HVPS). Frep was reduced to 
0.72 Hz and later 0.31 Hz, nevertheless, pulse length 
between 300 μs and 2 ms could be obtained with a spare 
HVPS. The SW processing could not be conducted as 
thoroughly as foreseen due to repetitive problems with the 
spare HVPS. The scope of the processing was restricted 
to search for power levels and short circuit positions 
where mostly light activity was detected on the 
photomultipliers, in order to process them. The maximum 
forward power obtained was 940 kW, with 1 ms pulses at 
0.31 Hz. 

CONCLUSION 
The couplers have been conditioned up to 1.2 MW at 

10 % duty cycle. One coupler has been transferred on a 
β = 0.5 5- cell 704 MHz SC proton cavity in the class 10 
clean room, and installed in CryHoLab to perform the full 
test of the system in realistic conditions. In particular, the 
efficiency of the He cooling circuit will be checked. 
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MAIN CHOICES AND PRELIMINARY DESIGN FOR THE IFMIF RF
COUPLERS

P. Bosland, P. Bredy, M. Desmons, G. Devanz, H. Jenhani, A. Mohamed,J. Plouin∗,
CEA-Saclay, Gif-sur-Yvette, France

Abstract

IFMIF (International Fusion Material Irradiation Facil-
ity) is the future neutrons irradiation facility that aims to
qualify advanced materials for the fusion reactors successor
to ITER (International Thermonuclear Experimental Reac-
tor) [1]. The required neutrons flux is created from the ir-
radiation of a lithium target by two high intensity deuteron
ion beams (125 mA @ 40 MeV CW) produced by two par-
allel linear superconducting accelerators. The niobium cav-
ities are Half Wave Resonators (HWR) at 175 MHz operat-
ing at 4.4 K. All cavities are equipped with the same power
coupler designed to transfer a maximum power of 200 kW
in CW. The present phase of the project, IFMIF-EVEDA,
for Engineering Validation and Engineering Design Activ-
ities, is aimed at the validation of the technical options for
IFMIF, by the construction of an accelerator prototype: 1
cryomodule with 8 HWRs and 8 couplers providing RF
power up to 70 kW. Nevertheless, these couplers are de-
signed to be able to operate at 200 kW, and they will be
tested and RF conditioned at this power level. This paper
describes the overall operating requirements of these high
power couplers, presents the main choices that have been
made up to now and the RF design of the coupler compo-
nents.

THE IFMIF-EVEDA PROJECT

The IFMIF-EVEDA program has been launched in June
2007, with the following objectives:

∙ Validate the technical options for the construction of
an accelerator prototype, with a full scale of one of the
IFMIF linac, from the injector to the first cryomodule.

∙ Provide the complete engineering design report for the
construction of the IFMIF accelerators.

The driver of IFMIF consists of two 125 mA, 40 MeV
Continuous Wave (CW) deuteron accelerators. Supercon-
ducting (SC) Half-Wave Resonators (HWR) will be used
for the 5 to 40 MeV Linac [2]. The SC linac for EVEDA
Accelerator prototype (1 cryomodule of IFMIF) contains
all necessary equipments to transport and accelerate the re-
quired deuton beam from an input energy of 5 MeV up to
the output energy of 9 MeV. Its is mainly composed of 8
SC HWRs for beam acceleration, working at 175 MHz and
at 4.4 K, 8 RF power couplers providing 70 kW in TW, and
8 Solenoid Packages (SP) as focusing elements [3]. It will
be the first cryomodule of IFMIF.

∗ juliette.plouin@cea.fr

RF COUPLERS REQUIREMENTS

All the components of the IFMIF accelerator (RFQ,
bunchers, HWR) will be fed with 2 different RF power rat-
ings : 20x105 kW and 32x200 kW, see Fig. 1. One single
type of coupler will be used for all HWRs, designed for a
maximum power of 200 kW.

Figure 1: Scheme of the RF sources for the IFMIF acceler-
ator (a). RF power per cavity (b) CM is for cryomodule.

The couplers developed during the present EVEDA
phase will have a design allowing them to be used under
the IFMIF operating conditions. They are aimed to oper-
ate at 70 kW on the EVEDA cryomodule. However they
will be tested and RF conditioned at 200 kW in CW. The
conditioning will take place at CIEMAT.

The RF couplers have to protect the vacuum of the cavi-
ties. They have to assure the thermal transition between the
cavity at 4.4 K and the room temperature.

The RF couplers are connected to the sources using stan-
dard coaxial lines.

RF COUPLERS DESIGN

A general overview of the coupler set is shown on Fig-
ure 2. The coupler has a coaxial geometry, and is connected
between the HWR and a “T” transition box. It is consti-
tuted of a cooled external conductor, a warm window and
an antenna.

The coaxial geometry has been chosen for the window,
with a coaxial ceramic disk separating the cavity vacuum
from air and with a copper antenna. The impedance match-
ing is achieved by changing the diameters of the inner and
outer conductors. The impedance is kept at 50 Ω. The
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Figure 2: Overview of the coupler with the transition box
and the cavity.

coaxial connected to the T transition is a standard 6 1
8

′′
.

The very good reflexion coefficient of this window was cal-
culated (see Fig. 3): 𝑆11 < -90 dB at 175 MHz , 𝑆11 <
-50 dB in the frequency range (0-200 MHz).

Figure 3: Reflexion diagram of the coaxial window with
ceramic disc.

Multipactor simulations have been carried out, with MU-
PAC code [4], in the vacuum side of the window, with start-
ing points near to the ceramic on the outside conductor. The
results are given on Figure 4 for two cases : traveling wave
(TW) and standing wave (SW), the latter case correspond-
ing to a total reflexion inside the cavity. This window is
free from multipactor in TW up to 120 kW, which is inter-
esting for the EVEDA phase where the couplers operate at
70 kW. Moreover the multipactor in the coaxial line around
the antenna is expected only under 50 kW in TW (Fig. 5).

All the couplers fabricated in the frame of EVEDA will
be tested and RF conditioned up to a maximum power of
200 kW, on a dedicated test bench, then on the machine.

Antenna’s Length

In SW, the field pattern and the thermal losses in the win-
dow are correlated to the distance between the ceramic and
the cavity. The electric field around the ceramic has to be

Figure 4: Multipactor near to the ceramic.

Figure 5: Multipactor in the coaxial line around the an-
tenna.

limited because it induces thermal losses and multipactor.
The distance 𝜆/4 (=430 mm), where this field is maximum,
must be avoided. On the other hand, the coupler has to fit
under the cavity in the cryomodule, where beam axis is
fixed at 1.5 m from the floor (see Fig. 6). The distance
between the ceramic and the cavity has then been fixed to
670 mm.

The coupling between the antenna and the HWR is given
by the quality factor 𝑄𝑒𝑥𝑡, calculated with the formula :

𝑄𝑒𝑥𝑡 =
𝑉𝑐𝑎𝑣

(𝑟/𝑄).𝐼𝑏.𝑐𝑜𝑠(𝜙𝑠)

𝑉𝑐𝑎𝑣 being the cavity voltage, 𝐼𝑏 the beam current, 𝜙𝑠

the synchronous phase and 𝑟/𝑄 the ratio of the shunt
impedance to the quality factor of the cavity. The beam
current is 125 mA, and the 𝑟/𝑄 calculated for the HWR
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Figure 6: Length of the antenna.

is 148 Ω. The cavity voltage and the synchronous phase
are given by the beam dynamics for each HWR. 𝑄𝑒𝑥𝑡 has
been calculated with the beam dynamics data, in order to fit
for all the HWRs, and is equal to 5.7 ∗ 104. To achieve this
coupling, the distance between the extremity of the antenna
and the cavity axis was fixed to 121 mm.

COOLING SYSTEMS

Antenna

The cooling system placed inside the antenna has two
main functions :

∙ keep the whole antenna at the room temperature to
avoid radiation inside the superconducting HWR (ra-
diation power is proportional to 𝑇 4)

∙ avoid temperature gradient around the ceramic (to
limit constraints)

We chose to cool the antenna with water. Thermal simu-
lations with the code CASTEM show that the temperature
of the whole antenna is then kept at 300 K ± 1 K both in
TW and SW for 200 kW input power. In these simulations,
the ceramic’s dielectric loss tangent is 5 ∗ 10−4, and the
window’s surfaces exposed to the RF are in copper with
conductivity 6 ∗ 107. The temperature gradient Δ𝑇 inside
the ceramic in SW is shown on Figure 7 in two cases:

∙ window’s outer conductor cooled with blowing air (a):
Δ𝑇𝑚𝑎𝑥 = 9𝐾

∙ window’s outer conductor in static air (b): Δ𝑇𝑚𝑎𝑥 =
15𝐾

These values are lower in TW (resp. Δ𝑇𝑚𝑎𝑥 = 4𝐾 and
Δ𝑇𝑚𝑎𝑥 = 7𝐾).

Cooled xternal onductor

The cooled external conductor assures the transition
from 4.4 K to 300 K. The cooling will be achieved with

Figure 7: Temperature pattern in the ceramic in SW for
200 kW input power. Antenna cooled with water, outer
conductor of the window in blowing (a) and static (b) air.

helium gas, driven by a double-walled outer conductor
(Fig. 8). The maximum of RF heat transfer is estimated
at 300 𝑊/𝑚2.

Figure 8: Helium cooling from 300 K to 4.4 K of the
double-walled outer conductor.

TRANSITION BOX

The implementation of a “T” transition box has been
decided to allow the connection of the water pipes to the
cooling system of the antenna (see Fig. 2). The RF de-
sign of this transition box has been adapted to the nominal
frequency of 175 MHz. This box should be tunable in a
range of ± 1 MHz , by using a circular aperture in one
of its walls allowing the penetration of a cylindrical plug.
The box matches three coaxial wave guides, one being con-
nected to the RF window, the second to the input RF line
while the third one is closed by a short-circuit. All these
coaxials are standard 6 1/8”.

E C
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BIASING AND DIAGNOSTICS

Biasing

For the future IFMIF accelerator, remains the possibility
of polarizing the coupler to shift multipactor barriers. This
will need a modification of the design of the transition box
allowing insulation.

Diagnostics

Diagnostics will be implemented to detect electronic ac-
tivity in the vacuum side near to the ceramic: a vacuum
gauge, an electron pick-up and a light detector.

MECHANICAL DESIGN AND TESTS

Mechanical Design

The mechanical design will be subcontracted to the com-
pany that will manufacture the couplers. The call for tender
of this market is still in preparation. The order is foreseen
before the end of 2009.

High Power Tests and RF Conditioning

The high power tests and the RF conditioning of all the
couplers will be realized at CIEMAT up to 200 kW in CW.
CIEMAT will be in charge of the realization of the RF test
bench.

IMPLEMENTATION IN THE CRYOSTAT

Figure 9: Implementation of the couplers in the cryostat.

Figure 9 shows the implementation of the couplers in the
cryostat during the EVEDA operation. The couplers will
be in vertical position, in order to limit mechanical stresses
produced by the antenna’s weight and vibrations on the ce-
ramic. They will be situated under the cryostat, due to sur-
rounding constraints. The connection to the cryomodule

will be assured by a support for the “T” transition box and
by a compensation system to ensure the integrity of the me-
chanical interfaces during pumping and cool-down phases.
These elements are not designed yet.

CONCLUSION

In the frame of IFMIF-EVEDA, RF couplers will be fab-
ricated and tested at 200 kW CW at 175 MHz. The RF de-
sign of these couplers has been achieved, and consist of a
coaxial window with a ceramic disk. RF, multipactor and
thermal calculations have been carried out. The antenna
will be down cooled with water and the external conduc-
tor with helium gas. The mechanical design still has to be
studied.
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CRYOGENIC HEAT LOAD OF THE CORNELL ERL MAIN LINAC 
CRYOMODULE* 

E. Chojnacki#, E. Smith, R. Ehrlich, V. Veshcherevich and S. Chapman 
CLASSE, Cornell University, Ithaca, NY, U.S.A.

INTRODUCTION 
The proposed Cornell Energy Recovery Linac (ERL) 

will operate cw at 1.3 GHz, 2 ps bunch length, 100 mA 
average current in each of the accelerating and 
decelerating beams, normalized emittance of 0.3 mm-
mrad, and energy ranging from 5 GeV down to 10 MeV, 
at which point the spent beam is directed to a dump [1].  
The cw duty and low emittance drive the choice of using 
superconducting RF.  The cryomodule for the ERL will be 
based on TTC technology, but must have several unique 
features dictated by the ERL beam parameters.  The main 
deviations from TTC are that the HOM loads must be on 
the beamline for sufficient damping, that the peak and 
average power through the RF couplers is relatively low, 
and that cw beam operation introduces much higher SRF 
cavity heat loads. 

The cryogenic plant will be a significant portion of the 
ERL cost and an accurate prediction of the heat load is 
crucial to facility planning.  The main linac cryomodule is 
in the process of being designed, but the configuration of 
the components is sufficiently known to allow a 
preliminary calculation of the heat loads.  A cut-away 
CAD model showing the main features of the ERL linac 
cryomodule is shown in Fig. 1.  The present design 
incorporates six 7-cell SRF cavities, beamline HOM 
loads, one quadrupole, one set of X-Y steering coils, gate 
valves at each end, and is 9.82 m long. 

Presented below are the results of thermal modeling 
using nonlinear material properties to provide an 
itemization of the cryomodule heat loads.  The wall-plug 
power for the cryoplant will be estimated using COP’s 
provided by major helium-refrigeration vendors.  The 
optimal intermediate temperature will be shown to be 
about 100K. 

MODULE LAYOUT 
The thermal boundaries of the ERL linac cryomodule 

follow closely to that of standard TTC technology.  To 

minimize the heat load to the refrigeration plant, all of the 
1.8K components are surrounded by 5K intercepts, and 
the 5K intercepts likewise surrounded by “intermediate” 
intercepts in the vicinity of 100K, which in turn absorb 
the heat load from the 300K vacuum vessel.  To explore 
the optimal intermediate temperature, all of the module 
components connected to this cooling loop were modeled 
over the range of 60K-160K for the intermediate 
temperature, which will be summarized in the last section. 

In the following there will be dynamic heat loads and 
static heat loads.  The static loads are those that exist 
without beam or RF, with all of the module components 
held at their design operational temperatures.  The 
dynamic loads are the additions to the static load arising 
from the steady state beam and RF. 

MATERIAL PROPERTIES AND 
REFRIGERATION COP 

Material properties over the temperature range of 1.8K-
300K were gathered from several sources [2-4].  The non-
linear properties were entered in ANSYS material 
property files and used in most of the calculations. 

The Coefficient of Performance (COP) for the 
cryoplant is the power required from the wall-plug to 
absorb power at a given low temperature.  An 
approximation of the COP is typically given by 

pC TTP
PT ηη ⋅== )(

1
)(

)K293()(COP   ,  where (1) 

T
TTC -K293)( =η  (2) 

is the Carnot efficiency, and pη  is a “practical” efficiency 
that is a catch-all term accounting for the mechanical non-
idealities that come into play in a refrigeration system.  
After extensive discussions with several major helium-
refrigeration vendors, the parameters listed in Table 1 
were considered to be reasonable for a modern cryoplant. 

Quadrupole & Steering Coils
7-cell cavityGate Valve

Beamline HOM Load

Composite Post SupportTop Support Cylinder Gas Return Pipe RF Coupler
80K Shield

2-phase Pipe
 

Figure 1:  A cut-away CAD model showing the main features of the ERL Linac cryomodule. 
___________________________________________  
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Table 1:  Efficiencies and COP’s of a modern cryoplant 

Temperature [K] Cη  pη  COP 

1.8 0.006 0.230 720.3 

5 0.017 0.300 196.7 

60 0.250 0.168 23.9 

70 0.304 0.168 19.6 
80 0.364 0.168 16.4 
90 0.429 0.168 13.9 
100 0.500 0.168 11.9 
110 0.579 0.168 10.3 
120 0.667 0.168 8.9 
130 0.765 0.168 7.8 
140 0.875 0.168 6.8 
150 1 0.168 6.0 
160 1 0.168 6.0 

SRF CAVITY 
The largest heat load in the module is the dynamic RF 

loss of the superconducting cavities to their helium baths 
when the cavities are powered to their operating gradient.  
The present SRF cavity design has R/Q0=804 Ω, 
Q0=2×1010, shunt impedance R=1.61×1013 Ω, operating 
gradient E=16.2 MV/m, and active length of 0.8 m.  This 
gives a voltage gain of V=13 MV per cavity.  The power 
dissipation to the 1.8K helium bath per cavity is then 

R
VP

2
=  = 10.4 [W] . (3) 

Using the COP(1.8K)=720.3 per Table 1, the wall-plug 
power is 7.3 kW per cavity.  A single-turn Cornell ERL 
linac will have 64 modules with 6 cavities each, giving a 
total of 384 cavities  The dynamic wall-plug power is then 
2.8 MW for the linac cavities, which will be about half of 
the total cryoplant load.  Of course, if the average cavity 
Q performance were to be less, the wall-plug power will 
increase proportionally and could easily deplete the 
typical 50% over-capacity built into the cryoplant.  Thus, 
achieving the target SRF cavity gradient and Q in the 
installed modules is of great importance. 

HOM LOADS 
The higher order modes (HOMs) spawned in the SRF 

cavities by the 2 ps long ERL beam have been estimated 
to generate about 200 W per cavity, distributed over a 
broad band of frequencies.  The Cornell ERL design 
utilizes beamline HOM loads with RF absorbers cooled to 
the module’s intermediate temperature.  There will be an 
HOM load between each of the 6 cavities in a module and 
outboard of the end cavities, for a total of 7 HOM loads 
per module. 

HOM Absorber Dynamic Power 
Conservatively assuming that all 7 loads in a module 

absorb 200 W each at the intermediate temperature T, the 
dynamic HOM wall-plug power for the full linac is then 

MW 07.1)(COPW200647 =⋅⋅⋅= TPdynamic  for T=100K. 

Static Load to the GRP 
The HOM loads are suspended from the 1.8K Gas 

Return Pipe (GRP) by a support post with their beamline 
flanges attached to a cavity.  The central portion of the 
HOM body is maintained at the intermediate temperature.  
There is a static heat leak between the GRP and the HOM 
load body.  In the initial linac module design (as well as 
the ERL Injector module [5]), the support post was made 
of thin-walled stainless steel with a 5K copper shim 
placed between the steel support and the titanium GRP.  
The ANSYS model of this configuration is shown in 
Fig. 2.  A plot of the full linac wall-plug refrigeration 
power for the summed dynamic HOM absorbers and 
static GRP supports is shown in Fig. 3.  It is seen that for 
this component, a higher intermediate temperature 
reduces the dynamic load, but increases the static load. 

The static load for the HOM support can be reduced by 
replacing the stainless steel with a support comprised of 
1/16″ thick G-10 plates bolted to stainless steel plates, as 
shown in Fig. 4.  This modification has no 5K intercept, 
yet reduces the net static load by about ½.  Such a support 
has been prototyped and tested for stress-strain and 
maintaining its alignment precision down to 77K, for all 
of which it performed well. 

Cavity-HOM Load Beamline 
The beamline between the cavity helium vessel and the 

HOM load absorber contains a 5K intercept on the HOM 
load flange.  There is then a static heat load to 1.8K from 
the 5K intercept, and to 5K from the intermediate 
temperature of the HOM absorber.  There is also a 
dynamic load from the wall loss of the 200 W HOM RF 
power propagating along the beamline.  The RF loss in 
the RRR=400 niobium held between 1.8K and 5K is 
negligible.  The HOM load has a stainless steel shell with 
an optional 10μm thick RRR=30 copper plating on the 
interior.  The copper plating reduces RF loss, but 
increases the static loss.  For the RF loss, it is assumed 
that the HOM power is propagating in the TE11 mode at 
1.6 GHz in a 110 mm diameter beam tube that is 105 mm 
long.  For bare stainless, this gives a wall loss of about 
3 W.  For the case with copper plating, the wall loss is 
about 0.3 W.  This is a conservative estimate for both 
cases since the actual HOM frequencies will be a 
distribution mostly above 1.6 GHz, further from the TE11 
cutoff of 1.597 GHz and have less wall loss. 

The axisymmetric beamline configuration between the 
cavity helium vessel and the HOM load absorber was 
modeled in ANSYS in 2D, as shown in Fig. 5.  This 
model does not include the cavity RF coupler port, which 
will be discussed in a later section.  The 2D treatment 
allows a small mesh on the HOM load interior to 
accurately model the 10 μm thick copper plating.  Shown 
in Fig. 6 is the wall-plug refrigeration power consumed by 
this portion of the beamline for the full linac.  Here, it is 
assumed that the module quadrupole is equivalent to an 
SRF cavity, giving 8966427 =⋅⋅  such beamline 
transitions for the linac. 
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1.8K Ti GRP

5K shim

HOM load absorber at the
intermediate temperature

Stainless support

1.8K Ti GRP

5K shim

HOM load absorber at the
intermediate temperature

Stainless support

 
Figure 2:  ANSYS model of the thermo-mechanical 
connection between the HOM body and the GRP. 
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Figure 3:  Linac wall-plug refrigeration power for the 
summed dynamic HOM absorber and static GRP support. 

 
Figure 4:  An alternate HOM support post comprised of 
1/16″ thick G-10 plates bolted to stainless steel plates. 
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Figure 5:  ANSYS 2D model of the axisymmetric 
beamline configuration between the cavity helium vessel 
and the HOM load absorber. 
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Figure 6:  Wall-plug refrigeration power for the beamline 
between the cavity helium vessel and the HOM load 
absorber for the full linac. 

Note in Fig. 6 that the static loss for the cases with 
copper plating generally exceeds the summed static and 
dynamic loss for the case with bare stainless steel.  
Though more RF power is dissipated in the case without 
Cu plating, the nonlinear thermal conductivity of stainless 
steel directs most of this dynamic heat to the intermediate 
sink rather than the 5K sink.  The temperature profile 
along the beamline without plating shows no excessive 
heating due to the 3 W RF loss, even in the bellows 
section with 0.2 mm thick wall.  Thus, the HOM load 
could be simplified by omitting most of the copper 
plating, although it may be best to plate the thin-walled 
bellows in the event that a high-frequency RF mode is 
trapped there and could overheat the bellows. 

COMPOSITE SUPPORT POST AND 
THERMAL RADIATION 

In TTC technology, the cold mass inside the vacuum 
vessel hangs from support posts comprised of a G-10 tube 
with press-fit disks and rings connected sequentially to 
1.8K, 5K, the intermediate temperature, and finally to 
300K.  The radiation shield that is connected to the 
intermediate temperature is also supported by this 
composite post.  For radiation from 300K to 80K, it has 
been shown that 30 layers of multi-layer insulation (MLI) 
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on the shield will reduce the radiation load to about 
1 W/m2, or an (effective) emissivity of ε=2.23×10-3.  The 
present linac module design has four composite posts.  A 
1/8th symmetry ANSYS model of the post and shield is 
shown in Fig. 7.  The contribution of these components to 
the cryoplant power is about 142 kW for an intermediate 
temperature of 100K and varies modestly with 
intermediate temperature, as will be seen in the summary 
plots in the final section of this paper. 

To address the cost vs. benefit of including a 5K shield 
as is used in standard TTC technology, the radiation loads 
from the intermediate shield to either a 5K shield or 
directly to the 1.8K portions of the cold mass were 
estimated.  For radiation from 80K to 1.8K, it has been 
shown that 10 layers of MLI placed on the 1.8K 
components will reduce the radiation load to about 
0.05 W/m2, or an emissivity of ε=2.14×10-2.  Shown in 
Fig. 8 is a model representing 1/7th of the linac module 
components nominally at 1.8K.  The wall-plug power for 
the 80K radiation load to these components for the full 
64-module linac is about 52.4 kW, whereas a 5K shield 
would consume about 8.3 kW, saving 44.1 kW.  
Estimating the added hardware and labor cost of a 5K 
shield to be about $30k per module, and using a projected 
electricity cost of $0.2/kWhr with 100% machine up time, 
the payback time for installing a 5K shield would be 
about 25 years.  This payback time scale does not justify 
the added complexity of a 5K shield, especially 
considering that the shield would have to be segmented to 
conform around the beamline HOM loads residing at the 
intermediate temperature. 

Instrumentation 
cables 100mW

Intermediate manifold

300K 
radiation load

5K manifold

1.8K GRP

300K exterior

 

Figure 7:  ANSYS model of 1/8th of the ERL linac module 
intermediate shield and composite support post. 

1.8K

 
Figure 8:  ANSYS model of 1/7th of the ERL linac module 
components nominally at 1.8K. 

RF COUPLER 
The RF coupler to the cavity is a coaxial antenna with 

the center conductor made of solid copper and the outer 
conductor made of copper-plated stainless steel, except 
for a small portion of the outer conductor being a Nb port 
on the cavity beampipe, as shown in Fig. 9.  There are 
thermal intercepts on the outer conductor at 5K and at the 
intermediate temperature.  At this time, the static and 
dynamic heat loads of the coupler have been estimated 
analytically, as opposed to numerical simulation.  The 
contribution of the RF coupler to the cryogenic heat load 
is included in the total linac heat load that is presented in 
the final section of this paper. 

Nb beamline port

5K Intercept

Intermediate Intercept

300K Vac Vessel

He vessel

Nb beamline port

5K Intercept

Intermediate Intercept

300K Vac Vessel

He vessel

 
Figure 9:  CAD model section view of the RF coupler 
attached to the SRF cavity. 

SUMMARY 
Analyses of the cryogenic heat loads for most of the 

components of an evolving ERL linac cryomodule 
design [6] have been presented. One cryomodule 
component that has not been analyzed is the quadrupole, 
for which is its assumed here to have the same heat loads 
as an SRF cavity.  Shown in Fig. 10 is a bar graph 
summarizing the results of the thermal models, plotting 
refrigeration wall-plug power for a 64-module ERL linac 
as the intermediate temperature is varied from 60K to 
160K.  It is seen that an intermediate temperature of 100K 
is the fairly broad minimum of net wall-plug cryoplant 
power of 5.7 MW. 
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Figure 10:  Wall-plug refrigeration power for a 64-module 
ERL linac as a function of the intermediate intercept 
temperature. 

 

 
Figure 11:  Distribution of wall-plug power loads for 64 
cryomodules with a 100K intermediate temperature and 
cavity Q0=2×1010. 

A pie chart of the distribution of wall-plug power loads 
for the 100K intermediate temperature case is shown in 
Fig. 11.  The SRF cavity dynamic load is about 50% of 
the total load, with the dynamic HOM load being next 
largest.  The cw operation of the ERL linac obviously 
makes the dynamic heat loads the largest contributors.  
Note in Fig. 11 that the beamline HOM loads at 100K 
contribute the most to the static heat load. 

If the average cavity Q performance were to be halved 
to Q0=1×1010, then the cryoplant power would increase to 
8.6 MW with the SRF cavity being about 67% of the total 
load.  Such an increase in wall-plug power could in itself 
consume all of the 50% overhead capacity typically 
incorporated into refrigeration plants for unforeseen load 
contingencies. 

As figures of merit, the heat loads per cryomodule at 
the various temperatures are listed in Table 2, along with 
the wall-plug conversions using the COP’s per Table 1, 
the wall-plug total for the full linac, and the cryoplant  
capacity using a safety factor of 50%.  These values are 
consistent with other TTC cryomodules, where the main 
differences are a higher 1.8K static load due to the 
beamline HOM loads and a much higher dynamic load 
due to cw operation. 

The design of the ERL linac cryomodule will continue, 
with more accurate analysis of the heat loads of 
components such as the quadrupole, RF coupler, and 
pneumatic gate valves.  Also to be quantified are the 
parameters of the various helium supply and return 
cooling circuits, such as the pressure differentials, mass 
flow, heat transfer, gas temperature rise, and so on. 
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Radiation to 
1.8K

C-Post + Shield 
+ 300K RadRF Coupler 

Static

HOM Support 
Static

HOM & Cavity 
Beamline Static

RF Coupler 
Dynamic

HOM & Cavity 
Beamline 
Dynamic

HOM Absorber 
Dynamic

Cavity dynamic 
Q=2e10

Dynamic = 4.63 MW (81%)
Static = 1.09 MW (19%)
Total = 5.71 MW

. 

. 

Table 2.  Summary heat loads per module and full linac. 
Per module  Wall Plug 
1.8K Static [W] 5.68 4091
1.8K Dynamic [W] 68.99 49692
1.8K Total [W] 74.67 53782
5K Static [W] 64.27 12640
5K Dynamic [W] 25.65 5045
5K Total [W] 89.92 17685
100K Static [W] 32.58 389
100K Dynamic [W] 1455.49 17369
100K Total [W] 1488.07 17757
Module wall plug [W]  89225
# modules  64 
Linac Total [W] 5.71E+6
Safety Factor  1.5 
Linac Total · Safety Factor [W] 8.57E+6
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DC CONDUCTIVITY OF RF ABSORBING MATERIALS* 
E. Chojnacki#, E. Smith, R. Ehrlich, M. Liepe and J. Sears 

CLASSE, Cornell University, Ithaca, NY, U.S.A.

Abstract 
Several of the typical RF absorbing materials utilized in 

particle accelerator environments have DC electrical 
conductivities that decrease significantly when cooled to 
cryogenic temperatures.  If such RF absorbers are in close 
proximity to a beamline, they are prone to collecting static 
charge and may deflect the particle beam.  The DC 
electrical conductivities of two types of ferrite and a 
ceramic are measured at various temperatures, showing 
that the electrical conductivities indeed decrease, often to 
unacceptably low levels in regard to static charge 
accumulation. 

INTRODUCTION 
RF absorbing materials are frequently utilized in 

particle accelerator environments.  There are stringent 
requirements placed on some of these absorbers in regard 
to vacuum compatibility, radiation compatibility, and 
particulate generation, especially for absorbers in close 
proximity to the beamline, such as in some higher order 
mode (HOM) load designs.  For RF absorbers located 
directly on the beamline, their DC conductivity must also 
be large enough to drain away static charge that may be 
deposited onto them by stray particles, otherwise, such 
static charge could deflect the particle beam.  The 
beamline HOM load development efforts at Cornell have 
utilized the few materials that have been found to satisfy 
all of these requirements at room temperature [1-3]. 

A recent challenge has been for such beamline HOM 
loads to have similar performance at cryogenic 
temperatures.  For the cryogenic application, the RF 
absorption properties at 77K have been tested and found 
to be acceptable [3], however, satisfying the DC 
conductivity to drain static charge can be challenging.  
The phenomenon familiar to materials scientists is that the 
activation energy can increase substantially with 
decreasing temperature, thus making band-gap type 
materials have DC conductivities that drop many orders 
of magnitude between 293K and 77K [4,5].  Thus, many 
materials are effectively insulators at 77K and will hold 
static charge for time scales easily much greater than 
days.  In the following, tests and results for a few specific 
RF absorbing materials will be described. 

RF ABSORBING MATERIALS 
Typically, any given material has good RF absorption 

only in a band of frequencies.  A collection of several 
materials can be implemented in an RF load to 
accomplish broadband absorption.  To this end, Cornell 
has recently used the ferrites TT1-111R and Co2Z from 
Trans Tech [6] and the AlN-based composite Ceralloy® 
137ZR10 from Ceradyne [7] in a prototype cryogenic 

beamline load [3].  This demanding application having 
80K operation places obvious thermal expansion 
challenges on the materials.  For this reason, the heat sink 
substrate to which the RF absorbers are bonded must be 
selected carefully. 

The DC conductivities of these three types of RF 
absorbers were recently measured at 77K.  The results 
presented below show that the materials do not obey a 
simple band-gap model where the DC electrical 
conductivity would have the form 

kTe 2~
θ

σ
−

  , (1) 

where θ is the activation energy.  However, the materials 
do show a similar dramatic decrease in electrical 
conductivity with decreasing temperature.  The deviation 
of the materials from eq (1) has been reported to vary with 
oxidation state and has been attributed a distribution of 
energy levels within the forbidden gap [4]. 

Given that an RF absorbing material may have a low 
DC conductivity, a criteria is needed to decide whether it 
could be used in a specific application.  One measure is 
the time constant required for static charge to drain 
through the bulk.  Assuming the case with the longest 
conduction path where all of the charge is deposited on 
the surface of an absorber, the simple RC time constant 
for decay is 

ρεερ =⋅=
d

A

A

d
RC  [sec]  , (2) 

where ρ is the material resistivity [Ω·m], ε is the dielectric 
constant [F/m], A is the area onto which charge is 
deposited, and d is the thickness of absorber material to 
the metallic substrate at ground potential. 

 

MEASUREMENT TECHNIQUE 
Measurements of DC conductivity of the RF absorbers 

were performed in two ways for this study.  In the first 
technique, copper electrodes were simply clamped across 
opposite faces of a 3 mm thick absorber tile, as shown in 
Fig. 1.  A voltage was applied to the electrodes and the 
current measured with an ammeter.  The maximum 
resolvable resistance of the set up was about 1 TΩ.  A few 
measurements were performed at elevated temperatures 
up to 398K (125C) to obtain additional data points for 
curve fitting, but most measurements were performed at 
room temperature 293K and below.  The convenient bath 
temperatures utilized were water ice at 273K, dry ice at 
195K, and liquid nitrogen at 77K.  An example of the 
liquid nitrogen measurement is shown in Fig. 2. 

A second DC conductivity measurement technique was 
used to minimize the effect of contact impedance between 
the copper electrodes and the RF absorber.  To accomplish 

___________________________________________  
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this, one face of the absorber tile was sputter coated with 
copper, the center portion of the copper sanded off, and 
copper electrodes soldered to the end stripes of copper, as 
shown in Fig. 3.  The measurements with soldered 
electrodes gave similar results for conductivity as the 
clamped electrode technique, thus eliminating contact 
impedance as a large contributor to measured resistances, 
both in the kΩ range and in the TΩ range. 

To convert a measured resistance to a material bulk 
conductivity, or resistivity, the electrode configurations 
were modeled in ANSYS.  In the models, the bulk 
resistivity was set to 1 Ω·m, and boundary conditions of 
±1 Ampere were placed on the electrode surfaces, as 
shown in Fig. 4 for the setup of Fig. 3 with soldered 
electrodes.  ANSYS returns the voltage difference 
between the electrodes, from which the resistance 
between electrodes is obtained by 

 

RF Absorber Tile

Copper Electrodes

Tef lon Insulators

 
Figure 1:  The first measurement configuration of DC 
conductivity by clamping copper electrodes across 
opposite faces of a 3 mm thick RF absorber tile. 

 
Figure 2:  Measurement of DC conductivity at 77K in 
liquid nitrogen. 

sim

sim
sim I

VR == )1(ρ   , (3) 

where Isim = 1 A.  The bulk resistivity of an RF absorber 
having the modeled electrode configuration is then 
obtained from the measured resistance by 

)1( == ρρ
sim

meas
meas R

R   . (4) 

 
 

Opposite side Cu coated

Uncoated between electrodes

Opposite side Cu coated

Uncoated between electrodes

 
Figure 3:  The second measurement configuration of DC 
conductivity by soldering copper electrodes to a copper 
sputter coated face of a 3 mm thick RF absorber tile. 

+1 A

-1 A

ρ = 1 Ω·m

 
Figure 4:  ANSYS model of the setup of Fig. 3 to obtain 
the voltage difference between electrodes for a baseline 
bulk resistivity ρ = 1 Ω·m. 
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Figure 5:  Conductivity of RF absorber materials and the threshold for 1 second time constant. 
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Figure 6:  Resistivity of RF absorber materials and the threshold for 1 second time constant. 

 

MEASUREMENT RESULTS 
The sequence of electrical conductivity measurements 

consisted of first determining whether the conductivity 
follows the bandgap model of Eq. 1.  Then, numerous 
samples were measured to determine the variability of 
conductivity among samples of the same type of absorber.  
Lastly, the effect of firing the tiles in air at 900°C was 
determined by measuring the conductivity before and 
after air firing. 

Curve Fit 
The first set of conductivity measurements of the three 

types of RF absorber are shown in terms of conductivity 
in Fig. 5 and in terms of resistivity in Fig. 6.  For these 
measurements, additional data points were taken above 
room temperature to obtain a greater range for the curve 
fits.  If a simple bandgap model were to describe the 
material conductivity, as in Eq. 1, the plots in Fig. 5 
should linear.  However, as seen in the figure, the best fit 
is a power law.  The deviation of the materials from Eq. 1 
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has been reported to vary with oxidation state and has 
been attributed a distribution of energy levels within the 
forbidden gap [4]. 

Note in Figs. 5 and 6 that Ceralloy® 137ZR10 has just 
a few data points.  The reason is that the great majority of 
these samples had very high resistivity at room 
temperature, and increased to above measurement range 
with cooling only to water ice at 273K.  This is indicated 
by the data point labeled “Ceralloy common” in the 
legend.  There was a single sample of 137ZR10 that had 
low resistivity at room temperature with negligible 
increase when cooled to 77K.  This is indicated by the 
data point labeled “Ceralloy rare” in the legend. 

Variability of Samples 
Shown in Fig. 7 are resistivity measurements of 

numerous samples of TT2 and Co2Z ferrite at room 
temperature 293K and a cold temperature of either 77K or 
195K.  The resistivity of Co2Z increased to above 
measurement range at 77K, so the cold measurement for 
Co2Z was performed with dry ice at 195K.  To help 
distinguish the TT2 from Co2Z in Fig. 7, the data points 
per sample are connected by straight lines, though power-
law curve fits are shown for representative TT2 and 
Co2Z.  It is seen in Fig. 7 that TT2 has about two orders 
of magnitude lower resistivity than Co2Z.  The typical 
charge decay time constant for TT2 at 77K is less than 
0.1 second, but the time constant for Co2Z is expected to 
exceed 30 seconds. 

Firing in Air at 900°C 
The ferrite tile processing employed at Cornell for 

HOM loads included firing the tiles as received from the 
manufacturer in air at 900°C for two hours.  Ostensibly, 
this was performed to obtain fewer oxidation states and 
establish consistent material properties.  To test whether 
the air firing effected DC resistivity, measurements were 
performed on ferrites as received from the manufacturer 
both before and after firing in air at 900°C.  The results 
are shown in Fig. 8 for TT2 and in Fig. 9 for Co2Z.  It is 
seen in both of these figures that firing in air increases the 
electrical resistivity by about a factor of 10 for both TT2 
and Co2Z.  The air firing increased the resistivity of TT2 
ferrite to above measurement range at 77K, thus the 195K 
measurement point in Fig. 8 after firing.  The air firing 
increased the resistivity of Co2Z ferrite to above 
measurement range even at 195K, thus only a 293K 
measurement point in Fig. 9 after firing. 

ELECTRON BEAM TESTS 
To obtain a visual indication of RF absorber electrical 
conductivity, samples were placed in an electron beam 
welder where a copious amount of charge is generated.  
The absorber tiles were mounted on edge on a support 
plate,  the assembly cooled to about 90K, and the e-beam 
passed parallel to the face of the tile.  The spot where the 
e-beam strikes the support fixture was observed, as shown 
in Fig. 10.  As the beam was scanned parallel to the tile, 
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Figure 7:  Numerous resistivity measurements of TT2 and 
Co2Z. 
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Figure 8:  Resistivity of TT2 before and after firing in air 
at 900°C. 
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Figure 9:  Resistivity of Co2Z before and after firing in air 
at 900°C. 
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the deflection of the electron beam was compared to a 
straight line that is obtained when a simple metal 
conductor is placed in the tile location.  The Ceralloy® 
137ZR10  tiles charged and deflected the e-beam even at 
293K.  Further, regions of the 137ZR10 tiles glowed, as 
seen in Fig. 10, where the glow correlated to regions with 
better electrical conductivity.  The TT2 and Co2Z ferrites 
did not deflect the e-beam at 293K.  The Co2Z at 90K 
deflected the e-beam to a similar degree as 137ZR10, 
although without glowing.  The TT2 at 90K deflected the 
e-beam about half as much as did the other absorbers.  
These qualitative static charge tests are consistent with the 
electrical conductivity measurements described above. 

E-beam striking the plate

RF Absorber Tile

E-beam striking the plate

RF Absorber Tile

 
Figure 10:  Electron beam welder static charge test of a 
Ceralloy® 137ZR10 RF absorber tile. 

 

SUMMARY 
The DC electrical conductivities of several typical RF 

absorbing materials utilized in particle accelerator 
environments were measured at various temperatures.  
The conductivity of all of the materials was observed to 
decrease significantly when cooled to cryogenic 
temperatures.  The ferrite TT2-111R maintains a modest 
electrical conductivity at 77K of 110 m)( 105~ ⋅Ω× −σ , or 
resistivity m)( 102~ 9 ⋅Ω×ρ .  This corresponds to a 
static charge decay time constant of about 0.1 second.  
Whether such an electrical conductivity is acceptable 
depends on the specific application’s beam energy, 
particle species, and expected amount of charge 
deposition on the RF absorber. 
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CARBON NANOTUBE RF ABSORBING MATERIALS* 

Q. Huang, T.B. Holland and A.K. Mukherjee, University of California, Davis, CA, U.S.A. 
E. Chojnacki#, M. Malloy nd M. Tigner, Cornell University, Ithaca, NY, U.S.A.

Abstract 
The use of carbon nanotubes (CNT’s) in an alumina 

ceramic matrix is experimentally studied.  The weight 
percentage of multi-walled CNT’s is varied from 0.5%-
10% and the complex permittivity and permeability 
measured.  The RF absorption is strong and consistent for 
a CNT weight percentage in the range 1%-2.5% in the 
frequency band 1-40 GHz.  The permittivity is observed 
to increase dramatically with increasing CNT weight 
percentage as observed elsewhere and in accord with 
theoretical treatments.  The DC conductivity of the CNT-
alumina nanocomposite is also sufficient, even at 
cryogenic temperatures, to drain static charge in particle 
accelerator environments. 

INTRODUCTION 
The choices available for broadband RF absorbing 

materials compatible with particle accelerator beamline 
environments are limited, such as for use in higher order 
mode (HOM) loads.  Ferrites and ceramics that have the 
vacuum, radiation, and particulate compatibility tend to 
have strong RF absorption over only about a decade of 
frequency once above 1 GHz.  Further, their properties 
often change considerably when going from room 
temperature to cryogenic temperatures, as is the case for 
applications in superconducting RF cryomodules. 

Mixing carbon nanotubes (CNT’s) into a bulk matrix 
has recently shown promise for providing a broader band 
of RF absorption [1-3].  These materials have shown 
much flatter absorption in the measured frequency bands 
than traditional RF absorbing materials.  Most of these 
studies have used resins as the matrix, which are unlikely 
to be vacuum, radiation, or particulate compatible in 
accelerator applications.  A few studies, however, have 
used alumina and silica as the matrix for the CNT’s [4-7], 
which are common materials in accelerator environments.  
The silica material has likewise shown encouraging flat 
RF absorption in the frequency range 8-12 GHz [7].  
Presented here are the initial measurements of the RF 
absorption properties of alumina composites in the broad 
frequency range 1-40 GHz.  A few cryogenic tests of resin 
materials will also be discussed. 

SAMPLE PREPARATION AND 
RF MEASUREMENT METHOD 

The multi-wall CNT’s (MWCNT) nanocomposites 
were fabricated by first mixing and homogenizing 
alumina and MWCNT powders.  Then,  fully dense 
ceramics were obtained by performing spark-plasma 
sintering (SPS) in a Sumitomo 1050 SPS apparatus.  The 
nanocomposite samples from the SPS apparatus were 
typically cylinders 1cm-2cm in diameter and 1cm tall. 

The microwave measurements require the ceramic 
shapes to be thin “washers” for coaxial measurements in 
the 1-12.4 GHz frequency range and thin rectangular slabs 
for waveguide measurements in the  Ku (12.4-18 GHz), K 
(18-26.5 GHz), and Ka (26.5-40 GHz) frequency bands.  
These shapes were machined from the sintered cylinders 
using various diamond-embedded grinding tools.  A 
photograph of three such samples is shown in Fig. 1. 

The RF measurements utilize the TRL method where 
the “Line” reference is empty for the calibration sequence 
of the Agilent E8363B network analyzer.  The 
nanocomposite is then placed inside the Line reference 
and the measured complex scattering parameters S11, 
S21, S22, and S12 are used to calculate the permittivity 
and permeability of the inserted sample [8].  Photographs 
of the Ka band waveguide and Line reference are shown 
in Fig. 2. 

 
Figure 1: Photograph of alumina-MWCNT nanocomposite

 samples for RF measurements.  The light washer  on  the
 left is a control sample with zero MWCNT content. 

Ka band waveguide Line 
reference and sample holder

Al2O3-CNT Sample

Al2O3 Control 
Sample

Ka band waveguide Line 
reference and sample holder

Al2O3-CNT Sample

Al2O3 Control 
Sample

 
Figure 2:  Photographs of the Ka band waveguide and 
Line reference for the 26.5-40 GHz measurements. 

___________________________________________  

* Work supported by NSF, New York State, and Cornell University 
# epc1@cornell.edu 

M. Liepe,  a

THPPO036 Proceedings of SRF2009, Berlin, Germany

08 Ancillary systems

648



MEASUREMENT RESULTS 
The RF properties of alumina nanocomposites with 

various weight percentage MWCNT’s were first measured 
in the frequency range 1-12.4 GHz to get an indication of 
permittivity dependence on MWCNT percentage.  From 
these results a MWCNT weight percentage was selected 
for RF measurements over the full 1-40 GHz frequency 
range.  The bulk DC conductivity at 293K and 77K was 
also measured for several samples. 

RF Measurements 1-12.4 GHz 
The real and imaginary parts of permittivity of alumina 

nanocomposite samples with various weight percentage 
MWCNT’s are shown in Figs. 3 and 4, and shown in 
Fig. 5 is the loss tangent.  There is a dramatic increase in 
permittivity with increasing MWCNT weight percentage.  
For the lower MWCNT weight percentages, both the real 
and imaginary parts of permittivity are relatively flat with 
frequency.  These results are consistent with those seen in 
studies with resin nanocomposites [1-3].  The 
measurements in Figs. 3 and 4 have error bars of about 
±25% due to small deviations of the sample shape from 
the ideal which would completely fill the coaxial 
waveguide.  Since there are no magnetic materials in 
these samples, the measured permeability shows the 
expected result of the real part 1≅′ oμμ  and the 
imaginary part 0≅′′ oμμ . 

The dramatic increase in permittivity with increasing 
MWCNT percentage is related to the theory of large  
polarizability enhancement in materials containing small 
metallic particles [9].  This theory has been verified 
experimentally [10-12] and advanced to describe 
inclusions with high aspect ratio [13], as is the case for 
CNT’s.  For the high aspect ratio shapes, dramatic 
polarization effects can occur above the percolation 
threshold [13]. 

RF Measurements 1-40 GHz 
From the measurements in Figs. 3 and 4, a promising 

broadband RF absorber would have a MWCNT weight 
percentage in alumina in the range 1%-2%.  The results 
for 1% MWCNT samples across the full frequency range 
of 1-40 GHz are shown in Figs. 6, 7, and 8.  The 
discontinuities in permittivity at the boundaries of 
frequency bands are mostly indicative of the measurement 
error.  The pieces for the 1-12 GHz and 26.5-40 GHz 
bands were machined from one sample, and the pieces for 
the 12-18 GHz and 18-26.5 GHz bands were machined 
from a second sample.  There is also likely a systematic 
error slope of permittivity within the frequency bands.  
This is possibly due to variations of the sample shape 
from the ideal, which would have a greater effect on 
measurement error with increasing frequency as the shape 
perturbation becomes a larger fraction of an RF 
wavelength.  Nevertheless, the 1% MWCNT weight 
percentage in alumina shows better broadband absorption 
than any other presently available HOM load RF absorber 
material.  Within a band, though, there do exist materials 
that have the desirable property of 1≈rr εμ . 
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Figure 3:  Real part of permittivity for alumina 
nanocomposites with varying weight percentage of 
MWCNT’s. 
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Figure 4:  Imaginary part of permittivity for alumina 
nanocomposites with varying weight percentage of 
MWCNT’s. 

�%�

�%�

�%�

�%�

�%�

�%�

�%�

�%�

� � �� ��

&'
((

)
��

$

��

δ

��
��
������� 

���

��

����

��

����

��

 
Figure 5:  Loss tangent for alumina nanocomposites with 
varying weight percentage of MWCNT’s. 
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Figure 6:  Real part of permittivity in the 1-40GHz range 
for alumina nanocomposites with 1% weight MWCNT’s. 
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Figure 7:  Imaginary part of permittivity in the 1-40GHz 
range for alumina nanocomposites with 1% weight 
MWCNT’s. 
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Figure 8:  Loss tangent in the 1-40GHz range for alumina 
nanocomposites with 1% weight MWCNT’s. 

DC Conductivity 
The DC electrical conductivity of an RF absorber in an 

accelerator beamline environment must be sufficient to 
drain static charge that may be deposited by stray particles 
or generated by x-rays, possibly even at cryogenic 
temperatures.  The dramatic increase in permittivity with 
increasing MWCNT percentage seen in Fig. 3 is 
indicative of the CNT’s being near or above the 
percolation threshold.  A benefit of being near the 
percolation threshold is that the bulk DC conductivity of 
the nanocomposite also becomes satisfactory for draining 
static charge, as statistically significant conduction paths 
are established by CNT linkages.  The time scale for static 
charge to decay, assuming the case with the longest 
conduction path where all of the charge is deposited onto 
the surface of an absorber, is approximately the simple 
RC time constant 

ρεερ =⋅=
d

A

A

d
RC  [sec]  , (1) 

where ρ is the material resistivity [Ω·m], ε is the dielectric 
constant [F/m], A is the area onto which charge is 
deposited, and d is the thickness of absorber material to a 
metallic substrate at ground potential. 

The DC electrical conductivity was measured at room 
temperature and 77K using the alumina nanocomposite 
samples prepared for the RF measurements.  The results 
for the 1% and 2.5% MWCNT samples are shown in 
Fig. 9, where the conductivity is acceptable and has minor 
change when going to cryogenic temperatures.  The time 
scales for static charge to decay at 77K for the 2.5% and 
1% MWCNT concentrations are about 0.4 ns and 50 ns, 
respectively.  For the 0.5% MWCNT sample (not plotted 
in Fig. 9) the conductivity at 293K is 

-111 m)( 105.4 ⋅Ω×= −σ , and drops below the instrument 
resolution when cooled to 77K.  This indicates that the 
0.5% MWCNT concentration is below the percolation 
threshold, and has a room temperature static charge decay 
time scale of about 4 sec.  The room temperature static 
charge decay time is marginal for the 0.5% sample, and 
likely unacceptable at 77K. 
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Figure 9:  DC electrical conductivity of alumina-MWCNT 
nanocomposites near the percolation threshold. 
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CRYOGENIC RESINS 
In the interest of developing a very low cost HOM load 

utilizing a resin-based RF absorber, as opposed to the 
robust ceramics discussed in the previous sections, the 
cryogenic properties of a few candidate resins were 
explored.  The vacuum-compatible epoxy Torr-Seal® was 
cured in a 3mm deep, 30mm x 50mm wide “pond” cut 
into an copper plate.  Upon slowly cooling to 77K, the 
epoxy fractured significantly.  Next, the vacuum sealant 
Vacseal® II was deposited into an identical pond and 
cured at 80C for 24 hours.  This resin shrinks 
considerably with evaporation of volatiles upon curing, 
and fractured during curing in this excessively thick 
application.  Vacseal® II is intended to be used as a thin 
film and was found to survive curing and a 77K cooling 
cycle as a thin film.  Unfortunately, the desired RF 
absorber application will likely require a relatively thick 
matrix rather than a film.  Lastly, the low thermal 
expansion epoxy Emerson & Cuming Stycast® 2850 FT 
was tested in a copper pond.  The Stycast® survived 
curing and a 77K cooling cycle very well, but has a very 
high vacuum outgassing rate.  The outgassing rate would 
be unacceptable in most particle accelerator 
environments, especially in close proximity to SRF 
cavities.  Perhaps a thin overcoat could be used to seal the 
Stycast®, but flaking and DC conductivity issues would 
have to be rigorously tested. 

SUMMARY 
The RF properties of alumina ceramic nanocomposites 

with a weight percentage of MWCNT of 1%-2.5% show 
promise as a robust broadband RF absorbing material as 
measured in the 1-40 GHz frequency range.  The 
permittivity is observed to increase dramatically with 
increasing CNT weight percentage as observed elsewhere 
and in accord with theoretical treatments.  The DC 
conductivity of these materials is also sufficient to drain 
static charge in particle accelerator environments at 
cryogenic temperatures.  Cryogenic tests of alternate 
resin-based materials show that the resins are unlikely to 
satisfy the requirements of an RF absorber in particle 
accelerator environments. 

Follow-on development of the alumina ceramic 
nanocomposites will be required to test the RF properties 
at cryogenic temperatures, to produce larger ceramics for 
use in an HOM load, and possibly to add a magnetic loss 
component.  The test results to date, nevertheless, show 
that these materials are good candidates to satisfy all of 
the stringent requirements of an HOM load RF absorber 
material in particle accelerator environments. 
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TiN COATING OF RF POWER COMPONENTS FOR THE EUROPEAN 
XFEL 

A. Brinkmann#, M. Lengkeit, DESY, Hamburg, Germany 
J.A. Lorkiewicz, INFN-Roma II, Roma, Italy

Abstract 
Thin TiN layers on surfaces of RF components have the 

ability to reduce secondary electron emission and 
multipactor effects. A new equipment was designed and 
built for mass production at DESY to generate TiN films 
by deposition of Ti vapour in low pressure ammonia 
ambience. This new setup was already transferred to 
industry for the XFEL RF coupler production. The 
technical layout of the apparatus and results of SEM/EDX 
surface analysis and depth profile analysis are shown. 

INTRODUCTION 
Field emission and multipacting effects often limit the 
performance of RF power components. In consequence 
the application of RF power leads to excessive heating 
and thermal stress and in case of ceramic windows, in 
melting of the brazed seam and cracking of the window 
itself. Together with special design based on avoiding 
electron resonance conditions, a thin layer with reduced 
secondary emission yield (SEY) suppresses multipacting. 
Titanium nitride is the most commonly used material 
because of its low SEY of 1,2 to 1,5 compared to 3 – 5 of 
Aluminium Oxide and the good stability in high RF fields 
[1][2][3].                                                                                                                                                                                                         

PROCESSING METHOD AND GENERAL 
SETUP 

A Titanium wire of 1mm diameter with a purity of not 
less than 99.8% is used in our setup as sublimation 
source. A sufficient sublimation rate is reached at a wire 
temperature above 1700 °C attended by deposition of Ti 
vapour on the substrate, here a ceramic coupler window. 
Conversion to TiN takes place in low ammonia 
atmosphere, in the range of 5 x 10-4mbar, after deposition. 
In various tests we found out that a current of 23 A 
applied for 60s to the wire get the best coating results.  To 
ensure a better deposition a preheating of the substrate 
sometimes is needed. This preheating is done with a 
moderate heating of the wire up to 1000 °C. During the 
heating impurities desorbs from the wire as well, while 
the sublimation rate of Ti is still negligible.  

After deposition the coated components are stored in 
the vessel under ammonia atmosphere with a pressure in 
the range of 15mbar to 20 mbar for at least 24 hours. A 
resistivity of the TiN layer up to 10 Mohm/sq was reached 
then and enhanced to 1Gohm/sq after 1 day under normal 
air. Table 1 shows some characteristic coating parameter 
[4]. 

Table 1: Characteristic coating parameter  

Purity of material (Ti) 99.8% 

Heating current 23 A 

Duration 60s  

NH3 pressure, coating 5 x 10-4mbar 

NH3 pressure, post processing 15 – 20 mbar 

Wire temperature, preheating 1000 °C 

Surface resistivity after 24 h 10 Mohm/sq 

Surface resistivity, after 72h 1 Gohm/sq 

 
A schematic layout of the setup is shown in Figure 1. 

 
Figure 1: Schematic layout. 

 
To afford a batch production of coated coupler 

windows, a complex inner assembly was constructed at 
DESY whereas BESSY/Berlin supplied most of the semi-
finished products due to a cooperation. With this setup, 
embedded in a cylindrical stainless steel vessel of 0,7m 
diameter and approximately 1m height, it is possible to 
coat up to 20 ceramics simultaneously from the inner and 
outer side and in addition a face side coating as well. 
Special attention has to be paid to the flexible suspension 
of the wires made of copper strings. This secures the 
wires from stretching during the intensive heating. Figure 
2 and 3 show a detailed CAD drawing and a picture of the 
inner assembly.  

___________________________________________ 
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Figure 2:  Detailed CAD drawing of inner assembly. 1:  outer Ti wire, 2: coupler ceramics, 3: current supply, 4: Ti wire 
for front side coating, 5: front side ceramics, 6: isolation, 7: support frame. 

 

 
Figure 3: Inner assembly, with 4 mounted ceramics. 1: 
flexible suspension of the wire, 2: ceramic, 3: vessel 
flange. 

 
  In addition it is also possible to make a vapour 
deposition at the ceramic on 1.3 GHz waveguide windows 
(Figure 4). Here the coating only can take place one by 
one due to the larger scale of the windows. Furthermore 
this assembly is more or less handmade and not useable 
for batch production.  
 
 

 
Figure 4: Setup for waveguide window coating. 1: current 
supply, 2: ceramic, Ti wire inside the pillbox is not 
visible. 
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SURFACE ANALYSIS 
Since an in-situ measurement of the layer thickness is 

not possible, spot tests with applicable surface analysis 
methods has to be done from time to time during the 
batch production. Generally it can be said that a TiN layer 
on an almost rough Aluminium-oxide surface is hardly to 
determine because of the minor thickness of only 10 nm. 
Nevertheless we have to inspect the components which 
were coated by the industry periodically. 

At present the only available analysis tool at DESY 
with fast access is a SEM/EDX device. To have a 
comparison we decided to commission additionally 
SEM/EDX and Glow Discharge Optical Emission 
Spectroscopy (GDOES) at the company O.f.U. 
Gesellschaft für Oberflächen- und 
Festkörperuntersuchungen/Hamburg. Both verifications 
showed comparable results. Energy dispersive X-ray 
spectroscopy (EDX) is not the commonly used method to 
determine the layer thickness, but it gives us an indication 
of the layer quality however. Using Scanning Electron 
Microscope (SEM) images of the breaking edge on coated 
ceramic samples we are able to make a statement about 
the thickness. Figure 5 shows an EDX spectrum of TiN 
coated sample with an approximately 25 nm layer 
measured at DESY. Figure 6 shows a SEM image taken 
by O.f.U. of a breaking edge of a TiN coated sample. The 
marked area is the thin TiN layer with a thickness of 
about 10 nm. 
 

 
Figure 5. EDX spectrum of a TiN coated sample 

 

 
Figure 6. SEM image of a breaking edge of a TiN     
coated sample. The red marked area indicates the layer.   

 
 Figure 7 shows an EDX spectrum of the surface layer of 
a TiN coated sample and a spectrum taken from the same 
sample, but from the breaking edge. Titanium can be 
clearly seen on the surface. Unfortunately the peak 
associated to the element Nitrogen is covered by the Ti 
peak due to the same emission energy. The upper 
spectrum was taken at point “A”, the lower one at point 
“B” of the SEM image in Figure 6. 
 

 
Figure 7. Spectra taken at O.f.U. from a TiN coated 
sample. The upper one shows a spectrum from the surface 
layer, the lower one a spectrum from the breaking edge. 
 

 
Figure 8. Depth Profile taken with GDOES 
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Figure 8 shows a depth profile measurement done with 
GDOES at O.f.U. The red arrow marks the Ti line. Up to 
7 nm Ti is the most dominant element. Below 7 nm Al 
dominates the spectrum. 

 

 SUMMARY 
With this setup it is possible to coat XFEL Coupler 

components in a batch production scale. Because in-situ 
measurements of the layer thickness are not possible, we 
analyse the layer after the process with SEM/EDX and 
GDOES to find an optimal parameter set for coating. Spot 
tests to control the industrial coating process with these 
methods are applicable but extensive. A good hint for the 
coating quality is the surface resistivity measurement after 
coating.  
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THE RF-POWER-CONDITIONING-SYSTEM FOR THE FLASH RF MAIN
COUPLERS

A. Goessel, T. Buettner, P.-D. Gall, G. Grygiel, V. Gubarev, C. Mueller,
DESY, 22603 Hamburg, Germany

Abstract

The main RF-Couplers for 1.3GHz TESLA-Type cavi-
ties in the FLASH linac need several preparation and pro-
cessing steps. The RF processing is usually done on cou-
pler test stands (2 couplers pairwise), on a single coupler
together with a superconducting cavity in the horizontal
cavity test stand, on the module test stand (up to 8 cavities)
or finally in FLASH. In FLASH one or more modules are
connected to one klystron and conditioned together. There-
fore the software was forked several times and merged dur-
ing the last FLASH shutdown into one version. This is flex-
ible enough to handle all these different test setups, without
additional programming for IO hardware or data handling.
The system is based on LabView, DOOCS [1] and Linux
operating system. The working principle is shown, includ-
ing a possible outlook for the XFEL cavity production and
operation.

HISTORY

The conditioning program design was started in Septem-
ber, 1995 to be used on the TTF (Tesla Test Facility) cou-
pler test stand, which consists of two couplers. The stor-
age data format was hard-coded and, after some months,
needed the first upgrade into the ”.c2dat” format, which
was still based on a hard-coded structure. To be compati-
ble with the old data on disk, all files were converted into
the new format. At the next data format change, it was
already clear that we cannot define a new file format for
each new test setup and convert all existing files again and
again. The idea of the ”flex data struct” (”.c3dat”) format
was born on 09.09.1997, since that time many different test
setups have been used, up to 24 couplers in 3 coupler vac-
uum groups (accelerator modules) like in FLASH in 2007.
This step was very successful, thus we use it also for pulsed
cavity and motor tests. In the data format the configura-
tion files ”dat source” is already included, in order to de-
fine which value names and types are measured, and the
”net alias” translation tables, which allows the use of the
same channel names on different test stands with different
real DOOCS addresses. The only upgrade was a ”include”
function which reduced the duplicated entries dramatically
(it is much easier to maintain). With more test stands the
config file for test stands was born, it contains the interlock
channel names, test stand correlated cable calibration data
(the only parameters which can be adjusted by the operator
via the measurement program itself) and some device con-
figurations, like the RF signal generator type, which can

also be a DSP (Digital Signal Processor) or FPGA (Field-
Programmable Gate Array) system from the LLRF (Low
Level Radio Frequency) group at DESY.

THE WORKING PRINCIPLE

Our RF (Radio Frequency) conditioning system is work-
ing in pulsed operation, starting with very short pulses
(usually 20μs) with a low reprate (of usually 2Hz). The
lowest limit is given by the powermeters, which permit RF
pulses with a minimum pulselength of 2μs and a reprate
of minimum 1Hz. The general coupler conditioning proce-
dure is simple: The program adjusts the driving power with
short pulses, step by step to higher levels, and goes down
again if any measured signal is reaching its limit. If the
highest needed power level is reached, the level will be set
to minimum and the procedure starts again with the next
longer pulselength. The usual steps are 20μs, 50μs, 100μs,
200μs, 400μs, 800μs and 1300μs. For the most important
sensor signals, there exists a hardware interlock, which will
switch off the RF completely.

Overview

The measurement program is accessing only files and
(one or more) GPIB (General Purpose Interface Bus =
IEEE-488) buses to access the powermeters (and if avail-
able a RF signal generator). On our test stands, all RF sig-
nals (including the HOM (Higher Order Mode) couplers
from cavities) are measured with powermeters. In the linac
only some key values are measured with powermeters be-
cause of the very high number of channels. All other de-
vices are used through the control system (DOOCS):

• Although the timing in Fig. 1 is shown only once,
the clock decoder and server exist in any electronic
crate individually and only some delay parameters are
monitored by the program (usually the RF start trigger
should be the same).

• The LLRF (Low Level RF) system, which adjusts the
RF pulses in amplitude and phase, usually is used for
conditioning in feed forward mode only. With help of
this system, we are able to adjust every micro second
of the RF pulse, so that also tickling (small pulses on
the big pulse) or reducing the RF after the cavity fill-
ing time (if it is on resonance) is possible. (There is
also a mode, which allows reduction of the slew rate,
which we used for the RF gun coupler only.))
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Figure 1: The general system overview, which is similar on FLASH or any of our pulsed RF test stands.

• The RF gate is controlled by the timing system and
is used as additional security, in order to avoid longer
RF pulses than expected. (For a RF power coupler it
is dangerous to increase the pulse length abruptly.)

• The klystron unit persists of two parts looking from
the point of view of the software: the technical inter-
lock which stops the RF (by a RF gate and the pream-
plifier) and the modulator control, which contains its
own interlock for the high voltage power supply. We
need to know if there is anything which disables the
RF, so that the program needs to go down with the
power and tries to reset or restart the klystron after-
wards.

• If there is a bias voltage supplied to the coupler, their
values can be recorded. The adjustment of the high
voltage is only done by the operator up to now.

• The technical interlock for the coupler and cavities is
monitoring light and free electrons in the waveguide
and coax of the coupler. In addition, the tempera-
tures of the RF ceramic windows, the vacuum of cou-
plers and cavities, the helium level and pressure and,
if available, the bias high voltage will be checked by
the hardware interlock. When an interlock event oc-
curs, the first rising channel is indicated, too. The fast
interlock signals (like free electrons (e-) and light) ad-
ditionally are connected to fast ADCs, where the ADC

server will be configured from the measurement pro-
gram to calculate the signal strength for each sensor
and RF pulse. The highest value will be remembered
until the moment when the program is asking for it and
sets the maximum value back to zero again. With this
methode we do not miss any measured pulsed signal,
even if it happens only once.

• All RF signals (except the RF from HOM couplers)
are going through down converters and are measured
by fast ADCs. The complete pulses usually are only
stored for cavity on resonance performance measure-
ments (flat top).

• The X-Rays are measured on the cavity and module
test stand. In the FLASH linac this is done only some-
times (because the measurement will be disturbed if
there are RF gun tests in parallel).

The measuring program is sending the data also to
recorder servers (DOOCS), which allows everybody to
look at the current power levels and the program state.

For the cavity and coupler test stands the program is run-
ning on GNU Linux OS (ubuntu) with a local GPIB. The
conditioning of the RF-groups (Acc1; Acc2,3; Acc4,5,6)
at FLASH is done from a screen less server (GNU Linux
OS (debian)), which uses several GPIB-Ethernet adapters
in the injector area and in the extension hall. All of them
are able to run in parallel and can be managed via VNC
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(Virtual Network Computing) from the office and also from
home if needed.

Measurement Program

Figure 2: The measurement program.

The last version of the measurement program (Fig. 2) is
internally divided in two parts:

• The hard working loop, which runs with an adjustable
cycle time (usually 30s is fast enough; 4s is the fastest
possible time, limited by the powermeter measure-
ment (the number of channels does not matter)). It is
requesting all configured values, checking their lim-
itations (targets), adjusting the power or resetting an
interlock and storing the data.

• The display management is used to show a short his-
tory (e.g. 3h) of the current values. For deeper anal-
ysis different reading programs can be used in par-
allel. The number of plots is dramatically reduced
against previous versions, therefore the plotted data
can be easily switched in groups and also the complete
page can be switched if more than one module (8 cav-
ities) is be operated by this instance. Any channel can
be selected by the operator to be shown in any plot.
The plots or channels are not influencing the working
loop, only the limitations (targets) of the signal groups
which are shown in this area will be used for the con-
ditioning.

The main steps of the measurement program are:

• Just after program start the operator can choose any
known (configured) test stand and define which inter-
lock alarm should not be automatically cleared (reset)
by the program.

• The control loop is running independently from the
current plots. The normal behaviour during a loop cy-
cle:

– Read settings and measure all defined values (1
cavity: >63 channels; at FLASH with 3 mod-
ules: >165 channels).

– Check if there are new settings from a running
script (see below).

– Depending on the current state (power up/down,
interlock alarm, read error, fast power rising,
manual control, ...) and on the currently mea-
sured values with their targets (= software lim-
itations), decide what to do next (more / less
power, wait, reset interlock, start or stop the
klystron, ...) and define the new state.

– Store all data and control the hardware (LLRF,
interlocks, klystron, ...).

SCRIPT CONTROL

One of the very nice and time reserving features is the
script controlled operation mode. In this mode, the pro-
gram will read a hand written text file, which contains one
command per line, that is doing the same settings, like the
operator can do on the front panel. The available com-
mands in general:

• Set the program loop time, or data storage interval.

• Set the pulse length and shape.

• Define the power increment or decrement step size.

• Set the target (limit) value for a signal group (e.g.
power, accelerating field Eacc, light, free electrons,
temperature, pressures).

• Define the program mode (like normal, sweep).

• The wait command defines which target should be
reached to go to the next script item (e.g. the maxi-
mum or minimum power or electrical field level, some
running time).

• Finally there is also a command to stop the operation.

FLEXIBLE-DATA-STRUCTURE

As mentioned in the section ”history”, the designed
”flex data struct” was a very useful step for various test se-
tups, and enabled us to add channels during runtime. Here
we would like to describe the principle in short.

There are two main data types. The ”data source” is a
struct (in labview: cluster), which defines the used value
names and their data types in arrays.

The second one ”data” is a struct, which contains ”one
data point”, which is a timestamp and two arrays (the in-
dexes to the source names / types; and the binary of each
value).

The ”data source” type (name: source) itself is the per-
manently existing name and data type (index=0), so that it
can be reconstructed from the binary data. Each file con-
tains many entries of type ”data”, which will contain the
”data source” in the first data point and in any further one,
if updated.
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If the data files are loaded, the changing of the
”data source” tables needs to be recognized, and the sub-
sequent index list has to be updated for the merged
”data source” table in the memory.

The value naming structure uses tags, that define the
reading source (g= GPIB, n= DOOCS, s= program settings,
...), the test stand (e.g. c= coupler), the signal group (e.g.
pressure, power, light, ...) and a freely defined name. If
there are more locations available, for example 8 couplers
in one test setup, there is the position number appended.
Values without this appended number are valid for all loca-
tions. Example: n;c;pressure;Pcoupler;1

The translation tables per test stand (”net alias”) will
define the real DOOCS address and data type from these
value names. So normally there is no programming needed
to add or change the measured channels.

Further details about the data files and structure can be
found in the web: http://www-mhf.desy.de/public/ttfadm/

FURTHER DATA MANAGEMENT

The Data Reading Program

Figure 3: The data reading program.

When starting the data reading program (Fig. 3), one
can select the coupler name, test number and the interest-
ing time range (days), where the number of data points is
shown in parallel. The data reading program will filter the

usually interesting channels and try to distribute them over
the plots according to their type (like power, Eacc, ...). The
operator can select manually any channel for each plot, and
if this selection should be reused, the channel selections
(”knob-config”) can be stored on the file system and be
reloaded afterwards.

Table View

Figure 4: Read data to show it in a table view.

This more universal reading program (Fig. 4) permits to
read only one file, but therefore any available channel can
be selected for one of four columns (X and 3*Y). Addi-
tionally the shown table can be stored as CSV (Comma-
Separated Values) ASCII file.

Figure 5: Example view for complete RF pulses.

The type of the channel can also be a string or if avail-
able, complete pulses (x/y plots), like for free electrons,
electrical field or the RF power. Here (Fig. 5) is shown an
example from the cavity measurement. (It is possible for
coupler data, too.)

Interlock Statistic

This tool (Fig. 6) lists all interlock events and shows how
often each channel exceeds the limit. Including subsystems
like klystron and high voltage modulator. Besides the first
rising channel of each alarm is shown.
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Figure 6: Get the interlock statistic for the RF test.

Data Processing for the ORACLE Database

Figure 7: Data extraction for the ORACLE data base.

After each coupler test, the mainly interesting data will
be extracted and transferred into the ORACLE data base [2]
(Fig. 7). Therefore a program is searching for multipacting
levels; this are power ranges where the free electrons are
detected after conditioning. The start and stop power level
for pressure jumping areas will be stored, too. This should
help during normal operations to understand the behaviour
of the couplers in the accelerator. For some statistics, the
RF run time for each pulse length is also stored. In the
same picture (Fig. 7), on the right side the public data view
of the final data is shown.

OUTLOOK

Over the time, a flexible RF conditioning system was
growing and is now able to work on all our 1.3GHz test
stands with pulsed RF. It can be easily configured to work
in the XFEL test hall (AMTF) as well. Due to prob-
lems with the current LabView versions, a control system
(DOOCS) based structure will be developed in C++ and
Java for the RF conditioning at the XFEL. The chosen data
format (in arrays stored binaries, which where open for fu-
ture data types) allows the use of universal reading pro-
grams working for other measurement programs (like cav-
ity or tuner tests), too. The most common information (like
operation times, power levels and multipacting ranges of

couplers) are extracted from these data after each RF test
and are stored in the public cavity database.
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S. Kotthoff, A. Goessel, C. Mueller, DESY, 22603 Hamburg, Germany

Abstract

For the series production of XFEL cryo modules, it is
planned to test all complete modules prior the installation
in the XFEL tunnel. For the test stands in the Accelerator
Module Test Facility (AMTF), we have developed a new
technical interlock. The interlock allows the observation
of 8 individual analog signals per device (like temperature,
pressure, light, free electrons) and can be fully remote con-
trolled. Each channel has its own upper and lower remote
controlled threshold. The channels will be customized with
sensor specific module cards, which adapt the power needs
and signal conditioning to the specifications of the differ-
ent sensors. The local display is used as user interface and
the little space requirement makes the device quite suitable.
An overview of functionality, internal features, connectiv-
ity and extendability of the device is given.

MOTIVATION

In AMTF we need several new technical interlocks.
Each of them, depending on the test stand, should have
between 2 and 69 channels for different sensor types. In
FLASH we are using up to now a modified interlock sys-
tem from HERA, which works very stable, but there is sev-
eral additional hardware needed (a VME (Versa Module
Eurocard) crate with digital IOs (Input Output), slow and
fast ADCs (Analog-to-Digital Converter)), to get it partly
remote controlled. It requires still an operator in the field,
if we like to adjust an interlock threshold.

Thus we decided to build for AMTF a more flexible sys-
tem, which can be easily adjusted to the different test stands
and needs to be available soon. A first proposal of the inter-
lock configuration for a module test stand in AMTF can be
seen in Fig. 1. There will be also vertical test stands (work-
ing with CW (continuous wave) RF (radio frequency)) in
this hall, but there we need much less interlock channels
(usual only the vacuum pressure and a He level). We like
to have an interlock, that fits to all of these environments.

REQUIREMENTS

As mentioned there is an existing interlock with some
features, which we will not miss in the new one:

• It uses one module card for each channel/sensor for
the signal conditioning, which makes it very flexible.

• This card takes care also for the power requirement
of the sensor. E.g., a light detector will get ±15V; a
PT100 will get a constant current, and so on.

Figure 1: Block diagram of the interlock configuration for
a module test stand in AMTF.

• Each input signal will be filtered and amplified in ana-
log technic. The threshold is a defined voltage level,
which can be easily used with an analog comparator
in order to generate an alarm, if the input exceeds its
limits. For this reason there is no dead time between
samples, and there is no external clock or triggering
needed.

The big disadvantage up to now is the missing remote
controll and the many external devices which are needed,
in order to get some informations into the digital side of
data processing. Here now the needed new features of the
interlock:

• It has to be fully remote controlled!

• There should be a test function, which makes it possi-
ble to check that the sensor is functional including the
signal conditioning. It should no longer be neccessary
to enter an accelerator tunnel, dismount a sensor and
feed in some light (or whatever it likes), only to be
sure that it is still working right.

• There should be no software included in the interlock
logic. Original we considered to build it in standard
TTL (HCMOS), but we realize very early that it will

DEVELOPMENT OF A REMOTE-CONTROLLED
COUPLER-INTERLOCK FOR THE XFEL ACCELERATOR MODULE

TEST FACILITY (AMTF)
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not be possible to be small in size. Thus we use a
complex programmable logic device (CPLD), which
works without an external clock signal!

• As much as possible, the parts of the interlock should
be checked by the device itself.

• The device must be easily extendable. In the ideal
case, the devices can be directly connected together,
without the need of different hardware for this combi-
nation.

• There must be some diagnostic possible on the device
itself, to be fast if something doesn’t work.

In the first steps, we expect only some channels are needed,
and we are more focused on the adhoc interlocking some-
where in the field. For this application we like to have
a standard connector for sensors (6 pins + shield), which
can be connected directly. For the more fixed installations
like in AMTF we use normally a distribution box. So we
planned to build two different backplanes, one with all sen-
sor signals in one connector, and one with the mentioned
individual sensor connectors.

DIAGNOSTICS

The interlock device can be divided in two parts: The
signal conditioning, comparison and the logic of the in-
terlock, which together takes care about the observed sen-
sors/components. The second part is the microcontroller,
which configures all the thresholds, module cards, interlock
logic and communicates with a DOOCS [3] (Distributed
Object Oriented Control System) server via ethernet. The
microcontroller is not involved in the interlock function it-
self, thus in general it is possible to restart it, without any
influence on the active running interlock.

Diagnostics Local on the Device

On the front panel there are LEDs (Light Emitting
Diode), which are showing in realtime the state of the in-
terlock logic. For each channel there is an upper and lower
alarm LED (red) and also an upper and lower mask LED
(yellow), if such a limitation is not used. A seven segment
display shows which alarm channel comes up first. There
is also a LED which display if this device was the first one
in the group of interlocks or if there is a different device
which is the reason (via the lock-line) that this one rises the
alarm output. Additionally, there are reset buttons, which
can reset only this interlock, or with the second button all
interlocks in the same RF group (if there are more than one
combined together).

The microcontroller is using a four line LC-Display,
which allows the operator to read individual channel states
(including the measured value and thresholds per channel
in there calibrated real units, like a temperature in Kelvin
shown in Fig. 2). Also all status bits are shown, in order to

get out, if an IC is not answering on one of the i2c (Inter-
Integrated Circuit) buses, or a system voltage is missing.
The network configuration and status can be seen, which
is the most usefull point, if the device cannot be accessed
via the network (for example if there is a bad/wrong DHCP
(Dynamic Host Configuration Protocol) server acting in the
same network segment). (The device can be also config-
ured to use static network addresses.)

It is not possible to change any settings through the LCD
(Liquid Crystal Display) menu, this has to be done through
the network connection.

Figure 2: Example of the LC-Display: A measured tem-
perature and its high and low alarm limits.

Diagnostics Remotely via Ethernet

What informations we like to know from the de-
vice? That depends; roughly there should be somwhere a
DOOCS panel, which displays the actual signal values and
their alarm states.

If there is a problem with this simple informations, there
are many possiblilities, what can go wrong. All states
which are shown via the LEDs (interlock state) and are vis-
ible in the LC-Display menu are also accessable via ether-
net. The ”data-set” structure allows to see the status of any
IC on the i2c buses, the set and readback values (if avail-
able) and also if the setting succeeds.

Additionally, there is the possibility to set values via eth-
ernet, therefore are two different accounts created. The nor-
mal user can set all interlock relevant settings, like thresh-
olds, channel masks and manual alarm. The admin ac-
count has additionally the permission to change the inter-
lock channel calibration or configuration and all system rel-
evant settings (like network, module card power, process-
ing on the i2c bus, ...). If there is any internal communica-
tion channel not working, it will be shown in a sum status
byte, which is returned on any communication access.

WORKING PRINCIPLE

In the block diagram (Fig. 3) the main functional groups
of the device are shown. The logic of the CPLD will get
all individual alarm signals (two per channel) and also the
alarm state of the other interlock devices (via the lock-line).
It will get the reset information from the front-panel buttons
and also from other devices (via the reset-line). The status
will be shown directly with several LEDs.

The microcontroller handles the network interface and
measures the analog values with an internal 12 bit ADC
directly. It can communicate with the CPLD, the DACs

THPPO039 Proceedings of SRF2009, Berlin, Germany

08 Ancillary systems

662



Figure 3: Block diagram of the interlock.

(Digital-to-Analog Converter) (for the alarm thresholds)
and the module cards through two independed i2c buses.
It is also able to power off any module card (channel) and
also the CPLD (which would generate an alarm). Up to
now there was no reason to touch the CPLD power, but the
channel power should be manageable, because a sensor can
short there power supply. If that is the case we can switch
off this channel completly and run the interlock with the
other channels only. If there would be enough to operate
the system in a safe manner.

Interlock Logic

The logic is simple, each input channel has a latch, and
can be masked. It will be latched additionally, which chan-
nel alarm rises first. The external lock-line will be pulled
down (=active), so that other interlocks will activate there
alarm outputs too. The klystron needs to be connected on
one interlock of a group, only. Also between the interlock
devices, the first one will be remembered and all of them
are latching there output signals additionally, so that all of
them need to get a reset for enabling the RF again (if the
reason of the alarm was gone). To be complete, also the
reset is wired between all devices, so that it is enough to
send only one of them a group reset.

The CPLD contains an i2c slave, for the communication
with the microcontroller. All channel inputs can be read,
the masks can be read and write, the channels can be reset,
and a manual alarm can be generated also.

One important point for the VHDL (Very High Speed
Integrated Circuit Hardware Description Language) code
inside the CPLD is, that we avoid to use a additional clock
signal. That means the interlock logic is only state driven.

Firmware

We used the mspgcc [1] toolchain in order to build the
firmware of a MSP430F1612 Texas Instruments microcon-
troller, which takes over the management of this device. It
uses the uIP [2] TCP/IP stack for the ethernet communica-
tion with the corresponding DOOCS server.

All communications are interrupt driven, so that the de-
vice management is running more or less free in a perma-
nent loop. Thus that it will not be locked by incomplete
communications. There are three big configuration struc-
tures defined in the firmware.

• One of it takes care about the configured data trans-
port (called data-set), which works like the following:
If a new parameter is defined by the external server
(like a new module card setting), it will be written to
the hardware and stored in the memory of the micro-
controller in parallel. Additional the settings will be
readed back periodically and compared with the value,
which was already set before. If it is wrong, it will
written again and an error bit will be set. Any wrong
behavior (communication errors, lost information in a
module card, ...) will be reported in individual sta-
tus flags for each IO channel (like an i2c slave chip),
which is also visible in the main/sum error byte. The
main error byte is returned after any external access,
so that the more detailed error bits can be requested
from outside if it is necessary only.

• The i2c-set contains the protocol of each i2c chip and
knows also the protocol header to switch the bus to the
right module card.
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• The menu-set contains the function calls in order to
display the human readable informations on the LCD.
It knows also the actual functions of the buttons (up,
down, ok, back). It distinguishs between menu dis-
plays and function displays. The function displays are
able to update the shown informations (like ADC val-
ues) without a pressed button.

The firmware provides not only commands for the nor-
mal interlock operation. There are also many commands
for detailed diagnostic as well as the programming of mod-
ule cards and the system configuration is foreseen.

MODULE CARDS

The designed module card interface is identical for each
device channel, so that the cards can be mixed like it is
needed. The sensor connector uses always 6 pins, which
are defined by the card only, and should contain in general
the signal to measure, the power supply for the sensor and
a test signal from the module card in order to test the right
function of the sensor.

The digital part of the card offers 8 free defined bits,
which are used for switching between different low pass
filters, gains, power supplies, to enable the test function or
to enable a LED on the module card which can be used by
the DOOCS server to mark a channel for the maintenance.
The memory on the card is used to store the ID, the card
label, calibrations and the labels of the 8 individual config-
uration bits. The bit labels are used to show a readable state
of each bit in the display of the device.

Actual we build 3 different module cards.

• PT100(0) module card. The test function reduces the
constant current of the sensor.

• Analog-In module card, with a differential input for
±1V and ±10V. It supports the sensor with ±15V and
a test output with +15V. A low pass filter can be en-
abled.

• The e- module card is similar to the Analog-In type,
except that it measures the current on a 100 Ohm shunt
and contains a floating voltage source (0V, ±15V,
±30V).

The analog main board is able to switch off the power of
each channel individually, if a external sensor is shorting
the power supply.

OUTLOOK

A series prototype of this interlock is just build and will
be tested as soon as possible. All cavity and module test
stands for the XFEL will use this interlock type. Only
the fast sensor channels need additional external ADCs
(1MS/s), which are available from the controll system
(DOOCS). The system allows to be as flexible as possi-
ble, also during the cavity production it would be easily
possible to change the type of a channel.
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AND APPLICATION OF THE FMS 
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Abstract 
Super conducting resonators are cooled by liquid 

helium. For the application in accelerator modules most 
superconducting resonators are equipped with individual 
helium containers [1]. During the welding of  the helium 
tank to the super conducting resonator special care has to 
be taken not to change the resonator specific data like 
acceleration gradient, resonance frequency and the cell to 
cell distribution of the accelerating field. At DESY a tank 
welding process and an in situ field profile measurement 
system (FMS) on the basis of the bead pull field profile 
measurements is set up. 

INTRODUCTION 
In the past decade the helium tank welding was done at 

DESY after a successful radio frequency test at 2 K (CW 
test). For the European XFEL laser project [2] the goal is 
to optimize and industrialize al required work steps for 
preparing a cavity [3]. Therefore the welding of the 
surrounding vessel shall take place before 120 C baking 
and before the RF test. 

Two preparation methods named “final EP” scheme 
and “BCP flash” scheme are established at DESY. An 
overview of the schemes is shown in figure 1. The general 
flow schemes of theses preparation are mostly identical 
but differ in details [3]. For industrialization the 
integration of the tank to the resonator has to take place at 
an earliest state possible, which is different in these two 
preparation cycles. The tank welding process itself where 
resonators are equipped with the FMS and filled with 
argon is identical for the “final EP” and “BCP flash” 
schemes. 

In the final EP scheme the tank welding takes place 
right after the final surface removal. No further surface 
treatment, other than high pressure rinsing (HPR) takes 
place. Here the welding procedure has to conserve the 
quality if the surface as gained during the EP treatment 
without influence on the cavity performance, frequency or 
field flatness. In the BCP flash sequence the final surface 
removal is done after the tank is welded on the resonator. 

                          → Main EP 
                         → Outside BCP 
                         → 800°C annealing 
   Final EP        → Tuning                BCP flash 
→ Final EP                                    → Tank welding 
→ Tank welding                           → Final BCP 
                         → Add accessories 
                          → 120°C baking  
                          → CW test 
Figure 1: Overview of “final EP” and “BCP flash”.  

Welding of cavities into their individual helium tank 
includes multiple work steps [1]. The cavity is located in 
a clean room class ISO 4 and all openings of the cavity 
are closed with standard blank flanges. Only the beam 
tube flanges are equipped with the special flanges for the 
field profile measurement system. After assembly an 
overall leak check has to be performed and the cavity is 
handed over to the Tuning machine outside of the clean 
room. The cavity is ready for welding of the Titanium 
rings and the tank tube. Before the FMS is removed, the 
tank has to be leak checked and the cavity enters the clean 
room with the standard cleaning procedure at DESY.  

 
1. Assembly of the FMS in clean room 
2. Vacuum leak check 
3. Tuning control 
4. Assembly of bellow unit and reduction ring 
5. Electron beam welding 
6. Tuning control 
7. Adjust cavity and tank tube for arc welding 
8. Spot weld and orbital weld by TIG welding 
9. Vacuum leak check 
10. Tuning control 
11. Cleaning for clean room 
12. Removal of the FMS 

INVESTIGATIONS ON THE FIELD 
PROFILE MEASUREMENT SYSTEM 

Since several years the field profile measurement 
system (FMS) is applied to all prepared cavities. The 
FMS allows bead pull measuring at any time even outside 
of a clean room, without contaminating the cavity interior 
(fig. 2). Main part of the FMS is a Teflon tube that 
separates the cavity volume into two independent 
volumes. This tube allows guiding the distortion body for 
bead pull measurement on the cavity axis without any 
impact on to the resonator surface. The tube is fixed on 
stainless steel flanges which can be bolted to the cavity 
beam tube flanges vacuum tight. To prevent chemical 
reactions of the niobium, even if it is heated up during the 
welding processes, the cavity is filled with ultra pure 
Argon after installation of the FMS. Insertion of the FMS 
to the resonators takes place in a clean room class 4 
(ISO). This assembly as well as the disassembly after tank 
welding is done manually and bear the largest risk of 
contaminations or of damages of the superconducting 
surfaces. In the BCP flash sequence an additional surface 
removal of 10 µm is done after FMS removal. Cavities in 
the final EP sequence do not see any material removal 
after tank welding and hence are extreme sensitive for any 
errors occurring during the tank welding process.  
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Figure 2: Layout of the FMS. 

INFLUENCE OF TANK WELDING ON TO 
FIELD FLATNESS 

The cavity has to be handled with special care to avoid 
bending the cavity during aligning and welding of the 
helium tank. Every misalignment or weld shrinkage 
effecting the cavity will decrease the field flatness and 
hence the accelerating gradient. The tank welding is 
performed in two phases. In phase one a bellow unit and a 
reduction ring are welded onto the cavities conical discs 
by electron beam welding (EB). In the second phase the 
tank tube is welded by orbital TIG welding. After closing 
the helium tank there is no more access to the cells and a 
re-tuning can only be done on very limited ranges. In case 
of deformations a re-tuning can only de done after rings 
welding and before welding the tank tube.  

The FMS installed for tank welding allows measuring 
the frequency, the mode spectrum and the field flatness at 
any time and at any work space during welding. In the 
actual developed process the spectrum and the field 
profile are measured at four hold points. 

 
1. After tuning, before welding the below unit and 

reduction ring 
2. After welding the below unit and reduction ring 
3. After tuning, before welding the tank tube 
4. After welding the tank tube 

 

Figure 3: Average field flatness shift during welding. 

Figure 3 shows that the ring welding always results in 
some significant changes of the field flatness. While 
welding the tank tube to the cavity no significant 
decreasing of the field flatness is observed. 

Analysis of Deformations During Ring Welding 
Until 2008 welding of the reduction ring and bellow 

unit to the cavity could only take place at an industrial 
factory, the Lufthansa Technik [4]. Since 2008 these 
welds can be done at the electron beam welding plant at 
DESY as well (fig. 4). 

 

 

Figure 4: Electron beam welding plant at DESY, prepared
with cavity for welding. 

  
The tools for both EB facilities are designed for cavities 

annealed at 1400°C. The Niobium gets extremely soft 
during that heat treatment and the cavity becomes 
mechanically instable. Therefore the cavity rotates on 
bearings aligned in a stabilizing frame. The elongation of 
the cavity resulting from the pressure forces of the Argon 
filled cavity and the vacuum of the welding chamber is 
limited by a so called elongation blocker which can be 
adjusted to the actual length of the cavity. 

The scatter of field profile deformation for cavities 
welded at Lufthansa or at DESY is almost similar (fig. 
5/6).  

 

 

 

Figure 5: Field flatness shift during ring welding at 
Lufthansa.
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Figure 6: Field flatness shift during ring welding at DESY.

 
Cavities annealed at 800°C are stiffer and expand only 

elastically under these vacuum forces. It is found, that for 
cavities which are fixed in length by the blocker, the 
pressure forces squeezes the cavity in a “banana shape” 
during welding and causes a degradation of the field 
flatness. 

At the DESY EB plant, two cavities have been welded 
without the elongation blocker and the decreasing of the 
field flatness is two percent only.  

The conclusion is, to weld all following cavities 
without the elongation blocker, to get a better statistic of 
the field flatness degradation during ring welding. 

RF TEST RESULTS [5] 

Influence of Tank Welding in the Optimized   
Preparation Sequences  

The cavities of the sixth production at DESY are 
analyzed to verify that there is no negative influence on 
the cavity performance (fig. 7). The cavities of the sixth 
production are manufactured by two industrial 
manufacturers and are statistically assigned to the 
preparation schemes, final EP or BCP flash. For analysis 
only the first power rise of the first CW test is referred. To 
study the influence of tank welding, cavities tested with 
tank and the once tested without tank are sorted and 
analyzed. To restrict the dark current in the Flash linear 
accelerator at DESY [2], a maximum radiation level of 
1e-2 mGy/min, measured in the vertical test stand at 
DESY, is defined. The acceleration gradient at this 
acceptance level (E acept) is one of the indicators for the 
quality of the preparation and in use for the analysis here.  

 

 

Figure 7: RF test results of cavities of sixth production. 

The average of the relation of maximum gradient and 
applicable gradient expressed in % shows that there is no 
significant reduction due to the tank welding procedure. 
For cavities tested without tank a yield of 90% is 
calculated while for cavities undergone the tank welding 
procedure the yield is 87%. 

From the analysis (fig.7) the cavity with sorting number 
16 shows an early start of field emission which could be a 
hint for a contamination by the FMS, the welding 
procedure, or a failure in one of the other preparation 
processes. This cavity is still under inspection. 

No tendencies of reduction of cavity performance or 
acceptance gradient is observed. 

Influence of the FMS 
For approval of applicability of the FMS in the cavity 

preparation sequence the electro polished cavities are the 
most sensitive candidates. Therefore only electro polished 
resonator from the fourth and sixth production of DESY, 
where no further chemical treatment on the cavity surface 
is done after tank welding are referred and analyzed (fig. 
8), to verify that the FMS has no negative impact on the 
cavity performance. 

 

 

Figure 8: RF test results of electro polished cavities of 
the fourth and sixth production. 

 
For cavities tested without tank the yield is calculated 

to 83% wile a yield of 83% is calculated for cavities 
undergone the tank welding procedure as well. For the 
calculation the average of the relation of maximum 
gradient and applicable gradient is taken into account. 

The cavities listed with the sorting number 10, 12, 15 
and 18 in the analysis of figure 8, are still under 
inspection. In case of early onset of radiation it is a hint 
for a failure in the preparation. But only the cavity with 
the sorting number 10 is tested with tank, wile the number 
12, 15, 18 are tested without tank. 

There is no indication found that the application of the 
FMS can lead to limitations or degradation of resonators 
performances. 

 
**Cavities with low gradients due limitations on or 

near by equator welds [6] as wells the once limited by 
HOM coupler probes or input coupler problems excluded 
in the analysis. 
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Direct Comparison 
Two cavities have been tested just before and after the 

welding process (fig. 9). The direct comparison of these 
tests shows no reduction of the field emission onset level 
and gives an indication for an accurate conception of the 
FMS and the welding procedure. 

 

 

Figure 9: Comparison of AC112 test 10 and 11; and Z146
test 1 and 2.  

ANALYSES ON WELDS 
For approving the cavity design and to determine the 

maximum stress of the construction under working 
conditions a finite element analyses (FEM) is performed. 

To guaranty that the required weld penetration is full 
filled and the welding work is qualified, a dummy tank 
was build up. The dummy tank was build with identical 
dimensions and with the same weld equipment than it is 
used for the original cavities. 

Several destructive and non destructive tests have been 
conducted to the dummy tank. 

 
Non-destructive tests: 
• Visual examination 
• Color penetrate testing 
• Radiographic testing on weld no. 4 
 
Destructive tests: 
• Micro polished cut images (fig. 10) 
• Appraisal of the microstructure 
• Hardness measurements to Vickers (HV) 
 

 

 

Figure 10: Micro polished cut image of seam 3. 

SUMMARY 
Since end of 2007 more than thirty five cavities have 

been welded into a helium tank. 
 All cavities have been equipped with the FMS 

during welding the tank  
 Most of the cavities have undergone the optimized 

preparation sequence 
 The EB welding process have been improved 

keeping 95% field flatness during welding 
 More than sixteen cavities have been welded in the 

EB plant at DESY  
 No hints for a performance limitation due to a 

contamination by the FMS and tank welding 
have been observed 
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1.3 GHz RF Nb CAVITY TO Ti HELIUM VESSEL TIG WELDING PROCESS 

C. Grimm, T. Arkan, M. Foley, T. Khabiboulline, D. Watkins 
Fermi National Accelerator Laboratory, Batavia, IL 60510, U.S.A.

Abstract 
Fermilab has developed an electron-beam (EB) and TIG 
welding procedure that will attach a 9-cell 1.3GHz 
niobium (Nb) cavity to a titanium (Ti) helium vessel. 
These welds were designed to meet ASME Boiler & 
Pressure Vessel Codes, Division 1 and are full penetration 
welds. The cavities produced will be used in Japan’s S-1 
Global cryomodule, Fermilab’s Project X cryomodules, 
International Linear Collider and the current Type IV 
cryomodules.  Discussion in further detail will include: 
Setting up electron beam weld parameters for Ti transition 
rings for the cavities, TIG welding parameters, tooling 
requirements for assembly and alignment of the cavity to 
the helium vessel.  Settings that are applied to the 
glovebox environment to produce the best quality TIG 
welds, and what test measurements are taken throughout 
the process to monitor the cavity for excessive cell 
deformation due to the heat loads from TIG welding? 

INTRODUCTION 
The procedure for dressing a 1.3GHz cavity with a 

helium vessel entails 5 steps with seven welds in the 
following sequence: (1) Two electron-beam welds with 
overlaps of a Ti transition ring to the Nb55Ti conical disk 
on the main coupler end of the cavity, (2) two EB welds 
with overlaps of a Ti transition ring to the Nb55Ti conical 
disk on the field probe end of the cavity, (3) one 
circumferential full penetration TIG weld of the Ti cavity 
transition ring to the main coupler end of the helium 
vessel, (4) one circumferential full penetration TIG weld 
of the Ti cavity transition ring to the field probe end of the 
helium vessel, and (5) final circumferential full 
penetration TIG weld that seals the helium vessel volume 
to the field probe end of the cavity through a Ti adapter 
ring which is custom fabricated for each cavity depending 
on its length. Weld joint geometry is shown in Figure 1.  
Backing rings were incorporated on all TIG welds to 
avoid vapor or weld debris deposition on the exterior 
surface of the cavity cells that would potentially degrade 
cavity performance. 

EB WELD PARAMETERS 
Weld samples were developed to generate final EB 

weld parameters, starting with 152mm long linear 
samples and concluding with conical samples that 
duplicated each of the EB weld joints. Each sample was 
cut, polished and etched. Figure 2 shows a final sample of 
the EB weld joining the Nb55Ti conical end disk of the 
cavity to the Ti transition ring. The ring is welded from 
both sides to ensure complete joint fusion to meet ASME 
code.  

 

Figure 1:  Section view of dressed cavity showing the 
weld joint geometry. 

TIG WELD PARAMETERS 
In order to qualify our TIG welding process, weld joints 

for ASME conformity and welders, exact weld samples of 
each joint were fabricated. These samples were welded 
using the same processes as the real cavity/helium vessel. 
Upon completion, these samples were sent to an 
independent company for X-ray inspection and were 
processed in accordance with ASME Section VIII, 
Division 1. Sections of the samples were cut, polished, 
etched and examined. Once a “Golden Sample” of each 
joint was achieved the next step in the assembly process 
was approved. 

CAVITY TO HELIUM VESSEL 
ALIGNMENT 

After all the components are properly cleaned the cavity 
and helium vessel are mounted in the assembly fixture 
shown in Figure 3. This fixture function is similar to the 
design that inserts a cavity string cold mass into the 

 
* Operated by Fermi Research Alliance, LLC, under Contract No. DE-AC02-  
   07CH11359 with the U.S. Department of Energy.   
  

___________________________________________  

AT FERMILAB* 
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vacuum vessel. The cavity is mounted on a long boom 
arm and is attached to the survey rings on the end groups. 

 

 
Figure 2: Polished and etched EB weld sample. 

 
The main coupler is aligned in the horizontal position 

and parallel to the moving cart using a bracket that 
engages the coupler flange. The helium vessel is mounted 
to the cart supported by the bearing lugs and travels along 
a rail track with bearing rollers.  This fixture enables us to 
adjust and achieve the cavity coupler flange to the helium 
vessel lugs perpendicularity requirement. 

 

 
Figure 3: Assembly and Alignment Fixture. 

 
The helium vessel is slid over the cavity until there is 

engagement of the vessel to the cavity transition ring on 
the main coupler end. The adjustable adapter ring at the 
field probe end (installed over boom prior to mounting the 
helium vessel) is slid into place. Using a micrometer the 
root weld gap is set for the two circumferential TIG welds 
of the helium vessel marked with an asterisk (*) in Figure 
1. These root weld gaps were determined using formulas 
from the ASME Boiler & Pressure Code entitled: 
“Attachment of Pressure Parts to Form a Corner Joint.” 
Once these gaps are set the fixture is locked to prevent 
shifting of the parts. RF cables are attached to special 
flanges on the end groups to monitor the frequency 
spectrum, an argon gas line is attached to the helium fill 
port on the vessel and an oxygen monitor device is 

plugged into the stub of the 2-phase pipe, all shown in 
Figure 3. This completes the set-up requirements prior to 
welding. 

TIG WELDING 
Before the aligned cavity and helium vessel can be 

moved into the glove box, tack welds are performed to 
further lock the alignment. A boiled-off argon gas from a 
cryogenic dewar purge is started at a rate of 20cfm. The 
oxygen level inside the helium vessel is monitored until a 
level less than 20ppm is achieved. This will ensure that no 
contamination will occur inside the helium tank during 
welding. Open air tacks are performed using a shielded 
cup on the TIG torch with an argon flow at the cup of 
20cfm. Approximately eight tacks are applied on the two 
circumferential weld joints discussed earlier. 

After the tack welds have cooled the assembly is ready 
to be moved to the glove box. Using a crane and a special 
lifting fixture, the jacketed cavity is carefully inserted into 
a 360 degree rotation cage inside the glove box. The 
vessel is attached to this cage by the four bearing lug 
mounts and secured with clamps. Figure 4 shows the 
glove box configuration.  

 

 

Figure 4:  Glove box with cavity installed for TIG 
welding. 

 
The TIG welding done inside the glove box is operating 

on three separate argon purge lines. One line is dedicated 
for the dome purge; a second line has a purge flow inside 
the helium vessel and the third line is for torch purge and 
torch cooling. The cables for monitoring the frequency 
spectrum of the cavity are also attached and connect to 
feedthrough ports inside the glove box. Once the oxygen 
level is below 20ppm and humidity levels below 15% are 
achieved, welding can begin. TIG welding progresses in 
segments to avoid overheating and plastically deforming 
the cavity. A cool down period of about 20 minutes is 
allowed after each TIG weld segment. The continuous 
flow of argon inside the helium vessel helps facilitate 
cooling. Figure 5 shows a typical weld being applied 
inside the glove box. The frequency spectrum of the 
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cavity is monitored after every step of the welding process 
to insure the elastic limit of the cavity is not exceeded. 
Figure 6 shows a plot of the frequency response during 

 
Figure 5: Typical TIG weld performed in the glove box. 

 
TIG welding of the helium vessel to a cavity. Once the 
first two circumferential welds are fully completed and 
cooling period achieved, preparations begin for the final 
weld shown in Figure 1. For the final weld, serious 
consideration of vessel shrinkage was examined. At this 
point the cavity is fully welded to the vessel at the main 
coupler end. The adapter ring, shown in Figure 1 was 
designed with a gap incorporated on the Ti transition ring 
at the field probe end. This gap will allow up to 2mm of 
shrinkage of the helium vessel with respect to the cavity. 

 

 
Figure 6: Frequency spectrum of cavity recorded during 
TIG welding. The horizontal axis is time. 

 
To eliminate stresses on the cavity and possible de-tuning 
effects, it was determined that the bellows in the center of 
the vessel was the appropriate mechanical device to take 
up the shrinkage. To do this, prior the final weld, the 
spanner rods were loosened that support the bellows and 
support brackets clamping the vessel lugs to the 360 
degree rotation cage were also loosened. This allowed the 
helium vessel to shrink towards the bellows. Once this 

weld was completed and sufficiently cooled, the spanner 
rods and vessel lug clamps were tightened. Figure 7 
shows minimal cavity frequency change after all welding 
has been completed. Figure 8 shows a close-up view of 
the cavity with the helium vessel after the TIG welding 
was completed. 
 
 

 
Figure 7: Cavity frequency during welding. 

 

 
 
Figure 8: Close-up view of cavity with helium vessel after 
TIG welding is complete. 

 

CONCLUSION 
Fermilab’s electron-beam and TIG welding processes 

had no significant effect on the tune of the cavities. This 
result is typical for cavities that were welded following 
the procedure described in the preceding section. 
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SRF MAIN LINAC CRYOMODULE DESIGN AT FERMILAB * 
D. Mitchell, J. Dwivedi, C. Grimm, N. Higashi, J. Kerby, P. Khare, V. Mishra, 

N. Ohuchi, Y. Orlov, A. Puntambekar 
Fermi National Accelerator Laboratory, Batavia, IL 60510, U.S.A.

Abstract 
Fermilab, in conjunction with our colleagues at KEK, 

RRCAT, and BARC, is developing several main linac 
SRF cryomodules in support of Fermilab’s Project-X and 
the International Linear Collider.  The Type IV 
Cryomodule (T4CM) will allow Fermilab to design, 
fabricate, and test our first cryomodule completed entirely 
in the USA.  This cryomodule will also probe the stability 
question of mounting a magnet system under the center, 
fixed support post.  Using the T4CM as the baseline, 
Fermilab and our Indian colleagues are developing a 
unified cryomodule for Project-X which will allow for 
options to mount up to three magnets with either β1 or 
β.81 cavities.  Fermilab has also supported the 
development of the S-1 Global cryomodule which will be 
built and tested at KEK.  Fermilab’s commitment is to 
deliver two fully dressed cavities and all supporting 
components.  To accomplish these designs, modern CAD 
tools using parametric designs, 3-D visualization JT files, 
and collaboration tools have been implemented.  With 
these designs, Fermilab has spearheaded the effort to 
work collaboratively using a common database; DESY’s 
EDMS. 

INTRODUCTION 
With DESY’s cryomodule development as a template, 

an international team of engineers and scientists began, in 
2006, to develop the next generation of 1.3 GHz 
cryomodules.  The original focus of this cryomodule 
development was to mount a magnet at the center position 
under the more stable cold-post.  This was a small design 
modification from the standard Type III cryomodule at 
DESY.  This new cryomodule became known as the Type 
IV Cryomodule.  As the focus of Fermilab's SRF program 
began to solidify, the scope of the design grew to include 
the industrialization of cryomodule fabrication.  Within 
US budget limitations, the scope of our work changed 
again to include more international collaborators.  We 
expanded the Type IV cryomodule design to include 
mounting points for multiple magnets and to allow for β1 
and β.81 cavities. This new cryomodule became known as 
the Unified cryomodule with the intent of incorporating 
multiple options into one cryomodule design suitable for 
Project-X and the International Linear Collider. 

TYPE IV CRYOMODULE  
DEVELOPMENT 

Utilizing modern CAD techniques, so that design 
modifications can be implemented quickly, was central to 
the development of the type IV cryomodule.  Designing 
with key parametric parts and a well-defined coordinate 

system, all driven by Excel, allowed us to make positional 
changes to components such as the helium gas return pipe 
(HGRP), cavities, couplers, and alignment mounts.  A 
master spreadsheet is easily modified with shrinkage 
calculations predefined.  Some of the cavity shrinkage 
calculations were performed using an FEA approach and 
then used as inputs into the master spreadsheet. The Excel 
cell values were then linked to spreadsheets controlling 
the master coordinate system part and also onto key 
components such as the HGRP and vacuum vessel.  A few 
updates in the CAD system and the top level assembly 
updates.  The same strategy was deployed on the unified 
cryomodule design.  

 
Figure 1: Type IV Cryomodule. 

UNIFIED CRYOMODULE 
It became apparent that the type IV cryomodule design 

was not flexible enough to support Project-X or the future 
ILC.  There were too many options that had not been 
explored and too many cost-saving opportunities that 
needed to be implemented.  With a strong push to support 
Project-X, an effort was made to support a single, unified, 
cryomodule design that could house either β.81 or β1 
cavities.  At lower energies, there was also a need to place 
multiple magnets into the cryomodule.  The proposal was 
made to use three of the nine cavity slots as optional 
locations for magnets.  The chosen cavity slots are at the 
2, 5, and 8 cavity positions. At higher beam energies, and 
when no magnet is necessary, an option for mounting nine 
cavities is available. 
 

 
Figure 2: Unified Design for Project-X and ILC. * Operated by Fermi Research Alliance, LLC, under Contract No. DE-AC02-

   07CH11359 with the U.S. Department of Energy.    

___________________________________________  
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While Fermilab took on the design task of the β1 
cryomodule, our Indian colleagues at BARC and RRCAT 
have been working on the β.81 cryomodule.  Both design 
teams were free to implement any cost reduction ideas.  
Due to time constraints, Fermilab chose to use standard 
components similar to those found in the type III 
cryomodule.  However, some components have been 
slightly redesigned to reduce cost.  Conversely, our Indian 
colleagues have proposed many design changes to 
drastically reduce cost.  The newly proposed cavity 
wedge tuner is one such design change that shows some 
real promise. 

ΒETA .81 CAVITY DEVELOPMENT 
Since the Unified cryomodule can house either β1 or 

β.81 cavities, a decision had to be made.  Do we extend 
the space between cavities, or do we add additional cells 
to the β.81 cavity?  In either design, the coupler to coupler 
spacing must be maintained.  Although the β.81 
cryomodule does not require the same full-length as a β1 
cryomodule, the choice to use one single cryogenic vessel 
for both designs was selected to reduce cost and 
complications.  Studies are ongoing to consider using an 
11-cell cavity versus a shorter 9-cell cavity.  The length of 
the 11-cell cavity is so close to the β1 cavity length that 
the same cavity helium vessel can be used for both.  This 
is the preferred design for a β.81 cavity.  RF studies along 
with stability studies will help decide if an 11-cell, β.81 
cavity is possible. 

 

Figure 3: 9-Cell, β1, 1.3 GHz Cavity. 

 

Figure 4: 11-Cell, β.81 Proposed Cavity. 

EDMS 
International collaboration is never easy but 

improvements have been made in electronic data 
management (EDMS) that have allowed our collaboration 
to share data.  DESY supports the ILC program by 
providing Teamcenter Enterprise; an industry accepted 
data management software tool that allows all 
collaborators to work out of a single database. Our 
database is located in Hamburg, Germany at DESY.  For 
CAD users, using I-DEAS and NX, Teamcenter 
Enterprise provides a portal into the CAD data via a team 
browser.  For engineers and scientists, documents and 
CAD data can be accessed and viewed through the web 
browser known as the thin client.  The data is immediate 
and live with complete revision control and fast access to 
viewable file formats such as CGM, PDF, and JT.  Users 
in the US, Germany, Italy, and Japan have had good 
success sharing data within this system.  Our Indian 
colleagues have not had much success accessing data 
through the EDMS due to security issues within their 
country.  Getting collaborators to use the system 
effectively has been difficult but as the technology 
becomes better, great advances toward this effort will be 
made. 

S-1 GLOBAL CRYOMODULE 
An international effort is under way to construct the 

first international cryomodule utilizing components 
provided by ILC collaborators from the US, Germany, 
Italy, and Japan.  The cryomodule is being assembled in 
Japan at KEK.  Two cavities will come from DESY, two 
from the US, and four from KEK.  The cryomodule cold 
mass components are being provided by INFN in Italy.  
This will be the first time that a high gradient cryomodule 
will be produced by an international collaboration.  
Fermilab will provide, in 2010, two high gradient cavities, 
tuners, couplers, magnetic shielding, and all hardware to 
support this initiative. 

 
Figure 5: S-1 Global Cryomodule Development at KEK. 
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Figure 6: FNAL Deliverable to S-1 Global Effort. 

CURRENT FABRICATION AT FERMILAB 
In 2008, Fermilab's first 1.3 GHz cryomodule (CM1) 

was assembled and moved to the New Muon Lab (NML) 
for installation into the new test beamline.  All the 
components for this cryomodule were produced and 
delivered to Fermilab by INFN and DESY.  This 
cryomodule, a DESY type III cryomodule, has yet to be 
tested.  In April 2009, the 3rd Harmonic cryomodule was 
completed, assembled entirely at Fermilab, and shipped to 
DESY for testing and installation into FLASH/TTF. 
Currently at Fermilab, in Technical Division’s ICB, the 
components for CM2, another type III cryomodule, are 
being staged.  We are waiting for functional cavities to be 
fabricated, tested, and qualified for usage before we can 
finalize the assembly of CM2.  Currently, components for 
CM3 are being ordered.  CM3 is a unified cryomodule 
design.  Assembly of CM3 will take place in late 2010.  
These three cryomodules, along with CM4, 5, and 6, will 
all be installed at NML in the years to come. 
 

 
 

Figure 7: Recently Completed 3rd Harmonic Cryomodule. 

 

 
 

Figure 8: CM1 at FNAL Ready for Installation at NML. 

CONCLUSION 
As time progresses and our scope refined, our 

collaboration strengthens and our design solidifies into a 
simple multipurpose cryomodule for use on Project-X and 
ILC.  Cost-saving measures will continue to be 
implemented and vendor interaction will grow.  
Fermilab’s infrastructure is expanding to handle this 
growth and to be ready to design the next-generation 
cryomodule.  
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A TUNER FOR A 325 MHz SRF SPOKE CAVITY  
Y. Pischalnikov#, E.Borissov, T. Khabiboulline, L.Ristori, W. Schappert 

FNAL, Batavia, IL 60510, USA  
 

Abstract 
Fermilab is developing 325 MHz SRF spoke cavities 

for the proposed High Intensity Neutrino Source. A 
compact fast/slow tuner has been developed to control 
Lorentz force detuning and compensate for liquid Helium 
pressure fluctuations. The tuner design and results of 
warm tests of the first prototype are presented. 

INTRODUCTION 
The Fermilab High Intensity Neutrino Source Linac 

R&D program is building a 30 MeV superconducting H- 
linac. The early stages of the linac employ 
superconducting spoke cavities operating at a frequency 
of 325 MHz and a temperature of 4.5 K[1,2]. 

As with other pulsed superconducting cavities, for 
example the widely used 1.3 GHz Tesla style elliptical 
cavities, each spoke cavity will be equipped with a slow 
tuner to compensate for static detuning and a fast tuner to 
compensate for the dynamic detuning due to the Lorentz 
force. Like the Tesla cavities, the slow tuner for the spoke 
cavities uses a stepper motor while the fast tuner employs 
piezo actuators. 

In contrast with Tesla style cavities, the size of the 
325MHz cavity and the planned operating temperature 
makes the resonant frequency more sensitive to 
fluctuations in liquid helium pressure. At the same time, 
the cavity walls are considerably stiffer than a Tesla style 
cavity so the tuner must be capable of applying stronger 
forces to the cavity flanges than Tesla style tuners.  
Furthermore the planned optics for the HINS linac 
provides only limited space for a tuner.  

The combination of these three factors makes the 
design of a suitable tuner a considerable challenge. 

TUNER REQUIREMENTS 
The tuner must be able to compensate for the following 

effects. 
• Static variations in the resonant frequency of the 

cavities due to manufacturing tolerances. 
• Dynamic detuning of the cavities by the Lorentz 

force during the RF pulse. 
• Slow variations of the cavity resonant frequency due 

to fluctuations in the pressure of the surrounding 
4.5K helium bath. 

The primary factors that drive the design of the tuner 
are the following: 
-The spring constant of the SSR1cavity (20N/um); 
-The tuning sensitivity of the cavity (560Hz/um);  
-The limited space available between the end of the cavity 
and other beam line components (26 mm). 

 
Given the manufacturing tolerances for the cavities, the 

tuner must be able to statically retune the cavity over a 
range of 200 kHz centred on the nominal operating 
frequency of 325 MHz. 

Based on simulations, at an accelerating gradient EAcc = 
10 MV/m, the Lorentz force is expected to detune the 
cavity by between  200 and 400Hz, during a 800us “flat-
top” RF pulse. This detuning is significant when 
compared to the loaded width of the cavity resonance of 
200Hz. If the Lorentz force detuning is not compensated, 
additional RF power will be required to achieve the 
desired accelerating gradient.  

At the planned operating temperature of 4.5 K slow 
fluctuations in the pressure of the surrounding liquid He 
bath pressure can change the resonant frequency of the 
cavity over periods of several minutes. An ANSYS model 
[3] estimated the sensitivity to be: Δf/ΔP=30 kHz/atm.  
The cryogenic system will be able to regulate the helium 
pressure to within ±0.25psi. Pressure variations of this 
magnitude can shift the resonant frequency by up to 
500Hz.   

Furthermore, the tuner must be able to limit the forces 
applied to the cavity during cool-down. At one step 
during the cool-down procedure, the cavity will be under 
vacuum at room temperature while the surrounding 
helium vessel will be pressurized with up to 1.5atm of 
helium gas. If the cavity flanges were not constrained by 
the safety rods, the plasticity limit of the cavity walls 
could be exceeded and the cavity could be irreversibly de-
tuned. 

Finally, in the event that the cavity should fail, the 
tuner must be able to statically detune the cavity by 200 
kHz to limit any beam-cavity coupling. 

TUNER DESIGN 
The major elements of the tuner are shown in Figure 1.  
Although the cavity could in principle be tuned from 

only one end, both ends of the cavity will be equipped  
with tuners. The dual tuners allow the mechanical loads to 
be applied symmetrically and provide redundancy. 

A stepper motor controls the position of each slow 
tuner arm via a harmonic drive assembly and screw 
mechanism. The arm pivots on bearings attached to the 
helium vessel wall. The position of the pivot was chosen 
to provide a ratio of 5:1 between the displacements of the 
stepper motor and the cavity flange. 

Motion of each arm is transmitted to the respective 
cavity flange by two piezo actuators. To accommodate the 
large forces required to compress the cavity two actuators 
were used at each end.  

To deliver the required static tuning range of -50 kHz to 
-200 kHz, each slow tuner must displace its respective  

___________________________________________  
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Figure 1: Details of SSR1 tuner design. 

 
flange by 45 to180um. Over this range, the static load on 
each piezo will change by ~2kN or 50% of piezo blocking 
force. To ensure that the load on the piezo remains 
between 20% and 80% of the blocking force, the tuner is 
designed to always “push” the cavity, i.e., the tuner is 
designed to apply compressive forces to the cavity flanges 
across the entire tuning range. 

Actuators were selected to provide the cold stroke of 
6um while working against the cavity spring constant. To 
avoid shear forces on the actuators and to simplify the 
connection with the arms, the piezo-stacks have been 
encapsulated in custom stainless steel housings. 

Important tuner parameters are summarized in below in 
Table 1.  

In parallel with the actuators, two safety rods are 
installed at each end. The rods are designed to limit the 
forces on the cavity during cool-down. 

During warm testing or cold operation, the force 
applied to the cavity flange by each actuator can be 
monitored using a stainless steel “bullet” [4] installed 
between the actuator and the flange. Each bullet is a 
custom load cell consisting of a stainless steel cube 
instrumented on four sides with strain gauges (fig.1). The 
gauges measure the compression and torsion of the cube 

as the actuators apply force to the flange. A fifth unloaded 
strain gauge serves as a temperature compensated 
reference.  

The tuner has been designed so that it can be assembled 
and tested as an independent unit prior to being mounted 
on the cavity.  Once testing is completed, the assembly is 
installed on the helium vessel, safety rod connected and 
initial piezo preload are set using adjustment screws.   

TEST RESULTS  
Figure 2 shows two prototype tuners installed on the 
helium vessel of an SSR1 cavity during recent warm tests. 

Slow Tuner Results 
To evaluate the performance of the slow tuner, the 

resonant frequency of the cavity was monitored using a 
network analyzer as the stepper motors were operated. 
During motor operation, the forces on the cavity flanges 
were monitored by the bullets attached to each piezo 
actuator and the displacement of the arm and actuators 
were measured with dial gauges. 

The dial gauge measurements with the first prototype 
showed that for a given stepper motor displacement, the 
cavity flange was displaced by only approximately half of 

 

Encapsulated 
Piezo assembly 

“Safety Rod” attached cavity 
flange to slow tuner arm  

Stepper Motor & Harmonics Drive 

Slow Tuner Arm 

“Bullet” with SGs 
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that expected. At the time of the tests, the final hardware 
required to mount the tuners on the helium vessel was not 
available and a temporary solution was employed. 
Although flexure of temporary mounting arrangement 
may be the source of some or all of discrepancy, 
additional stiffening of the tuner components and 
improvements in the mounting arrangement are planned. 

 

Table 1: Tuner Design and Performance Parameters 

Parameter Design Measured 
Cavity Spring Constant 
(N/mm) 

20 26 

Cavity Sensitivity (Hz/N) 540 ~500 
Stepper Motor Sensitivity 
(Hz/Step) 

1.8 0.9 

Piezo Sensitivity (Hz/V) 120 60 
Arm Mechanical Advantage 5:1 10:1 
Maximum Piezo Load (N) 3200 2200 
Minimum Piezo Load (N) 800 200 
Tuning Range (kHz) 200 200 
Piezo Preload (N) (initial 
piezo load) 

400 400 

Preload/Blocking Force (%) 10 10 
Piezo Length (mm) 40 40 
Piezo Cross Section (mm2) 10*10 10*10 
Maximum Piezo Voltage (V) 200 120 
Actuator Stroke (um) at 300K 50 ----- 
Number of Piezo Per Flange 2 2 
Stepper Motor Current 5 1 
Harmonic Drive Ratio 1:100 1:100 
Steps Per turn  35k 35k 
Pressure Sensitivity, kH/atm 30 ---- 
Cavity Frequency(nominal), 
MHz 

325 ----- 

Cavity Width (Hz) at 4.5K 400 ----- 
Cavity Operating Temperature 4.5K ----- 
Lorentz Force Detuning, Hz >400 ----- 
Accelerating Gradient, MV/m 10 ----- 
Pulse Length , us 1500 ----- 

 
Figure 3 shows the change in the cavity frequency as a 

function of the force applied to the flanges. Even with the 
unplanned flexure of the assembly, the tuner can still 
adjust the resonant frequency of the cavity over the target 
range of 200 kHz while the load on the actuators does not 
fall outside the safe operating range of 20% to 80% of the 
piezo blocking force. To within 5% over the design range, 
the frequency shift is a linear function of the force on the 
flanges. 

Figure 4 shows the percentage difference between the 
forces exerted by each of the individual piezos as a 
function of the average load exerted on the flange by all 
piezos over the design range of piezo loads. If the static 
load on the four piezos is not uniform, the forces exerted 
by the cavity walls could exceed the blocking force on 
one or more of the actuators. This could degrade the 
dynamic performance of the tuner. In these 

measurements, the maximum deviation of any individual 
actuator from the mean does not exceed 15 % and over 
most of the range is less than 10%. 
 

 

Figure 2: SSR1 cavity dressed into helium vessel with 2 
tuners installed on both sides of vessel. 
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Figure 3: Cavity Frequency Shift as a Function of the 
Force on the Flanges 

Fast Tuner Results 
The dynamic performance of the tuner was evaluated 

by measuring the transfer function between the piezo 
actuator voltage and the cavity phase at the peak of the 
resonance. 

Voltages were digitized over a two second interval 
using a 500 MHz bandwidth digital oscilloscope.  

The actuator modulates the resonant frequency of the 
cavity at the piezo drive frequency leading to detectable 
side bands in the cavity probe signal. The transfer 
function is given by the ratio of the amplitude of the side 
bands to the amplitude of the piezo drive signal. 

The magnitude and phase of the transfer function are 
show in Figures 5 and 6 respectively. The magnitude 
shows a number of prominent peaks corresponding to 
mechanical resonances of the cavity-tuner system. The 
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cavity was driven with a 20 dBm sine wave at the 
resonant frequency of 324.9 MHz while a 100 V peak-to-
peak sinusoidal voltage was applied to the piezo 
actuators.  The frequency of the piezo drive signal was 
stepped from 1 Hz to 1k Hz in 1 Hz increments. During 
each step, the cavity drive voltage, the cavity probe 
voltage, and the piezo drive have been recorded. 
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Figure 4: Percentage Piezo-to-Piezo Load Variation as a 
Function of the Average Load Exerted on the Flange. 

 

 

Figure 5: Transfer Function of SSR1/tuner system: 
magnitude response. 

 
While the system may have mechanical resonances in 

addition to those that lead to peaks in this transfer 
function, vibrations at those resonances will not affect the 
tune of the cavity during operation. 

CONCLUSION 

A compact fast/slow tuner has been developed for 325 
MHz SRF spoke cavities for the proposed High Intensity 
Neutrino Source at Fermilab. The design of the tuner has 
been described and results of warm measurements of the 
static and dynamic performance of the first prototype are 
presented. 

 

Figure 6: Transfer Function of SSR1/tuner system: phase 
response. 

 
The results of the first tests have been promising. The 

design has proven to be adequate and we have achieved 
the required tuning range of 200 kHz. A few design 
improvements will be implemented to increase the 
tuning efficiency. 
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HIGHLY STABLE IOT BASED 1.3 GHz / 16 KW  RF POWER SOURCE FOR 
CW OPERATED SC LINACS 

H.-G.H oberg, W . A nders, A . H eugel, S . K lauke, G . M ielczarek, T h. W estphal, H Z

Abstract 
Most proposals of fourth generation light sources are 

based on CW operated sc linacs used in a FEL or ERL [1], 
[2], [3], [4], [5]. The requirements for the stability of the 
RF field in the cavities are better than 0.1 deg phase and 
better than 0.1% amplitude. The required RF power is 
strongly amplitude modulated due to the fact, that 
microphonic effects in the sc cavities play an important 
role. At the HZB a modular RF transmitter was developed 
with FuG, that can be used for IOT tubes for different 
power levels and frequencies. Attention was taken to the 
stability in the case of AM modulation. 

 

AIM 
The RF plant is designed, that the cavity voltage 

amplitude and phase noise of the transmitter match the 
requirements of the sc linacs. This stability of the RF 
power is reached without the need for RF control loops.  

 

Requirements for the RF Power Source 
To achieve this aim, the RF power source has to fulfil 

the following requirements: 
• 16 kW CW RF Output Power (minimum). 
• RF output power ripple < 2*10-4 peak-peak for ripple 

below 10 kHz and < 2*10-3 above 10 kHz. 
• RF transmission phase ripple < 0,1° peak-peak for 

ripple below 10 kHz and < 1° above 10 kHz. 
 

SPECIFICATIONS 
Prior to the development of the first 1.3 GHz IOT in 

2003 CPI provides us with the estimated data of the 
sensitivity of the RF output power to changes in IOT 
operating voltages [Table 1]. 

With this information the IOT power supplies have 
been specified [Table 2], [Table 3]. 

Fig. 1 shows the block diagram of the arrangement of 
the power supplies. 
 
Table 1: Sensitivity of the RF output power to changes in 
IOT operating voltages 

IOT Supply RF Value 

Phase about -2*10-4 rad/V peak-peak Beam 
voltage 

Amplitude about 1*10-4 /V peak-peak 

Phase about 95*10-4 rad/V peak-peak Bias Voltage 

Amplitude about -320*10-4 /V peak-peak 

 
Table 2: Specifications of the IOT beam voltage supply 

Beam voltage 0.. 31 kV / max. 1,3 A 

Voltage ripple below 10 kHz: < 0,1 ‰ (peak-peak) 
above 10 kHz: < 1 ‰ (peak-peak) 
to be followed up to max load changes 

Stored energy < 10 J 

Max. ∆U ± 0,5 kV @ current jump < 1,3 A 

 
Table 3: Specifications of the IOT bias voltage supply 

Bias voltage 0.. 150 V / max. ± 300 mA 

Voltage ripple below 10 kHz: < 0,2 ‰ (peak-peak) 
above 10 kHz: < 2 ‰ (peak-peak) 
to be followed up to max load changes 

Stored energy < 10 J 

Max. ∆U ± 2 V @ current jump < 300 mA 

 
 

 
Figure 1: Block diagram of the transmitter 

REACHED STABILITIES 
Switching power supply design has been chosen for 

those supplies, which are responsible for the stability of 
the RF output power. 

To check the stability of the power supplies the 
response to a dynamic load has been measured by 
changing the load current at a defined slew rate. 

Fig. 1 to Fig. 7 shows, that the measured stabilities 
meet the requirements: 

 

B,     B erlin, G ermany
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Beam Voltage Supply 
This supply has been realized by two driver units, 20 

kW each, water cooled and IGBT equipped. Fig. 15 
shows one of the driver units. 
 

 
Figure 2: Voltage variations due to a dynamic load – 
specified maximum values for Δ I ≤ 1,2 A. 

 

 
Figure 3: Measured beam voltage response to a dynamic 
load (Δ I-beam ~ 0.5 A). Values ΔU 2 and ΔU 3 are 
explained in Fig. 4. 

 

 

 
Figure 4: Explanation of the values measured. First figure 
shows step response of the power supply in 100 ms range. 
Second figure shows the response of the beam voltage to 

the rising slope of the beam current in 0,5 ms range. Blue 
curve is the beam current, red curve is the beam voltage. 

 

Bias Voltage Supply 
This supply is realized in a small plug-in module. Fig. 

14 shows how it is housed on the HV deck. 
 

 
Figure 5: Voltage variations due to a dynamic load – 
specified maximum values for Δ I ≤ 300 mA 

 

 
Figure 6: Measured beam voltage response to a dynamic 
load (Δ I-beam ~ 300 mA) . Values (a), (b) and (c) are 
explained in Fig. 7. 

 

 
Figure 7: Explanation of the values measured. Shown is 
the step response of the bias voltage supply in 1 ms range. 
Value (a) shows the total aberration of the bias voltage as 
a response of a bias current variation. Value (a) includes 
the amplitude of the transient oscillation to reach the new 
steady state value of the bias voltage. Value (b) shows 
only the portion caused during the current variation. 
Value (c) shows the steady state deviation after the 
current variation. 

 
It is essential to avoid ringing of the IOT beam current 

caused by ringing of the bias voltage at the tube socket in 
consequence of a bias current step. Fig. 8 and Fig. 9 show 
that damping the cable between the bias supply and the 
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tube is essential to avoid instabilities on the IOT beam 
current: 

 

Figure 8: Step response measured with 10,0 µs/Div at the 
tube socket without damping the cable. 

 

Figure 9: Cable resonances damped with a 5 Ohm series 
resistor and additional 1µF foil capacitor integrated into 
the tube socket. Step response measured with 20,0 µs/Div 
at the tube socket. 

 

APPLICATIONS 
Due to the high stability of the IOT power supplies and 

the high stability of the preamplifier, effects produced by 
the behaviour of the electron beam inside the IOT could 
be observed. 

As an example Fig. 10 to Fig. 12 show instabilities in 
gain and transient phase against focussing current  
observed on the 1.3 GHz tube IOT116LS (Ser.No:18) 
manufactured by E2V: 

 

 
Figure 10: RF gain ripple (observed on the 1.3 GHz tube 
IOT116LS, Ser.No:18, RF input power without any 
ripple). The focus current is plotted in linear scale versus 
the log. scaled output power. There are areas, where the 
gain ripple exceeds a level of 1% 

 
Figure 11: RF transient phase ripple (observed on the 1.3 
GHz tube IOT116LS, Ser.No:18). The focus current is 
plotted in linear scale versus the log. scaled output power. 
There are areas, where the phase ripple exceeds a level of 
1 Degree. 

 

 

Figure 12: Typical time structure of the observed 
instability (IOT RF output power near 51 dBm, Focus 
current: 16,5 A). Green curve is the phase difference 
between IOT RF input and IOT RF output with 0,5 
Deg/Div. Red curve is the AC component of the IOT RF 
input power with 0,02 dB/Div. Blue curve is the AC 
component of the IOT RF output power with 0,02 
dB/Div. Grey curve is the DC component of the IOT RF 
output power with 50 dBm/Div. 

 

THE PLANT 
The RF plant contains a set of power supplies located in 

three cabinets also housing the pre-amplifier (Fig. 13 and 
Fig. 14). The IOT is placed next to the cabinets. 

The transmitter is controlled by a SIMATIC S7 PLC. 
Remote control of the plant is done via EPICS. 
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Figure 13: Three cabinets containing operating panel, 
interlock, all power supplies and the mains distribution. 
On the left the 1,3 GHz CPI IOT CHK5-1320W operating 
at a dummy load. 

 
Figure 14: Arrangement of the IOT power supplies on the 
HV deck. 

 

 
Figure 15: One of the two 20 kW driver units of the 
switching power supply of the beam voltage. 
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WARM TEST OF A MODIFIED TTF-III INPUT COUPLER UP TO 10 KW
CW RF-POWER

O. Kugeler, W. Anders, A. Frahm, S. Klauke, J. Knobloch, A. Neumann, M. Rohloff, M. Schuster, Helmholtz-Zen

Abstract

The TTF-III input coupler was designed for pulsed
operation at average power levels up to 5 kW. For CW-
applications, higher power levels are desirable. Previous in-
vestigations have identified the connection between 4K and
78K section as the bottleneck for maximum usable power
level. We have modified this section of the coupler by
including a gas cooling. This setup was tested in a coupler-
test-stand at room temperature. We have achieved stable
operation at power levels up to 10kW which is sufficient
for the field levels that are to be reached in the BerlinPro
ERL. The results can be regarded as a worst case scenario,
since the heat conductivity of all involved materials is rising
significantly upon cooling to operating temperatures.
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DEVELOPMENT OF INPUT POWER COUPLER FOR ERL MAIN LINAC 
IN JAPAN 

Hiroshi Sakai#, Takaaki Furuya, Shogo Sakanaka, Takeshi Takahashi, Kensei Umemori,  
KEK, Tsukuba, Ibaraki, 305-0801, Japan,  

Atsushi Ishii, Norio Nakamura, Kenji Shinoe, ISSP, Univ. of Tokyo, Kashiwa, Chiba, 277-8581, Japan, 
Masaru Sawamura, JAEA-ERL, Tokai, Naka, Ibaraki, 319-1195, Japan 

Abstract 
We started to develop an input coupler for a 1.3GHz 

ERL superconducting cavity for ERL main linac[1,2]. 
Required input power is about 20kW for the cavity 
acceleration field of 20MV/m and the beam current of 
100mA in energy recovery operation. The input coupler is 
designed based on the STF-BL input coupler [3] and 
some modifications are applied for the CW 20kW power 
operation. We fabricated input coupler components such 
as ceramic windows and bellows and carried out the high-
power test of the components by using a 30kW IOT 
power source and a test stand constructed. 

INTRODUCTION 
An input coupler is one of the important items of the 

superconducting cavity for ERL operation [1,2]. Then, we 
now design the input power coupler for the main linac. 
Thanks to the mechanism of energy recovery, we can 
reduce the input power of the main linac. However, the 
minimum input power will be restricted by the cavity 
detuning due to the microphonics from the cryomodule.  

 

Figure 1: Δf vs input power on several QL’s. 

Fig.1 shows the relation between the cavity detuning 
(Δf) and the input power corresponding to the several 
loaded Q-values (QL) of accelerating field of 20 MV/m. 
In our main linacs, the maximum input power of 20 kW 
for the large cavity detuning of Δf=50Hz is required under  
QL=2x107.  

Frequency  
Accelerating voltage 
Input power 
Loaded Q (QL) 

1.3GHz 
15~20MV/m 
Max 20kW 
5x106 ~ 2x107(variable) 

Table 1: Parameters of input coupler for main linac.  

Fig.2 shows the design of the input power coupler for 
our main linac. Our input power coupler is based on the 

coaxial antenna type couplers for a prototype of STF-BL 
coupler [3]. This prototype coupler used the two choke-
mode ceramic windows and was already powered in a test 
bench. It successfully passed through 1MW pulsed peak 
power on a test bench. This is one of the reasons why we 
select this type of coupler. The following major 
modifications were made to meet our requirements.  

• Change the impedance from 50Ω to 60Ω to reduce 
the heat load of inner conductor. Furthermore forced 
air cooling was applied to inner conductor. 

• Purity of ceramic material was changed from 95% to 
99.7% to reduce the heat load of ceramic. 

• Cold ceramic size is same as warm one. 
• Variable coupling was applied from QL = 5x106 to 

2x107 for the short pulse conditioning of input power 
coupler in commissioning. 

• In order to absorb the heat load of inner conductor, 
80K thermal anchor is applied on cold window and 
5K thermal anchor is also equipped for the reduction  
of the static loss to 2K. 

 
Figure 2: Schematic design of input coupler for main linac 

 
Heat load per cavity 2K 5K 80K 

Dynamic loss (20kW SW) 
Static loss 

- 
0.3W 

3.3W 
1W 

31.9W 
15.5W 

Total 0.3W 4.25W 47.4W 

Table 2: Estimated heat load of input coupler 

Table 2 shows the estimated heat load of input coupler 
by applying the 20kW CW input power with standing 
wave. Dynamic load is high comparing to the static loss at 
5K and 80K thermal anchor. In our case, static loss of 
80K is also not small because the length between the air 
floe region of inner conductor and 80K thermal anchor is 
short. Thanks to the two type of thermal anchor, heat leak 
to 2K is reduced down to 0.3W. 

It is important for an input coupler to check the heat 
load and temperature rise. Especially to test the key 
components of the input power coupler such as ceramic 

____________________________________________ 
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windows and bellows, we made a test stand as shown in 
Fig.3. In detail, we explain next section. 

 

  
Figure 3: (Left) Pictures of cold and warm windows. 
(Right) Setup of test stand. 

HIGH POWER TEST IN ATMOSPHERIC 
CONDITION 

Fig.4 shows schematic diagram of the high power test 
stand. We fabricated two warm windows with bellows 
and two cold windows as shown in Fig.3. In test stand, 
warm windows with bellows sandwiched one cold 
window. Three windows were assembled in the class 10 
clean room after rinsed by ultra-pure water. The RF power 
went through these three windows from 30kW IOT via 
doorknob exchangers and finally dumped at the dummy 
load. Temperatures of bellows and three windows were 
monitored. Especially, in order to monitor the temperature 
rise of bellows of inner conductor precisely, we set the 
thermo coupler at three different positions; one is set at 
the front of bellows, another is the middle of bellows and 
the other is the end of bellows as shown in Fig.5. These 
thermo couplers were connected with Au brazing to 
obtain the tight connection. Transmitted and reflected RF 
power are also measured before and after the three 
windows and after the IOT. The inner conductor and 
bellows were cooled via rod by air compressor and the 
amount of air flow was monitored. 

First we measured the temperature rise with and 
without forced air cooling during 1kW power with 
travelling wave. We wanted to check the heat loads of the 
bellows and ceramic window. Therefore, we did not pump 
the vacuum between windows on this test stand. Each 
temperature rise is 16K and 4K without and with cooling 
as shown in the left figure of Fig.6, respectively. We note 
that the temperature rise of bellows of inner conductor 
was measured and suppressed by forced air cooling by a 
factor of four at this high power test stand by applying 
64l/min air flow. This result almost agrees well with the 
calculation as shown in the right figure of Fig.6. Then the 
forced air cooling works well to the bellows. 

  

Figure 6: (Left) 1kW power test. Green line shows the 
temperature rise of middle of bellows. (Right) Simulation 
of temperature rise w/wo air flow of inner conductor 

After that, we fed the RF power up to 20kW under the 
atmospheric condition with the 64l/min air cooling. Fig.7 
shows the results of the high power test. When the power 
increases above 8kW, the sudden temperature rise was 
observed at cold windows as shown in the left figure of 
Fig.7. Especially, sudden temperature rise was correlated 
with power loss through the three ceramic windows.  

 

Figure 7: Results of 20kW power test (Left) Red, brown 
and orange lines show the temperature of cold, warm 
(upper) and (down) ceramic windows, respectively. Black 
line shows the power of IOT. (Right) Red, brown and 
orange is same as left figure, black one is power ratio 
after and before the windows. 
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Figure.4: schematic diagram of test stand 
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Figure 5: Details of warm window. Three thermo 

couplers are set inside the inner conductor near bellows  
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In order to investigate the sudden temperature rise in 
detail, we measured the S-parameters while changing the 
temperature by adding heat load through the heater to 
cold window. By measuring the S21, we found the peak at 
1.305GHz. And we found the peak shifted to 1.3GHz 
when temperature increased as shown in Fig.8. From 
these results, this unexpected peak might induce the 
power loss and result in the sudden temperature rise of 
cold ceramic windows. After the high power test, we open 
the test stand. We found that cold ceramic window was 
broken. Fig.9 shows the broken profile of cold window. 
We suspected that big temperature rise was occurred in 
cold windows. We note that warm windows were not 
broken and bellows has no change and damage after high 
power test feeding 20kW CW travelling wave  

 

Figure 8: Results of S21 of low level measurement through 
3 ceramic windows when the temperature was increased. 
Red and green lines show the S21 at 20C° and 70C° at 
outside of the cold window, respectively. 

 

Figure 9: Picture of cold window with broken profile. 

Why did cold ceramic window break? To check what 
produces the unexpected peak near 1.3GHz, we apply the 
low level measurement of cold ceramic window only after 
cold window was broken. We found the sharp peak on 
1.305GHz as shown in Fig.10. This peak was also found 
on another cold window of same size. We found that this 
unexpected peak was intrinsic of cold/warm ceramic 
window. To survey the detail of property of this 

unexpected peak, we calculate the eigenmode of 
cold/warm ceramic window by using HFSS and MW-
stdio simulation code. And we also found that the 
resonance peak near 1.3GHz, which represents the TE 
dipole mode as shown in Fig.11. We suspect that this 
dipole mode might be measured unexpected peak. 
Fortunately, the frequency of this dipole mode depends on 
the thickness of ceramic window as shown in Fig.11. To 
escape this dipole mode, we plan to modify the ceramic 
window by changing the thickness of ceramic down to 
5.4mm, which is thinner than present thickness of 6.2mm. 

  

Figure 10: (Left) Setup of low level measurement of the 
cold window. (Right) Result of measurement.  

  

Figure 11:  (Left) Calculated dipole mode standing on the 
ceramic window near 1.3GHz by HFSS. (Right) 
frequency dependence of dipole mode corresponding to 
the thickness of ceramic by HFSS. 

HIGH POWER TEST UNDER VACUUM 
CONDITION WITH STANDING WAVE 

Only warm windows with bellows were survived for 
previous three-ceramic window high power test. Next we 
tried to test the high power test in vacuum condition by 
using warm window only. Fig.12 shows the setup of high 
power test of warm window with standing wave. Each 
inner side of warm window with bellows, end plate and 
outer conductor was rinsed by ultra-pure water. After 
drying these components, we assembled at class 10 clean 
room. The volume between warm window and end plate 
were pumped by an ion pump and the vacuum pressure 
was measured by CCG. After baking at 150 C° for 24 
hours, the vacuum pressure of 6x10-7 Pa was achieved 
before high power test. RF power was fed into warm 
windows from 30kW IOT via doorknob exchangers and 
reflected by end plate. Therefore standing wave was 
excited at warm window and bellows. Calculated 
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magnetic field was shown in Fig.13 on this setup. The 
peak of magnetic field of standing wave will be set on the 
middle of bellows and warm ceramic window in this 
setup. Temperatures of bellows at the same three positions 
of Fig.5 and warm window were monitored. Transmitted 
RF power (Pin_for) and reflected RF power (Pin_ref) are 
also measured before the warm windows and after the 
IOT. The inner conductor and bellows were cooled via 
rod by air compressor and the amount of air flow was 
monitored.  Arc sensor was set on the end plate. Two 
pick-up probes were set to see the electrons in vacuum; 
one was set near the warm window and another  near the 
end plate. 

 
Figure 12: Setup of warm window high power test with 

standing wave.  

 
Figure 13: calculated magnetic field distribution of this 
setup by HFSS.  

We apply the RF power to warm window. We smoothly 
increased the RF power until 14.5kW. We measure the 
temperature rise by changing the amount of air flow ratio 
of inner conductor. Fig. 14 shows the typical temperature 
rise of bellows parts on different air flow conditions. First 
we took the data of 5kW and 10kW standing wave by 
inserting the 64l/min air flow to inner conductor. 
Temperature rise of the middle point of bellows became 
96K. at 10kW. Next we increased the air flow up to 
92l/min. The temperature rise was decreased to 62K as 
shown in the left figure of Fig.14. After that we also 
measured the temperature rise without air cooling with 
1kW standing wave condition as shown in the right figure 
of Fig.14. Temperature rise was 116K at the middle of 
bellows. Fig.15 shows the results of the temperature rise 
vs power flow at different air flows. Temperature rise is 

almost linear to the input power. In all cases, the 
temperature rise of middle point is larger than the end of 
bellows. This means that, in standing wave, magnetic 
current at the middle of bellows produces much heat load. 
Especially, if we did not apply air cooling, this difference 
between the middle and end of bellows much increased 
because of the small thermal conductivity of bellows. We 
observed few difference between the air temperature after 
passing through inner conductor and the end of bellows.  

 
Figure 14: Typical temperature rise of bellows parts on 
different air flow conditions. (Left) Keep 5kW and 10kW 
by applying the 64l/min air flow and keep 10kW the 
92l/min air flow. Red line shows the input power. Pink, 
black lines show the temperature of bellows middle and 
end points, respectively. Blue and black lines show the 
temperatures of air before and after going through the 
inner conductor. (Right) No air flow to the inner 
conductor. The definitions of lines are same as left figure.   
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Figure 15: Input power (Pin_for) vs temperature rise on 
different air flow conditions. Measured point is the middle 
and end point of bellows. 

Table 3: Summary of the ratio of temperature rise (ΔT) to 
transmitted RF power to warm window (ΔP) of two 
bellows points at different air flows. 

Air flow 
(l/min) 

ΔT/ΔP Bellows 
middle (K/kW)  

ΔT/ΔP Bellows 
end  (K/kW) 

0 
64.5 
91.7 

116.1 
9.7 
6.2 

55 
7.5 
4.9 
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To see the effect of air flow, we summarized the rate of 
temperature rise (ΔT) to transmitted RF power to warm 
window (ΔP), which is the slope of Fig.15, of two 
bellows points at different air flows in Table.3.  These 
values are twice larger than the previous three ceramic 
high power test because of the difference of the case of 
travelling wave and standing wave. RF Power travelled 
on the coupler test stand twice at standing wave. ΔT/ΔP 
is in inverse proportion to the amount of air flow. The 
forced air cooling works well to reduce the heat load.  
We compared CW high power test of TTF-III coupler 
test, which were tested on HoBiCaT and tested forced air 
cooling to inner conductor [4]. Our result is about 2-3 
times larger than CW test of TTF-III coupler. One of the 
reason is the length of our inner conductor is larger than 
TTF-III coupler. In our case, we add the extension of 
inner conductor. We will modify to reduce the inner 
conductor to reduce the heat load and compare these 
results.  

 

 
Figure 16: History of the power processing up to 20kW. 
(up) 10-15kW. (down) 15-20kW. Red lines show input 
power and blue lines show the vacuum pressure. 

We continued to feed into power to test stand. At 
14.5kW, suddenly arc and vacuum interlock works. 
Fig.16 shows the processing history up to 20kW. After 
that many arc and vacuum interlocks worked at 9kW 
level. We met the several vacuum interlock to 15kW. 
Many arc and vacuum interlocks also worked at 15-
16kW level. And finally we reach the 20kW. When the 
arc interlock works, we found the electron signal as 
shown in Fig.17. Signal of probe near warm ceramic is 
much higher than probe near end plate. This shows that 

processing of the ceramic window is done. Power loss 
was not observed compared to the previous three 
ceramic window high power test. No leak and damage of 
ceramic windows and bellows were observed at this high 
power test. 

 
Figure 17: Signals come from two pick-up probes. 

SUMMARY 
We designed the 20kW input power coupler for ERL 

main linac. We made the high power test stand and did 
the component tests such as ceramic windows and 
bellows in atmospheric condition. Measurement results of 
temperature rise of bellows almost agree well with the 
calculation. We found the sudden temperature rise was 
appeared on cold ceramic windows, which results in the 
break of the cold window. After the low level 
measurement, we found the peak at 1.305GHz, which is 
same as the simulation of the unexpected dipole mode. 
From these results, sudden temperature rise might be 
affected by this unexpected mode. We note that bellows 
and warm windows works well under vacuum condition 
at high power test up to 20kW with standing wave. The 
temperature rise is slightly larger at middle of bellows. 
But forced air cooling works well up to 20kW standing 
wave. We also plan to modify the ceramic window by 
changing the thickness of ceramic and finally will make 
the first input coupler for main linac in this year. 
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 Abstract 
The low level RF system for the Superconducting 

DArmstadt electron LINear ACcelerator S-DALINAC 
developed 20 years ago and operating, converts the 3 
GHz signals down to the base band and not to an 
intermediate frequency. While designing the new, digital 
RF control system this concept was kept: the RF module 
does the I/Q and amplitude modulation/ demodulation 
while the main (LF-) board, housing an FPGA analyses 
and processes the signals. Recently, the flexibility of this 
concept was realized: By replacing the modulator/ 
demodulators on the RF module, cavities operating at 
frequencies other than the S-DALINAC 3 GHz can be 
controlled with only minor modifications: A 6 GHz 
version, needed for a harmonic bunching system at the  
S-DALINAC and a 324 MHz solution to be used on a 
room temperature cavity at GSI will be presented. This 
paper will also review the concept of the digital low level 
RF control loops in more detail an report an the results 
gained during first operation on a superconducting cavity. 

 

INTRODUCTION 
The Superconducting DArmstadt electron LINear 

ACcelerator S-DALINAC [1] is a recirculating linac with 
beam currents of up to 60 μA and a maximum energy of 
130 MeV. It is used as a source for astro- and nuclear 
physical experiments since the first put into operation in 
1987. The layout of the S-DALINAC is shown in Fig. 1. 
To reach this energy ten 20 cell, one 5 cell and one 2 cell 
superconducting (sc) niobium cavities, operating  at 2 K 
and a frequency of 3 GHz, are used. The design quality 
factor Q is 3⋅109 at an accelerating gradient of 5 MV/m. In 
order to achieve the recommended energy spread of 
±1⋅10-4 at the experimental areas the amplitude and phase 
of the cavities have to be controlled strictly to compensate 
the impact of microphonic perturbations. This 
compensation has to be done by the low level RF control 
system reaching the stability specifications given in  
tab. 1. 

Table 1: Stability specifications 

Relative amplitude stability ΔE/E ±8⋅10-5 

Phase stability Δϕ ±0.7° 
 

 

CONTROL LOOP 
The RF control system at the S-DALINAC uses a Self 

Excited Loop (SEL) [2, 3] to control the sc cavities. A 
simplified scheme of this control loop is shown in Fig. 2. 
The SEL starts to oscillate from noise even when the 
resonator frequency does not match the generator 
frequency, if the loop gain is greater than 1 and if the loop 
phase is a multiple of 2π. To ensure this, the loop phase is 
adjusted by the phase shifter within the main signal path. 

 The cavity signals are analyzed with two different 
detectors. The amplitude is detected directly, while the 
phase information is extracted out of the I/Q-signals. 
After the subtraction of both set-points and the 
amplification of the error signals, the new control signals 
are generated: The phase modulation of the existing 
control loop is done by adding a small orthogonal vector 
to the loop vector. This Complex Phasor Modulator 
(CPM) [4] has the inverse transfer function of the cavity 
and thus decouples (ideally) the amplitude and phase 

 

Figure 1: Floor plan of the S-DALINAC. 

 

Figure 2: Self excited loop diagram. 

___________________________________________  
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characteristics of the control loop. These modified I/Q 
vectors are modulated with the amplitude error signal 
with a simple proportional controller. Finally the new 
control signals are amplified and sent back to the cavity. 

 

PRESENT RF CONTROL SYSTEM 
The low level RF control system for the S-DALINAC 

consists out of two main parts. In the RF-board the 3 GHz 
signals are converted down to the base band and not to an 
intermediate frequency like elsewhere [5]. The analysis 
and the control of the base band signals are done by a LF 
module, which was built with analogue components. The 
maintenance effort of the existing system has become 
more difficult over time because of the aging of these 
components. In addition new experiments at the S-
DALINAC put more demanding constraints on the energy 
spread of the beam. As a consequence, the design of a 
new control system was carried out making use of modern 
components offering better performance and stability. 

 

NEW RF CONTROL SYSTEM 

Layout 
The design of the new developed RF control system 

follows the existing design presented above. The concept 
is shown in Fig. 3. The high frequency cavity signal is 
converted down to the base band by a RF-board again. 
The low frequency signals, amplitude and the 
demodulated I/Q phase, are transmitted as analogue 
signals to the new FPGA-board. The analogue signals are 
digitized and processed. After the algorithm is applied, 
the signals are transformed to analogue again and 
transferred to the RF-board where they are modulated to  
3 GHz to drive the cavity. 

 

FPGA-Board 
Following the main stream in RF control system design 

for the new low frequency module, a digital solution 
based on a FPGA has been developed. This module is 
shown in Fig. 4. The great flexibility of a digital solution 
is one of the most important features: More complex 
control loops can be realized. Once the hardware is 
developed, the FPGA can be programmed with different 
algorithms easily, which allows better comparison of the 
results. Another advantage of a digital solution is the 
usage of diagnostic channels. These can be used to 
readout every parameter inside the control loop. The 
FPGA-board supports a real-time readout without a data 
reduction of control parameters, which is relevant for 
optimization of the control loop. This diagnostic is used 
for an extensive data analysis as well. The processing 
speed allows to digitize the analogue low frequency 
signals from the RF-board with a sampling rate of 1 M 
samples per second. 
 

 

RF-Board 
The printed circuit of the new RF module is shown in 

Fig. 5. The board is built out of RO4350, a high 
frequency capable rodgers material. It consists of highly 
integrated, commercial available wifi components with 
low noise and excellent stability against temperature 
variation. The RF module delivers an I/Q demodulator as 
well as an amplitude detector, which is required by the 
design constraints. After the FPGA module has generated 
the new I/Q signal, it is modulated on the RF reference.  

The up and down conversion of the RF signal is done 
by three complex circuits, which require only a few 
connections and some additional components including 
the directional couplers.  

By changing the couplers and the modulator, a 1.3 GHz 
version was built and tested. Currently, a 6 GHz version 
is under design, needed for a harmonic bunching system 
[6]. Furthermore a 324 MHz solution to be used on a 
room temperature cavity at GSI will be developed. While 

 

Figure 3: Layout of the new RF control system. 

 

Figure 4: Picture of the FPGA-board. 
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the 1.3, 3 and 6 GHz versions will operate in a cw mode, 
the 324 MHz board has be capable of pulsed operation. 
 

 

First Operation 
As a first design step the FPGA-based prototype was 

built [7]. The control algorithm, programmed into this 
prototype was the mathematical representation of the 
existing control loop (Fig. 2).  

The performance and the control accuracy of the 
prototype reached the performance of the analogue 
system easily. In a second step, a scalable system was 
designed, which is presented above. Meanwhile, the 
control algorithm was improved in order to reach a better 
performance. In contrast to the existing control loop, the 
new phase modulation changes the domain from I/Q into 
phase. This is done within a COrdinate Rotation Digital 
Computer (CORDIC) which converts the Cartesian (I/Q) 
vectors to Polar (phase and amplitude) coordinates with an 
iterative algorithm. After the phase processing the domain 
is transformed with a CORDIC back to I/Q again. That 
domain change has advantages for the phase processing 
because the realization of the phase controller can be done 
in a more convenient way in polar coordinates. 
Furthermore, the phase and the amplitude controllers, 
which were purely proportional within the existing 
control loop, are complimented with an integral controller 
in the new control loop. The programming of the FPGA is 
done by using VERILOG. Unfortunately, the 
programming took several months and much iteration, 
until the right parameter settings were found and 
optimized.  
 

 
 

Performance 
During the testing, the performance of the new control 

loop was quantified. The control parameters were set via 
a CAN-Bus interface. To have no data reduction within 

the data acquisition, the FPGA-board was read out via an 
USB interface, which allowed observing several 
parameters in real -time with a high resolution.  

To prove the performance of the new RF control 
system under realistic conditions a standard 20 cell cavity 
located inside the injector linac was driven by the new 
system. The cavity had a loaded quality factor of some 
3⋅107 and the amplitude was set to 3 MV/m. To have a 
typical operation situation a beam current of up to 20 μA 
was accelerated. The measured control accuracy of the 
new system is shown in Fig. 6. In the course of the 
testing, the amplitude and phase were locked to their set-
points and no residual offsets were observed. The 
measured phase stability of about 0.3° (RMS) fulfilled the 
specification given in tab. 1. The relative amplitude could 
be stabilized to about 2.5⋅10-4 (RMS). This error exceeds 
the specification by a factor of approximately 3 but is still 
an improvement when compared to the old system (by a 
factor of 8). Nevertheless, further improvements of the 
control algorithm are necessary to increase the amplitude 
stability. In addition the behavior of the new RF control 
system was easy and convenient. 

CONCLUSIONS 
For future operation of the S-DALINAC, a new, digital 

RF control system has been designed, built and a 
prototype has been tested. The measured performance of 
the system exceeded that of the existing control loops. 

 

Figure 5: Picture of the new RF-board. 

 

Figure 6: Amplitude error (A) and phase (B) of the digital 
control-system. 
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Concluding, the digital control system is ready to replace 
the old control loops. Further improvements of the 
amplitude stability are necessary but can be done in 
parallel to the operation of the new system by working on 
the algorithm being programmed into the FPGA. 

The new RF control system was designed with a 
physical interface between the RF- and the FPGA-board. 
Both parts are connected via a plug connector with a 
defined pin assignment. This modularity allows changing 
the operating frequency by replacing the RF- and not the 
FPGA-module. With a minimum effort it was possible to 
design a 1.3 GHz RF module by simply changing the 
directional couplers on the board. Currently, a 324 MHz 
and a 6 GHz version are under design. In principle, all 
frequencies in-between seems to be possible- the 
necessary redesign efforts (strictly limited to the RF 
module) are expected to be reasonable small. 
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A FULLY AUTOMATED DEVICE  
FOR CHECKING XFEL PIEZO-TUNER INSTALLATION 

A. Bosotti, R. Paparella, INFN/LASA, Segrate (MI) 
C. Albrecht, K. Jensch, L. Lilje, DESY, Hamburg, Germany

Abstract 
The tuning system for XFEL [1, 2] SRF cavities is a 

device based on a double lever driven by a stepping motor 
with a gear box and a screw-nut system. The cavity is 
stretched by the tuner thus changing its resonant 
frequency. The tuner is also provided with fast tuning 
capability by means of two piezo-ceramic actuators 
(piezos), which compensate for cavity deformations that 
are responsible of frequency detuning. During industrial 
phase is mandatory to ensure a correct tuner assembling 
both for mechanical parts and actuators. This is provided 
by an automated device able to check the correctness of 
piezo-tuner installation on the cold mass string first and 
after installation in the cryostat, with very simple 
mounting requirements for the Module Assembling Team. 
In this paper this device is fully described, and first results 
on prototypes are shown together with its operation 
strategy. 

 
Figure 1: Top view of the XFEL tuner schematic. 

PIEZO-TUNER 

The tuner solution used for XFEL is based on the 
rugged device used for FLASH [3], with the introduction 
of the fast piezo detuning compensation capability, not 
previewed in the original design. The slow tuner device 
consists of a stepping motor with a gear box and a double 
arm. The moving parts operate at 2K in a vacuum. The 
frequency tuning range is about 400 kHz with 1 Hz 
resolution. The tuner used for XFEL is an evolution of 
this device, and is based on a tuner design used for 
1.5 GHz cavities built by CEA Saclay [4]. This tuner is 
stiffer than the one used in TTF [2] and uses a double 
lever with a screw nut system. The cavity is now stretched 

by the tuner, in contrast with TTF were the cavity is 
squeezed, this has the advantage that the piezo elements 
are always compressed, in any tuning operations. 

 

Figure 2: Piezo frame installation on the tuner.  

The current XFEL design [1, 2] previews 101 
accelerator modules installed, corresponding to 808 
cavities each one provided with its piezo tuner device. 
During a series production assembly errors could occur, 
such as connecting the piezos with wrong polarity or 
wrong preload for the chosen tuning position. The first 
mistake makes the piezo not responding to the driving 
signal. Furthermore this could lead to piezo performances 
deterioration if a big signal is applied with wrong polarity 
due to partial domain re-alignment and partial change of 
the polarization (“butterfly” effect) [5]. The other mistake 
degrades the piezo tuning efficiency. Last but not least, a 
functionality check can discover if any tuner component 
is working properly and has not been damaged or broken 
during shipping, storage or assembling. 

TUNER TEST PROCEDURE 
The main idea behind the tuner test procedure under 

development, is the production of a complete electronic 
device capable of performing a functional check of the 
cavity tuner actions. The test must be performed for each 
unit before cryomodule closure, and its successfulness is 
the proof that the installation has undergone without 
critical errors, and that main functionalities are all 
working properly. The experimental validation test will 
be performed in a proper stage of the cryomodule 
installation procedure, when the entire cold string is out 
of the cryomodule. 

When tuner validation test starts, it is expected that the 
operator gets close to the cavity under test with the 
electronic rack, and interfaces the test device to the cold 
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mass. The main steps could be summarized into three 
easy operations: 

 

Figure 3: LVDT sensor installed in its frame. 

• Install, on the cavity end side close to the tuner, a 
simple frame containing the displacement sensors 
required (Figure 3). 

•  Connect piezo, sensors and motor cables to the rack. 

• Start the test routine and wait for the results. 

Basically the test procedure is divided into three main 
sequences: 

• Check both piezo capacitance values using a handy 

capacitance meter. This first operation is very simple 
and is the direct proof that the piezos has not been 
damaged or cracked (piezoceramic is very fragile 
and great care must be taken to avoid that the device 
accidentally falls down). 

• Move the stepper motor while monitoring the 
displacement sensors and keeping the piezo in open-
loop condition. The sign of piezo discharge after 
connecting them to the read-out electronics, will 
show if the piezo cabling polarity is right or wrong. 
In addition this will be a check of a good motor 
functionality. 

• Feed one of the two piezo (alternatively) with a test 
sinusoidal signal and monitor the response of both 
the other piezo and the sensors installed. This will be 
a direct measurement of the piezo efficiency, to be 
compared with the expected one. 

DEVICE DESCRIPTION 
The philosophy adopted during the design of the Piezo 
Tuner Test device, is that everything is packed inside a 
single chassis, to be considered like a black box by the 
module assembling operators, and fully controlled by a 
program running on a personal computer, that performs 
all the checkups required after the installation of the 
sensors, that are up to three Voltage Linear Displacement 
Sensors (LVDT) to be connected to the cavity moveable 
parts with the help of supporting frames, as the one shown 
in Figure 3. The main blocks that constitute the test 
device are shown in Figure 4. 

 

Figure 4: Block Diagram of the tuner test device.  
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Actually, we have chosen to leave the piezo-amplifier 
out of the device rack, albeit leaving the connection to the 
source and to the piezos to be tested on the instrument 
front panel, for easy and secure connections. The reason 
of this choice is that in this way maximum flexibility is 
left to the choice of the amplifier to be used to feed the 
piezos during the operation controls. This can be the 
device used by the Low Level RF controls during 
machine operations, if available, or simply a bench top 
instrument, like the 200V@250mA Piezomechanik 
LE 200-070 device used for tests at LASA laboratory.  

Solartron Model AC15 LVDT sensors are used to 
acquire the tuner and cavity longitudinal displacements. 
In this kind of sensor the moving rod is the magnetic core 
of a transformer, unbalancing of its position results in a 
linear modulation of the driving AC signal, and the 
resulting net signal is a measure of the rod drift.  

LVDT sensors are interfaced to ad hoc control boards 
(Solartron CAH Eurocard board), that send excitation 
signal to the LVDT coils and reads the signals coming up 
to two sensors, providing a DC output signal proportional 
to the displacement acquired. The board allows different 
setting of the gain to scale the output signal in a way that 
it is a direct reading in volts of the displacement, or any 
other linear function of it, decided by the user best 
convenience. The basic setup of the device is to use the 
full course of the sensor, which is 30 mm range; 
sensitivity 1 μm, but shorter working range could be 
chosen with higher sensitivity. The CAH board DC 
outputs, proportional to the displacement measured are 
sent to the digital multimeter board (DMM board). The 
latter is in fact a input-output device and is the heart of 
the test device; its tasks are to read the analog signal 
coming from the LVDT sensors control boards and the 
voltage across the piezos, together with the acquisition of 
their discharges, to generate analog control signal and 
finally to control relays switching through TTL digital 
signals. The purpose of the relays is to select which one 
of the two piezos would act as actuator, to be connected 
to the piezo-amplifier, and which one is the sensor, to be 
connected to the DMM board. 

 

Figure 5: Piezo-tuner installed on C26 cavity at DESY. 

The board is a Keithley KUSB 3102A device, with 16 
Analog Inputs (8 in differential mode), 8 Digital Outputs, 

8 Digital Inputs and 2 Analog Outputs. The reading 
resolution is 12 bits. The board is interfaced with the 
computer control through USB connection. An oscillator 
board is used to generate a low frequency sine wave to 
feed the piezo-amplifier. The amplitude of this signal is 
linearly modulated from zero voltage up to its final value 
(and vice-versa) with a DC signal generated by the DMM 
board. 

Finally, a Phytron MCC 1 USB Stepper Motor 
Controller is used as the driver of the stepper motor 
installed on the tuners. This device is connected to the 
computer control via USB interface too. This motor 
controller provides the possibility to operate the unit in a 
micro-stepping mode, so that the current pulse to each 
motor coils is smoothly shaped and abrupt current 
variations are avoided. This feature will be used in the 
definitive test routine in order to minimize mechanical 
and thermal stresses on the drive unit. 

TEST SETUP AT DESY 

 

Figure 6: Sensor frame fixed to the two reference M8 holes  
on the cavity helium tank. 

Sensors and read-out electronics has been tested on a 
complete cavity module equipped with piezo tuner. An 
old cavity, C26, has been equipped with the XFEL Tuner. 
The cavity Helium tank is of old design corresponding to 
Cry I cryomodule. Moreover the cavity has sustained 
treatments such as annealing at 800°C, which could 
introduce a difference in the cavity stiffness if compared 
to more recent cavities. Anyway these issues have been 
safely neglected since the aim of the test is to demonstrate 
that the device is able to detect a malfunction that could 
happen and to determine the device sensitivity.  

The tuner has been installed so that the tuning range 
starting point is close to the XFEL design one, with the 
lever arms closing during tuning (increasing frequency 
direction). It has been equipped with a piezo frame 
correctly preloaded (2 kN preload force). The test was 
successful. All signals acquired were well readable and 
reproducible, even when the tuner was set close to its 
neutral point, so that only a little force from the cavity 
was expected to act on it. All the test steps can actually be 
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performed as designed. Wrong or imperfect connections 
has been set on purpose and detected.  

A key result for this test has been identified to be the 
definition of the most convenient shape and location 
required to the sensor test frame in order to be easily 
installed on the cavity module, by the assembling team 
operators. Moreover the right strategy has to be outlined, 
together with the best moment to perform the tuner check 
during the industrial assembling phase. For this purpose, 
the LVDT displacement sensor, and its readout 
electronics provided with different calibrations, has been 
put in different places to check different sensitivities and 
figure out where the best places to interface them with the 
cavity are. 

The best moment to perform the test has been 
identified, and it is when the cold string is completely 
assembled and the inter-cavity bellows are removed, right 
before lifting the entire string to fix it to the gas return 
pipe. A second reduced test (without displacement 
sensors) could be performed at the end of the module 
installation. 

An efficient and easy way to reach reference site for 
sensor frame installation has been identified in the two 
threaded M8 holes on the He tank edge left free after the 
cavity safety flange removal, as shown in Figure 6. At the 
moment chosen for the test the bottom pair of holes is free 
in each cavity of the string.  

With the displacement sensor body installed in the 
frame, its moving core must be put in contact with the 
cavity flange to monitor its strain. At the moment of 
testing the flange does not offer any useful surface. The 
idea was then to use the three angular reference dip on the 
cavity flange side to clamp the flange itself to a custom 
made ring. Once fixed this ring is solidly connected to the 
flange. 

Before the test, up to four LVDT sensors were 
considered to be simultaneously used to measure cavity 
and tuner arms strains. Actually, after these test the idea is 
to focus more on the cavity displacement measurements 
and eventually to discard the tuner arms. This solution is 
moreover supported by the fact that the test performed 
confirmed that the LVDT sensor chosen are actually 
capable to detect also the cavity displacement induced by 
the piezo action. 

The starting idea to calibrate the LVDT sensors to be 
used in its full path of 30 mm, for easing its installation, 
has been changed in favor of a proper design frame, that 
can reduce the LVDT path to few mm (+/- 2 or +/-3 for 
instance), and so increasing the sensor sensitivity. This 
goes from the former one of 0.7 mV/μm to 3.3 mV/μm. 

The amount of motor displacement required in the first 
sequence of the test has been evaluated in the range from 
half copper beryllium screw turn up to a maximum of one 
complete turn. For reference, one screw turn corresponds 
to 35200 motor half/steps, about 60 μm cavity strain or 
about 25 kHz frequency shift. It is mandatory to avoid 
cavity displacements that could lead the cavity into the 
plasticity region, thus changing the cavity design tuning 
and field flatness. A good safety margin can be achieved 

by avoiding a strain over 100 μm. Also, the piezo signal 
amplitude has been evaluated and can be safely set to be a 
sinusoidal waveform with 100 Vpp of amplitude and 
17 Hz frequency. 

The cavity displacement in response to piezo action has 
been proved to be useful to determine if piezos are in 
contact with the cavity, even for small preload force. Up 
to now it is not possible to quantify the amount of preload 
to the piezo sensors just monitoring cavity displacements 
and not the cavity frequency shift. This is mainly due to 
control electronic constraints, but activity on this issue is 
still ongoing.  

Some Test Results 
Some experimental results are here presented and 

commented. Meaningful numerical values are shown in 
the following tables. 

In the first test the motor was moved initially by half 
turn and after by a complete turn. After the motor is 
stopped, the two piezos are connected to the DMM by 
closing the relays, and their discharges are acquired. 

 

Figure 7: Signal coming from the piezo used as sensor: 
right polarity and good coupling are shown. 

The LVDT readout is acquired for reference, too. The 
discharges are well readable and their positive sign is the 
proof that the piezos are correctly wired. Results are 
shown in Table 1. 

Table 1: Piezo discharge test 

Screw turns / 
motor steps 

Piezo discharge 
(Vpeak) 

LVDT sensor  

 V mV 
0.5 / 17600 0.5 40 (full range) 
1 / 35200 0.9 200 (3 mm range) 

 
A second test has been performed feeding one of the 

two piezos with a sinusoidal signal of 17 Hz. The signal 
across the other piezo is acquired together with the LVDT 
output. Different motor rotations are performed to 
investigate on the changing of sensor sensitivities for 
different loading conditions. LVDT sensor calibration is 
changed too, and the increase of sensitivity is well evident 
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when the sensor range limits are made smaller, as shown 
in Table 2. This test allows quantifying the amount of 
coupling between the two piezos. The comparison of the 
signal across the sensor piezo and the LVDT ones shows 
their correlation. 

Samples of signals are shown in Figures 7 and 8, were 
bench top instruments have been here used to acquire 
signals instead of the DMM board interfaced with a 
computer, to easy the test procedure. 

Table 2: One piezo is fed with sinusoidal signal 

Screw turns 
/motor steps 

Piezo V 
(V peak) 

Vpeak on 
 sensor 
piezo 

LVDT 
cavity drift  

 V V mV 
0 / 0 20 0.6 2 
0 / 0 60 1.6 3 

0.5 / 17600 60 2 3 
1 / 35200 60 2 5 
1 / 35200 100 4 15 
1 / 35200 80 1.5 25† 
2 / 70400 80 1.5 30† 

0 / 0 80 2 25†* 
1 / 35200 80 2 30†* 

* with frame installed, fixed to He tank and hosting the sensor 
† short range calibration 

 

Figure 8: Cavity longitudinal displacement as seen by 
LVDT sensor: checking its amplitude and linearity is 
possible to check fast tuning capabilities. 

The third test we want to report here is done changing 
the preload on the piezos, acting on the screws at the base 
of their support frame (the acting force is known from the 
number of screw turns). The motor is at starting position 

(zero turns) corresponding to the worst piezo loading 
case. Three conditions are taken into consideration: piezo 
completely unloaded (malfunction), piezo poorly loaded 
and piezo correctly loaded. The piezo chosen as actuator 
is fed with a sinusoidal signal of 80 V amplitude. The 
sensor piezo and LVDT sensor responses are acquired. 
From Table 3 can be seen that the unloaded case produces 
no signals on the sensors (just noise) and that this kind of 
malfunction is easily detected.  

Table 3: Piezo preload is changed. A malfunction situation 
has been created unloading the piezos

Load conditions  
(both piezos) 

Piezo Voltage LVDT  

 V mV 
Unloaded No response No response  

Just fixed by hand 1.5 5 - 10 
screwed by tool  
(10 % full load) 

1.5 30 

CONCLUSIONS 
A prototype device of the Piezo-Tuner test system has 

been tested at DESY on a typical cavity assembly with 
good results. The piezos and cavity drift signal are well 
readable and the values measured are repetitive. 
Moreover when ad hoc created malfunction occurred, this 
was detected by the system. Now the definitive device is 
in construction phase and in short time will be delivered 
to the XFEL assembling team. 
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Abstract 
A superconducting main cavity for ERL has been 

designed and fabricated to reduce the HOM problem for 
the high current operation [1].  HOM power propagating 
along the beam pipe is damped at a HOM absorber 
installed between the cavities.  The HOM absorber is 
cooled down to liquid nitrogen temperature in a cryo-
module.  The RF absorber material used for the HOM 
absorber is required to have good frequency and 
temperature properties.  The frequency and temperature 
dependences of permittivity and permeability are 
measured for some ferrites with a cold test stand 
consisting of a GM refrigerator.  The parameters of the 
HOM absorber such as length, thickness and position are 
optimized by calculation of microwave simulation codes.  
Test models of the HOM absorber are being designed and 
fabricated to test the RF, mechanical, cooling and 
temperature properties. 

PROPERTIES OF RF ABSORBER 
MATERIAL 

Frequency and temperature properties of permittivity 
and permeability for several RF absorber materials were 
measured.  Nicolson-Ross method [2] was used to 
measure the permittivity and permeability.  The procedure 
of this method is followings. 
1) Manufacture material samples to a coaxial shape to 

set in the 7mm-connector type sample holder. 
2) Measure s-parameters of reflection and transmission 

for the sample with a network analyzer. 
3) Calculate the complex permittivity and permeability 

from the reflection and transmission coefficients. 
The samples were cooled to measure the temperature 

property from 280 K to 40 K.  A cold test stand with a 
GM refrigerator was used to cool the samples.  This cold 
test stand consists of a GM refrigerator, a compressor, a 
vacuum chamber, a vacuum pump, and a temperature 
controller.  The cold stage was set at the head of the GM 
refrigerator in the vacuum chamber.  The temperature of 
the cold stage was controlled by the heater wound around 
the cold stage. 

  Calibration coefficients of the network analyzer 
depend on the temperature.  Calibration must be done at 
each temperature of measurement.  The procedure of the 
temperature property measurement is following. 
1) Connect the calibration kit to the line from each port 

of the network analyzer and set the calibration kit on 
the cold stage. 

2) Measure the s-parameters of the temperature 

dependence by cooling with the cold test stand. 
3) Change the calibration kit to the open, short, load 

and through terminations and repeat above. 
4) Calculate the calibration coefficients at each 

temperature with the measured s-parameters [3]. 
5) Measure the s-parameters of the samples at each 

temperature. 
6) Calibrate the sample s-parameters with the calculated 

calibration coefficients. 
7) Calculate the complex permittivity and permeability 

with the calibrated sample s-parameters. 
Eight ferrite samples are measured as shown in Table 1.  

Figure 1 and 2 show the frequency dependence of 
imaginary part of the ferrite permeability measured at 
280K and 80 K.  Though the frequency dependences of 
the ferrite samples are almost similar at 280 K, the ferrite 
samples show the quite different properties at 80 K. 

The old-type IB004 supplied by TDK Corporation has 
been used for KEKB.  The new-type IB004 is ridded of 
lead from the old-type IB004 to satisfy the RoHS criteria 
and adjusted to keep the property equivalent.  Figure 3 
shows the temperature dependence of permeability for 
new-type IB004.  The permeability increases with the 
lower temperature except at the low frequency.   This 
temperature dependence is suitable for the HOM absorber 
installed in the cryomodule. 

Figure 4 shows the temperature dependence of Co2Z 
permeability.  Permeability decreases for the low 
frequency and increases for the high frequency with the 
lower temperature. 

 

OPTIMIZATION OF HOM ABSORBER 
SHAPE 

The HOM absorber shape was optimized to achieve the 
HOM loss as much as possible. The ferrite Q-value was 
defined to evaluate the HOM loss at the ferrite in a similar 
way of the cavity Q-value. 

 
Table 1: List of ferrite samples 

Type Supplier Product 

old-type IB004 TDK 
Corporation new-type IB004 

Co2Z 

Ferrite50 

TT2-111 

TT2-4000 

Trans-tech 
Inc 

TT86-6000 

Ferrite  

Nikko Co.   
 

___________________________________________  
#sawamura.masaru@jaea.go.jp 
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Figure 2: Frequency dependence of ferrite permeability
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Figure 3: Temperature dependence of imaginary part of 
new-type IB004 permeability. 
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CFISH was used to calculate the ferrite loss.  The 
ferrite Q-values varied with the beam pipe length after the 
ferrite even though the ferrite shape is fixed as shown in 
Fig. 5.  
  The end of beam pipe determines the boundary condition 
of the standing wave.  When the electro-magnetic wave 
transmits through the ferrite due to the insufficient 
absorption, the wave is reflected at the end of the beam 
pipe and passes through the ferrite again.  The phases of 
the first and the second incident waves vary and the nodes 
of the standing wave shift with the beam pipe length. In 
our calculation the maximum Q-value is chosen as the 
ferrite Q-value while changing the beam pipe length with 
the fixed condition of the ferrite.  Since this ferrite Q-
value is the worst case of the beam pipe condition, the 
actual ferrite Q-value is expected to be lower than the 
calculated one  

  TM011 mode was used to calculate the ferrite loss with 
CFISH.  The beam pipe length was varied up to 20 cm 
apart from the ferrite end by 1 cm step.  The ferrite 
permittivity and permeability is εr=10.34-0.0046 j and 
μr=0.188-5.5 j of old-type IB004 at 2.2 GHz.   
  Figure 6 shows the calculation of the ferrite Q-value as a 
function of the ferrite length with the ferrite thickness of 2 .

Proceedings of SRF2009, Berlin, Germany THPPO050

08 Ancillary systems

699



 

0

50000

100000

150000

200000

250000

35 40 45 50 55 60 65

5cm
6cm
7cm
8cm
9cm
10cm
11cm

fe
rr

it
e 

Q

Ferrite position from end-cell iris (cm)  
Figure 6: Calculation of ferrite length dependence of 
ferrite Q-value. 
 

0

20000

40000

60000

80000

100000

120000

140000

35 40 45 50 55 60 65

1mm

2mm

3mm

4mm

5mm

fe
rr

it
e 

Q

Ferrite position from end-cell iris (cm)  
Figure 7: Calculation of ferrite thickness dependence of 
ferrite Q-value. 
 

102

103

104

105

35 40 45 50 55 60 65

1/9 Pi
2/9 Pi
3/9 Pi
5/9 Pi
6/9 Pi
7/9 Pi

fe
rr

ite
 Q

Position from End-Cell Iris (cm)  
Figure 8: Calculation of TM011-mode dependence of 
ferrite Q-value. 

mm.  The ferrite Q-value decreases as the ferrite length 
increases.  The minimum Q-value and the ferrite position 
for this value are almost same.  As the ferrite becomes 
longer, the difference between the maximum and the 
minimum gets smaller.  The difference becomes less than 
30 % over the ferrite length of 8 cm.   
  Figure 7 shows the calculation of the dependence of the 
ferrite thickness with the ferrite length of 10 cm.  Though 
the thicker ferrite makes the minimum ferrite Q-value 
smaller, the difference between the maximum and the 

minimum becomes larger.  This means that the thicker 
ferrite realizes the large absorption in good condition and 
the small absorption in bad condition.  The thicker ferrite 
increases the mismatch of the propagating HOM and 
reflection at the ferrite.  This results in decrease of the 
ferrite loss. 
  Figure 8 shows the calculation of the dependence of the 
TM011-mode with the ferrite length of 10 cm and 
thickness of 2 mm.  The Q-values vary periodically.  The 
position of minimum Q-value and the period are different 
with the modes.  The ferrite is required to be installed at 
the position where the Q-value becomes minimum for the 
highest Q-value mode. 

MODEL OF HOM ABSORBER 
The model of the HOM absorber is under design and 

fabrication with the results of the above measurement and 
calculation.  HIP (Hot Isostatic Press) can bond the ferrite 
and the copper base firmly.  This HIP process is adopted 
to prevent from the ferrite falling off from the HOM 
absorber.  The bellows are used to increase allowance of 
the flange connection and the heat shrink.  The comb-type 
RF bridge is adopted at the beam pipe connected with the 
bellows [4]. This comb-type RF bridge has advantages of 
low impedance and small heat conductance compared 
with the finger-type RF connector.  The layout of the 
HOM absorber is shown in Fig.9.  

 

CONCLUSION 
The frequency and temperature dependence of the RF 

absorber were measured.  The new-type IB004 is chosen 
for our HOM absorber material due to good property at 
low temperature.  

 

 

HIP ferrite 

4K Thermal Anchor 

80K Thermal Anchor 

Comb-type RF bridge 

 
Figure 9: Layout of HOM absorber model 
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The calculation of the ferrite loss shows that 8 cm 
length and 2 mm thickness is enough to achieve large 
ferrite loss.   

The frequency and temperature property of HIPped 
ferrite is going to measure.  The HOM absorber models 
without and with ferrite are under fabrication.  The HOM 
absorber without ferrite will be used for the test of 
cooling capability.  The HOM absorber with ferrite will 
be used for the test of HOM damping property and ferrite 
mechanical tolerance for low temperature and heat cycle 
from room temperature to 80 K. 
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SIMPLE MULTICHANNEL PHASE SUPERVISING CIRCUIT AT ELBE 

M. Kuntzsch#, H. Büttig, P. Michel, R. Schurig, G. Staats 
Forschungszentrum Dresden-Rossendorf, Dresden, Germany

Abstract 

For good operating the ELBE linear accelerator it is 
essential to have RF signals with high phase stability and 
purity on all cavities and buncher RF signals. Therefore a 
large number of low level RF control loops are used. But 
sometimes problems with these circuits occur. For further 
investigations a multichannel phase supervising device is 
required to have knowledge of phase noise and long term 
drifts. The circuit under development at ELBE allows the 
simultaneous phase measurement of up to 32 signals of 
1.3GHz (accelerator), 260MHz (buncher) or 13MHz 
(gun) frequency with 2deg accuracy. Using an 
additionally 1.3GHz PLL locked to the 13MHz master 
oscillator (OCXO) of the machine as reference, the phase 
measurement device is completely independent to the 
circuits used in the accelerator low level RF. Under 
normal conditions a programmable logic controller 
(SIMATIC) is used for data acquisition. This leads to 
approx. 5 measurements per second for all channels. But 
the measurement device is much faster, feeding the 
signals to a National Instruments PXI-6115 12-Bit, 
10MS/s/channel simultaneous sampling multifunction 
DAQ card, enables also microphonic and phase noise 
measurements up to 10 kHz. First measurements have 
shown very sophisticating results. 

INTRODUCTION 
Figure 1 shows the ELBE linear accelerator with two 

cryogenic modules, the RF power amplifiers and the 
LLRF-system. These components building up severe 
control loops used to steer the phase inside the 
superconducting cavities accelerating electrons. For 
proper operation it is essential to have correct phase 
values driving the cavities on crest. Therefore a very high 
effort was driven in the LLRF-system. For supervising 
this system the presented multichannel phase 
measurement system was developed. This system consists 
at this time on two different phase measurement circuits, 
a 1.3GHz four channel module for the accelerator and a 
260MHZ four channel module for the Buncher. In near 
future it is planned to extend the system further for gun 
phase measurement at 13MHz. 

 

Figure 1: Overview of ELBE with two cryogenic modules, the RF power amplifiers and the LLRF-system building up 
the control loops. In red the deriving of measurement and reference signals and the new phase measurement system. 

1.3GHz MODULE 
The 1.3 GHz phase detection module circuit shown in 

Figure 2 is based on the integrated phase and amplitude 
detector AD8302 from Analog Devices [1]. This 
integrated circuit delivers an dc voltage proportional to 
the phase shift between the measurement and the 
reference signal. The reference signal was derived from 
the master oscillator by an additionally PLL and a 1 to 8 
Wilkinson splitter. Therefore it is independently from the 
normal frequency generation circuits.  

___________________________________________  
#m.kuntzsch@fzd.de 
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Figure 2: Schematic of 1.3GHz module. 

260MHz MODULE 
In a second step a 260MHz phase detection module was 

developed. For this purpose the 1.3 GHz module was 
extended by a frequency conversion circuit shown in 
Figure 3. By this circuit the 260 MHz input signal was 
first amplified and limited with an AD8309 [2]. Then this 
signal was multiplied by two anti-parallel diodes [3] and 
the fifth harmonics was taken by a ceramic resonator 
filter. After this the signal was amplified and given to the 
input of the AD8302. For testing purposes an additionally 
directional coupler was added. 

Figure 3: Schematic of 260MHz module. 

 

MEASURMENT RESULTS 
In the time of developing the system a lot of 

measurements are done. At this place only the results of a 
final measurement are shown. For this the unit is 
compared to a 20GS/s Tektronix scope and an Agilent 
PNA network analyser. Figure 4 shows measured and 
reference phase at this test bench.  

 

Figure 4: Reference and Measured Phase. 
 

For better viewing the measurement error in Figure 5 was 
extracted. 

Figure 5: Phase measurement error over 90 deg. 
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Figure 6: Prototype Front view. 

 

Figure 7: Prototype rear view. 

CONCLUSION 
In Fig. 6 and 7 resp. the front and rear view of the 

developing prototype are shown. The phase measurement 
unit is in normal operation at the ELBE linear accelerator 
for about 4 weeks and also proper integrated in the ELBE 
software operating system. Table 1 gives short 
conclusions of the reached values. 

In near future the unit should be extended with more 
channels and also be used for the new SRF-gun at ELBE. 
First tests for this application are already done. 
 

Table 1: Results 

Phase Measurement Range -75 deg to +75 deg 
Operating Frequencies 260 MHz; 1.3 GHz 

Measurement Error < 2° 

Time Resolution 4 µs 

REFERENCES 
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ILC CRAB CAVITY VERTICAL TEST RESULTS 

P. Goudket, C. Beard, R. Buckley, S. Pattalwar, B. Fell, J.L. Fernandez-Hernando, P. McIntosh 
ASTeC/Cockcroft Institute, STFC, Daresbury, UK, P. K. Ambattu, G. Burt, B. Hall,  

Abstract

A superconducting RF vertical test facility (VTF) has 
been constructed at Daresbury Laboratory to enable the 
commissioning of an ILC Crab Cavity LLRF Control 
System. Two single cell 3.9 GHz dipole mode cavities 
were tested simulataneously to enable the evaluation of 
the control system. Careful tuning of the cavities for 
frequency and external Q factors enabled a low noise 
reference oscillator to be utilised. Several tests have 
been performed throughout the past 12 months, each 
test enabling a much improved system performance. 
The system is described, and the latest performance of 
the system is presented. 

EXPERIMENTAL SET-UP 
The experimental set-up was described in previous 

reports [1,2]. Briefly, it consists of a magnetically 
shielded vertical helium vessel containing both cavities 
at 4.2K. A Labview interface allows us to monitor and 
log temperature, helium level and gas flows. A pump 
allows us to cool the system down to 2K when 
required. 

Cavities 
The cavities used are single-cell 3.9GHz niobium 

dipole mode cavities, manufactured by Niowave Inc. 
Coupling into the cavities is done by antennae 
penetrating off-axis through the beam-pipes. Two 
cavities were used, designated C1 and C3. 

Figure 1: Cavity and coupler configuration. 

The coupler lengths were determined by simulation 
and improved after taking transmission parameter 
measurements. The coupling factors were fine-tuned 
by careful adjustment of the flanges in the cleanroom 
in order to achieve the desired external Q values. This 
operation was quite time-consuming due to the 
sensitivity of the relationship between the antenna 
position and the coupling. 

Frequency ning 
The cavity frequencies were pre-tuned by stretching 

them in a purpose built rig. The target warm frequency 

was 3.8941GHz, which was chosen to account for the 
frequency shift that occurs due to vacuum and 
operation at 4K. The desired cold frequency was 
3.9003GHz, which gives some margin for the cold 
tuners to operate. 

Early measurements emphasised the need to 
carefully control the frequencies of the cavities during 
measurements. As such, the design was improved upon 
subsequently to the initial tests. The tuners can only 
compress the cavity (thereby shifting the dipole mode 
frequency downwards), and care must be taken during 
the experiment not to exceed the elastic limit of the 
cavities to avoid any plastic deformation beyond the 
operating frequency of 3.9GHz. The tuners were 
designed to apply up to 2000N of force on the load-
cells, which allow a frequency shift of up to 10MHz 
and theoretically a fine-tuning accuracy down to 10Hz 
by the addition of grams of weight on the lever arms.  

Figure 2: View of the cells in the cryostat and detail of 
the cavities, tuner arms and load-cells. 

In order to phase lock two cavities it is necessary for 
their natural frequencies to be relatively close with 
respect to their bandwidth. An accurate prediction of 
the cavity frequency to within a few tens of Hertz at 
4.2 K is not possible while the cavities are at room 
temperature, where the cavity bandwidths are about 2 
MHz. As described above, the resonant frequency also 
shifts as the cavity cools. In order to tune the cavities 
for phase locking a tuner range of several MHz is 
required. The longitudinal tuning sensitivity of our 
cavity is 17.4 MHz mm-1. This means that 17 kHz 
corresponds to a movement of 1 m. Ideally the tuner 
must give tuning stability at the level of 10% of the 

I. Tahir, A. Dexter  Cockcroft Institute, Lancaster University, Lancaster, UK 
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cavity bandwidth. For bandwidths near to 1 kHz the 
tuning mechanism must be smooth with steps not 
exceeding 6 nm. The tuning mechanism as 
implemented showed some friction and limited 
smoothness to steps exceeding 60 nm, hence 
throughout the tests we had considerable difficulty 
tuning the cavities to within 1 kHz frequency.  

Consideration of tuning drift from cable expansion is 
also of interest. The linear expansion of the steel cable 
at 4.2 K is extremely small ( << 1  10-6 K-1). There 
were however about 0.5 metres of cable in a transition 
region between 100 K and 300 K. The average thermal 

expansion of steel in this range is about 8  10-6 K-1

hence when the average temperature of this part of the 
cable fluctuates by 0.5 K then the length change is 
about 2 m. The leverage ratio between cable 
movement and cavity movement was 1:3 hence for this 
0.5 K fluctuation we get a movement of 600 nm. Using 
the tuning sensitivity of 17.4 MHz mm-1 a 0.5 K 
fluctuation equates to a tune shift of 10 kHz. Cavity 
frequency shifts of this magnitude were observed and 
added to the difficulty running the experiment. 

 Figure 3: LLRF system used for November 2008 tests 

PHASE CONTROL RESULTS 
Phase Noise Floor 

The required phasing accuracy for the ILC crab 
cavities with respect to each other is 0.125 degrees 
r.m.s. at 3.9 GHz which corresponds to a timing 
accuracy of 90 fs. One distinctive feature of the control 
system used for the tests is the use of Hittite 
HMC439QS16G digital phase detectors on the phase 

detector boards shown in Figure 3. These detectors 
were investigated as their linearity offer advantages 
with respect to system calibration. Their phase jitter 
performance however is significantly worse than 
double balanced mixers. The phase noise at 1280 MHz 
is about -135 dBc/Hz and is relatively flat with offset. 
Noise in 1 MHz bandwidth is about -80 dBc. 
corresponding to an r.m.s. phase jitter of 1.41  10-4

radians = 8 milli-degrees and a timing jitter of 17 fs. 
This is quite large but still significantly less than the 
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ILC crab cavity to cavity timing requirement. 
Frequencies greater than 1 MHz have virtually no 
effect on the cavity phase jitter performance where a 
superconducting cavity with a bandwidth near to or 
less than 1 kHz is used.  

Digital phase detectors only operate up to a 
frequency of 1.3 GHz hence they must be used either 
after down conversion or with frequency dividers. 
Down conversion adds the complexity of generating 
multiple phase locked frequencies. For simplicity we 
chose to divide the frequency using HMC437MS 
dividers; these generate an additional 2 milli-degrees 
r.m.s. phase jitter at 1.3 GHz. The big drawback of 
frequency dividers is that the phase gets divided hence 
8 milli-degrees of phase jitter at 1.3 GHz implies 
24 milli-degrees of phase jitter at 3.9 GHz. The LLRF 
system in figure 3 with its interferometer uses four 
digital phase detectors. Assuming that their noise is 
uncorrelated they will contribute 48 milli-degrees of 
phase jitter at 3.9 GHz. The dividers will add a further 
2.82 milli-degrees hence the system will performance 
is not expected to exceed 51 milli-degrees of phase 
jitter. Another source of jitter is the digitization error. 
The sixteen bit ADCs used have just 13 significant bits 
on a sample to sample basis. Without averaging, we 
nominally resolve the angular range into 8192 levels. 
For convenience of obtaining the lock we mapped 100o

at 3.9 GHz to the 8192 levels hence the digitization 
error for two uncorrelated channels is approximately 9 
milli-degrees. 

When the experiment was conceived we anticipated 
that both cavities would have identical Q factors and 
hence the time delay of signals through the cavities 
would be identical. In this situation source noise would 
be unimportant with respect to cavity to cavity jitter. 
Unfortunately the probe couplers did not permit 
accurate enough adjustment and cavity Qs were never 
identical. 1/f source noise combined with differing 
cavity transit times gave an additional contribution to 
the noise. 

November 0
The November 08 tests gave relatively poor results 

as a result of a failure of the double balanced mixer in 
the cryostat shown in Figure 3 and a poor choice of 
external Q factors. The consequence was very low 
output signals from both cavities and a cross coupling 
of -10dB. In spite of this it was still possible to lock 
both cavities and make cavity to cavity phase 
measurements [3].  

The cryostat assembly was quite sensitive to 
vibrations. Normal speech 2 meters from the cryostat 
produced microphonics at a level of 1 degree pk-pk. A 
small loudspeaker was attached to the cryostat to 
generate controllable microphonics. Control system 
performance for a single cavity was recorded against 
controlled microphonics up to several kHz and is 
shown is Figure 4. 
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Figure 4: Control system performance for 
microphonics at different frequencies. 

Cavity Parameters, April 2009 
Our final tests were conducted in April 2009. For 

these tests the double balanced mixer was placed 
outside the cryostat to avoid a repeat of the previous 
difficulties. Cavity bandwidths were reduced and 
output signals increased. Data for the cavities is given 
in Table 1. 

Cavity 1 Cavity 2 
Cavity bandwidth 2710 Hz 2270 Hz 
Q loaded 1.439e6 1.718e6 
Q external (input) 2.215e6 2.546e6 
Q external (output) 1.264e8 1.277e8 
Qo 4.245e6 5.511e6 
R/Q 53 W 53 W 
Amplifier power 7 W 7 W 
Cable losses (each way) -5 dB -5 dB 
Forward power into cavity 2.21 W 2.21 W 
Peak cavity voltage 36639 V 32900 V 
Power dissipated in cavity 1.86 W 1.95 W 
Energy stored in cavity 0.42 mJ 0.34 mJ 
Output to probe at cavity 80.4 mW 65.5 mW 
Output from probe after 
cable

14.05 dBm 13.16 dBm 

Table 1: Experimental parameters 

At the start of the tests it was found that the Rhode 
and Schwarz Signal Generator SMA100A had 
developed a software fault after exposure to X-rays in a 
separate experiment. The April test commenced with a 
Vectron 10 MHz oscillator stabilizing a MITEQ DRO 
narrow band oscillator BCO-10-03900-4-1-12P. Figure 
5 gives the relative phase noise performance of the two 
oscillators. 

  8 Tests
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Source noise for Rhode & Schwarz SMA and Miteq DRO
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Figure 5: Source noise comparison, Rhode and 
Schwarz SMA-100 (purple) and MITEQ DRO (blue). 

Figure 6: Cavity output spectrum with noisy source and 
off tune cavity. 

The additional 20 dB of noise at 10 kHz was 
immediately visible when the output spectrum of the 
cavity was observed as shown in Figure 6 and whilst 
unwelcome, the second peak made cavity tuning very 
easy.

Cavity to Cavity Phase Jitter Measurements 
Cavity to cavity phase jitter measurements were 

made with a double balance mixer for both sources, 

cavity to cavity jitter measurements were made without 
the interferometer and cavity to source jitter 
measurements were made on cavity 1. The bandwidth 
for the measurements was about 1 MHz, results are 
given in Table 2. 

In the table note that the third row gives the cavity to 
cavity jitter when the controllers are off. In this 
instance the cavities are driven from the same source 
and no additional microphonics are induced over the 
background level. With the addition of induced 
microphonics this value increases dramatically whilst 
for the other entries where the controllers are on, phase 
jitter barely increases at all. The additional cavity to 
cavity phase jitter for measurements with the MITEQ 
source as compared with the Rhode and Schwarz 
source is about 20 milli-degrees. This value is 
consistent with the difference in cavity bandwidths and 
the phase noise plots of figure 5. We have estimated 
that the MITEQ source should add 35 milli-degrees of 
jitter whilst the Rhode and Schwarz source will only 
add 10 milli-degrees of jitter. 

For the Rhode and Schwarz source the best cavity to 
cavity phase jitter performance that we might 
anticipate (with our Q factor imbalance) is about 70 
milli-degrees and for the MITEQ source about 95 
milli-degrees. 

Source Period Jitter (degrees) 
1 Cavity to cavity control on Vectron & Miteq 300 secs 0.123
2 Cavity to cavity control on Vectron & Miteq 10 secs 0.108
3 Cavity to cavity control off R&S SMA100A 10 secs 0.7942
4 Cavity to cavity control on  R&S SMA100A 10 secs 0.0852
5 Cavity to cavity control on R&S SMA100A 0.05 secs 0.07428 
6 Cavity to cavity no interferometer R&S SMA100A 10 secs 0.0888
7 Cavity to cavity no interferometer R&S SMA100A 0.05 secs 0.0763
8 Cavity1 to source R&S SMA100A 0.05 secs 0.0576
9 Cavity1 to source R&S SMA100A 10 secs 0.0600

Table 2: Jitter measurements made with a double balanced mixer 

The last two rows gives cavity to source jitter using 
the Rhode and Schwarz source. Figure 5 suggests that a 
contribution of 25 milli-degrees will come from 
comparing the source with itself after passage through 
a cavity with bandwidth 2.7 kHz. This means that 
about 33 milli-degrees comes from phase detector 
noise, divider noise and digitization error. This 
compares well with our estimate of 24 milli-degrees 
from the phase detector, 2 milli-degrees from the 

Rows 6 and 7 of Table 2 give values when the 
interferometer is disconnected and the source feeds 
directly to the two controllers. In this situation two of 
the digital phase detectors are not in use hence the 
phase control performance might be expected to 
improve, surprisingly it did not, however we had made 
no attempt to shield RF cables from vibration. 
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divider and 6 milli-degrees from digitization (one 
channel).

Conclusion
Using a very simple control system we have been 

able to meet the phase control tolerance for the ILC 
crab cavity system for a pair of cavities in a vertical 
test facility. Further improvement might easily be 
achieved by use of digital down conversion and better 
matching of bandwidths. Reduction of the digitization 
error can be achieved either by averaging, or using 
ADCs with lower clock speeds, or using fast 24 bit 
ADCs or switching ranges once the cavity has locked.  

FUTURE PLANS FOR SRF 
INFRASTRUCTURE 

The current infrastructure used for superconducting 
RF tests suffers from several limitations. The current 
location of the cleanroom is not ideal, as there is no 
space for expansion, vertically or laterally. More space 
would enable us to add such facilities as BCP stands, a 
dedicated High Pressure Rinsing stand, and more space 
for cavity strings. The vertical test dewar’s location is 
not ideal either, as it is impractical to shield it 
completely and a 2 metre maximum length of 
structures that can be inserted is limited by the 
maximum crane height. 

Figure 7: Schematic of proposed Outer Hall layout. 

The former SRS Outer Hall is the location chosen for 
the new superconducting RF facility. The Outer Hall is 
a large area with 20t crane support. The new facilities 
will include an expanded cleanroom with space for a 
self-contained buffered chemical polishing cubicle and 
a high pressure rinse stand. The layout of the 
cleanroom will also be optimised, and allow for the 
assembly of cavity strings. 

Figure 8: Shielding design for the vertical test pits. 

The vertical test facility will also be moved into pits 
dug into pre-existing service tunnels in the floor. It is 
planned that the vertical test stand will be covered by a 
rail mounted lead-lined concrete radiation shield. 
Cryogenic support will be provided to the testing area, 
which would give more flexibility in terms of testing. 

The area will also have the space, shielding and 
power sources to perform high power tests of 
cryomodules. As such, it is planned that we will be 

able to take cavities as received from the manufacturer 
and integrate them into a cryomodule assembly, 
performing all the steps required in-house. 

CONCLUSION 
The vertical cryostat facility allowed us to carry out 

low power tests on two superconducting cavities. 
Continual improvements to the tuning system and 
noise environment allowed us to achieve good 
conditions for the low level RF tests. 

The tests allowed us to verify the performance of the 
phase control system on real cavities set with realistic 
values of the input and output external Q factors. The 
performance of the control system was shown to be 
able to meet the desired specifications. 

The experience from this series of tests also enabled 
us to design the future test facility in the best possible 
conditions. 
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INSTRUMENTATION AND CONTROL SYSTEM FOR  
THE INTERNATIONAL ERL CRYOMODULE 
S M. Pattalwar, R. Bate, G. Cox, P.A. McIntosh and A. Oates,  

STFC, Daresbury Laboratory, Warrington, UK 

 
Abstract 

ALICE is a prototype ERL accelerator that is being 
developed at STFC Daresbury Laboratory, UK. Recently 
it has successfully demonstrated the energy recovery 
technique by accelerating an electron beam to more than 
30 MeV. A new superconducting LINAC cryomodule is 
being developed for the operation in CW mode with high 
average beam current. ALICE will be used as a test bed 
for this new cryomodule, which will utilise cold helium 
gas to cool the radiation shield, HOM absorbers and the 
thermal intercepts for the high power RF input couplers as 
opposed to liquid nitrogen. The additional cooling power 
required at 80 K and 5 K will be provided by COOL-IT (a 
system for cooling to intermediate temperatures). All 
these modifications would require new instrumentation 
for diagnostics and control of the additional cryogenic 
processes, which will be integrated with the existing 
Linde cryogenic control system for ALICE. In this paper 
we present an overview of the additional instrumentation 
requirement with associated integration scheme. 

INTRODUCTION 
ALICE [1], a prototype accelerator developed at the 

Daresbury Laboratory UK, has successfully demonstrated 
the energy-recovery technique by circulating the electron 
beam to 30 MeV. At the heart of ALICE is a 
superconducting LINAC operating at 2 K [2]. Proposed 
future accelerators [3, 4] demand high beam intensities 
and high repetition rates, which can only be achieved by 
operating the SRF cavities in CW (continuous wave) 
mode. In order to develop the necessary technology to 
meet these demands a prototype cryomodule is being 
developed through an international collaboration project 
[5]. The cryogenic performance of this prototype 
cryomodule will be tested at ALICE, albeit at low average 
beam currents. The ERL cryomodule will incorporate the 
HOM absorbers, demanding additional cooling power 
required at 80 K and 5 K which will be provided by cold 
gaseous streams of helium. The existing cryogenic system 
for ALICE (see Figure. 1) does not have a provision to 
supply gaseous helium at the required temperatures and 
flow and COOL-IT [6], a system for cooling to 
intermediate temperatures, has been developed to meet 
the additional cooling power demand. The new ERL 
cryomodule and COOL-IT will be integrated with the 
existing cryogenic system for ALICE. An additional 
instrumentation system is being developed for diagnostics 

Figure 1: Schematic of the cryogenic system for ALICE with COOL-IT. Components inside the box with dashed 
border are the parts of the existing cryo-system for ALICE. The heat exchanger, transfer lines TLx and TLy are the 
components of COOL-IT. 

.
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and control. This paper gives an overview of the 
instrumentation system. 

SYSTEM DESCRIPTION 
The cryogenic system for ALICE consists of a warm 

compressor, a 200-W TCF-50 Linde helium liquefier, a 
1500-liters liquid helium dewar, a 2-K heat exchanger and 
a set of vacuum pumps for 2-K operation. (See Figure. 1) 

Additional Heat Exchanger 
The approach to the COOL-IT design was chosen 

such that 1) it will have minimum interference with the 
existing cryogenic process, 2) no modifications will be 
required to the existing cryo-plant, and 3) if necessary it 
would be possible to isolate it from the existing system 
with minimum efforts at a short notice. With this 
approach it was decided to design an independent unit, 
shown as the heat-exchanger box (see Figure .2) 
consisting of a set of 4 heat exchangers cooled by liquid 
helium and liquid nitrogen. This box can be isolated from 
the main system with the valves V1 and V2 (see Figure 
1). Warm gas at a pressure between 4 bar and 12 bar 
follows a process path starting at ‘a’ at the compressor 
end, through b, c, d…. and returns back to the compressor 
at ‘m’. On the way it is cooled progressively by four heat 
exchangers to 5 K. The cold gases are transported to the 
cryomodule via a compound transfer line, TLx, to cool the 
HOM-load and RF coupler intercepts and the thermal 
shield. The transfer line TLx consists of four process 
pipes, two supply and two return, for the gas supplies at 5 
K and 80 K, respectively. 

 
Figure 2: COOL-IT heat exchanger box. 

. 

The maximum heat-load values for the cryomodule at 
5 K and 80 K have been estimated to be 1.5 W and 175 W 
respectively. The compressor has a capacity to handle 

more than 100-g/s flow of helium gas, out of which about 
80-g/s is being used by the existing system. COOL-IT is 
estimated to use less than 10-g/s. 

Cooling Loops Inside the Cryomodule 
The temperature of the central HOM will be used as a 

primary control parameter for controlling the cooling 
power provided by COOL-IT.  A single gas stream flows 
through the system with the components at 5 K and 80 K 
configured in series (see figure 3).  The 5-K thermal 
intercepts on three HOM absorbers (connected in 
parallel), are first to cool. The 5-K intercepts on the 
couplers are cooled through thermal straps. The 80-K 
loops on the three HOM absorbers (connected in parallel) 
are cooled next. 80-K intercepts on the couplers are also 
cooled through thermal straps.  Finally the gas flows 
through the radiation shield and returns to the COOL-IT 
heat exchanger-3. On the way it cools the thermal shield 
of the compound transfer line TLx. Since the 5-K and 80-
K components are connected in series the cooling power 
available at 5 K is much higher than required. However a 
control algorithm will be developed to create interrupts 
and interlocks with other temperature sensors for fault 
analysis and control. 

 

Figure 3: Cooling loops configuration inside the ERL 
cryomodule. 
 
 Process Control and Data Acquisition 

Figure 4 shows the P & ID developed for process 
control. All the critical locations in the system will be 
monitored by several temperature sensors, pressure 
transmitters and cryogenic level sensors for diagnostic 
and control purposes. 100-ohm platinum RTDs will be 
used for monitoring the temperatures higher than 50 K. A 
combination of Cernox, TVO, RhFe and CLTS 
thermometers will be used for temperature below 50 K. 
Two 8 channel Lakeshore temperature monitors model 
218 are used for temperature measurements. Cryogen 
level control is achieved by using American Magnetics 
models 136 and 186. The existing instrumentation and 
control system for 2 K operation will be used as is and an 
independent instrumentation system has been developed 
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for the additional processes. All the hardware will be 
accommodated in a single instrument rack located close to 
the cryomodule. Figure 5 shows a schematic for the 
hardware used for COOL-IT instrumentation. A DAQ 
system has been developed using LINUX with a 
WINDOWS based scheme to map the process parameters.  

The DAQ scheme employs EPICS 3.14.10 running on 
Scientific LINUX PC. The DAQ equipment is connected 
to the PC via USB-Serial converters or ADAM network 
based analogue signal conversion. EPICS channel 
archiver is used to record the process parameters for 
further analysis. 

 Figure 4: P&ID for the intermediate cooling process 
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Figure  5:Hardware  schematic  for  COOL-IT  

 

INITIAL TESTS  
COOL-IT has been manufactured by AS Scientific 

(UK) based on the design provided by the Daresbury 
Laboratory. Figure 6 shows COOL-IT during assembly at 
the factory. 

  
 

Figure 6: COOL-IT heat exchanger during assembly. 
 

The preliminary performance of COOL-IT with full 
instrumentation has been verified by conducting tests 
using liquid helium and nitrogen from storage vessels at 
the factory. See Figures 7 and 8. With by-pass 
connections between 5-K and 6-K ports as well as 
between 80-K and 90-K ports, the heat exchanger 
performed as desired with the inlet pressures between 3 
and 5 bar which is the expected operating range for final 
operation. Due to the pressure changes in the liquid 
helium supply dewar and subsequent variations in the 
liquid flow it was difficult to control the liquid helium 
level in the reservoir inside COOL-IT.  In the absence of 
the cryomodule and the compressor the full process could 
not verified with extended operation but it was possible to 
establish the operating range for gas flow and pressures. 
Actual process optimisation will be undertaken at the time 
of commissioning of the ERL cryomodule with ALICE.  

  
 
Figure 7: COOL-IT under acceptance tests at AS 
Scientific (UK). 
 

  
Figure 8: Instrumentation tests with COOL-IT at AS 
Scientific (UK). 
 

 

instrumentation. 
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Figure 9 shows the synoptic display (screen shots 
captured during the tests). It uses a Microsoft .NET client 
application. This client application communicates a ‘.NET 
Channel Access’ interface developed at the STFC’s 
Daresbury Laboratory [7]. 

 

 

SUMMARY 
 The main purpose of developing COOL-IT is to 

provide the cooling power using helium gas at 
intermediate temperatures to cool the HOM absorbers, RF 
couplers and the radiation shield of a cryomodule. The 
HOM absorbers are the critical components which may 
demand cooling power as high as 175 W at 80 K. The 
cooling power will be controlled by adjusting the flow 
through a single control valve. The design allows the 
installation and operation of COOL-IT independent of the 
existing cryogenic system. An instrumentation system has 
also been developed for data acquisition and control of the 
cryogenic process with COOL-IT.  Initial performance of 
the COOL-IT with instrumentation independent of the 
cryomodule has been tested successfully. It will be 
integrated and commissioned with ALICE during in the 
summer 2010 with the new ERL cryomodule.  
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TRIUMF, Vancouver, Canada 

 
 

Abstract 
   Solid state amplifiers are being used for linear 
accelerators at TRIUMF which are either being upgraded 
or under development. The Radioactive Ion Beam (RIB) 
facility at ISAC II which is being upgraded with 
additional 20 quarter wave superconducting bulk niobium 
cavities will employ twenty 141 MHz solid state 
amplifiers. A 650 MHz solid state amplifier for electron 
gun development and an 1.3 GHz solid state amplifier for 
characterization of an elliptical superconducting niobium 
cavity are being used for the 50 MeV electron linac being 
planned at TRIUMF.  
 

 
INTRODUCTION 

 
 ISAC II superconducting linac is being upgraded with 
addition of 20 MV accelerating potential. Twenty new 
solid state amplifiers will provide rf power for additional 
twenty quarter wave superconducting cavities operating 
at 141 MHz for the ISAC Radioactive Ion Beam (RIB) 
facility [1]. These solid state amplifiers have maximum 
output power capability of 600 watts cw although around 
200 watts will be required for regular beam operation. 
600 watts is required for cavity conditioning. TRIUMF 
has also proposed a 10mA, 50 MeV E-linac to be built at 
TRIUMF [2] and is in process of funding by the Federal 
government. The electron gun of the E-linac operates at 
650 MHz and employs gridded thermionic source with rf 
modulation. The rf modulation of the gun is provided by a 
200 watts rf amplifier. The main E-linac accelerating 
structure employs multi cell cavities which operate at 
1300 MHz. The total beam power of 500 kW will be  
provided by suitable rf generators. A 500 watt 1.3 GHz 
cw amplifier is being purchased in order to characterize 
both single cell and multi-cell  elliptical superconducting 
niobium cavities. 

 
 RF POWER AMPLIFIERS 

  
Three different solid state amplifiers from three different 
manufacturers will be described in this paper. The 141 
MHz, 600 watts cw amplifier for ISAC II 
superconducting linac, 650 MHz, 200 watts cw amplifier 
for the rf gun and 1.3 GHz, 500 watts cw for E-linac are 
bought from different manufacturers and have been tested 

to the specified maximum output power. Both amplitude 
and phase linearity have been measured for all of them   

 

141 MHz Solid State Amplifier 
 
These amplifiers have been manufactured by QEI, NJ, 
USA with TRIUMF specification after a  prototype was 
tested extensively [3]. Twelve of these units have been 
received and remaining 8 are expected soon. The 
amplifiers are all tested thoroughly and have met the 
required specification. Measurement results are reported 
for six out of twelve amplifiers. Figure 1 shows  output 
power for different  input drives. They all have a gain  > 
60 dB. Figure 2 shows the phase linearity of these 
amplifiers. Table 1 shows the measured and specified 
values of gain and phase linearity. 
  

Power Output Vs Input
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Figure 1: The power output vs input drive power for six 
amplifiers. 

  
Phase Variation with Output Power
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Figure 2: The phase variation as a function of  output 
power for the same set of amplifiers  

The solid state amplifiers have been successfully used to 
condition  and characterize quarter wave superconducting 
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cavities for ISAC II SCC. Preliminary test of a SCC 
cavity  is shown in figure 3.  
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Fig. 3 . Q-curve after RF conditioning (1) and He RF 
conditioning (2) 
 

 
Figure 4: Four amplifiers installed in the power supply 
room in their final position 
 
Table 1: Measured and specified values of gain and phase 
linearity 

Parameters Value 
Specified 

Value 
Achieved 

Over all Gain 55 ± 2 dB 63 ± 1.8 dB 
Gain linearity from 1 
to 250 Watts 

< ± 0.5 dB 1 to 400 W 

Gain linearity from 
250 to 600 Watts 

<± 2.0 dB > 400 W 

Phase linearity from 1 
to 250 Watts 

< ± 50 1 to 300 W 

Phase linearity from  
250 to 600 Watts 

< ± 200 > 300 W 

 
 
 

650 MHz Solid State Amplifier 
 
The gridded thermionic source with rf modulation for E-
linac uses a 650 MHz rf amplifier. The rf amplitude and  
dc bias on the grid of the gun determine the bunch length 
of the beam emitted from the gun. The amplifier, as 
shown in figure 5,  has been specified with a voltage 
controlled attenuator  such that the rf can be modulated at 
1 KHz with varying duty ratio. The amplifier has been 
tested with different dc voltage on the modulator. Figure 6 
shows the family of graphs that can be used to operate the 
amplifier to optimize the performance of the rf gun. An 
Agilent Arbitrary Waveform generator provides the 
modulating frequency and duty cycle for the pulse which 
will be programmed  via EPICS control system for remote 
operation. The amplifier has been manufactured by 
Amplifier Systems Inc, USA and has been fully tested for 
rf performance against the specification. The over all gain 
of the amplifier is 57±0.2 dB,  specified minimum gain 
was 53 dB. The maximum power output of 180 watts  is 
obtained with input drive at - 4.5 dBm and 12 V dc 
voltage on the modulator. However the Agilent generator 
can only provide 10 V peak, hence during pulse operation 
the maximum output power of the amplifier  is reduced to 
150 W.  Since the rf gun requires about 100 watts, this 
reduction in power is not a concern. 
 

 
Figure 5: Photo of 650 MHz amplifier 

 
 

650 MHz Amplifier Performance
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Figure 6: Gain characteristic of 650 MHz amplifier with 
dc modulation voltage  
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1.3 GHz Amplifier 
 
The main E-linac accelerating structure uses  both single 
cells and multi cell cavities operating at 1300 MHz. 
Presently, single cell cavities are being characterized 
using 1.3 GHz solid state amplifier. For single cell 
conditioning, less than   100 watts is sufficient however 
for multi cell cavities, 500 watt amplifier will be useful 
for initial characterization. This amplifier has been 
procured from Dirk Fischer Elektronik, Germany and has 
been tested to meet the rf specifications. The amplitude 
and phase response of the amplifier is shown in figure 7. 
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Figure 7: 1.3 GHz amplifier test on a 50 Ohm   dummy load 
 

M easured Gain and Phase  Linearity
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Figure 8: Gain and phase characteristics of the 1300 MHz, 
500 Watt CW amplifier 
 

SUMMARY 
 
All the rf amplifiers have been tested on a 50  dummy 
load  to full rated output power and they have met both 
amplitude and phase linearity requirements and attained 
minimum gain as specified. Both 141 MHz and 1.3 GHz 
solid state amplifiers showed  tendency of oscillation 
when tested with superconducting  cavities. This 
oscillation is due to impedance mismatch between the 

input of the amplifier and the output of the LLRF control 
system. A 10 dB pad in the input of the amplifiers 
resolved the problem of oscillation. Further investigation 
will be made to improve the impedance matching of the 
amplifiers.
 

 
Figure 9: Photo of 1.3 GHz amplifier 

 
Safety System 
 
The ISAC Safety System ensures that the additional 
twenty 141 MHz rf amplifiers for ISAC-II SCC (high beta 
linac)  meet the same safety that was implemented when 
twenty 106 MHz were installed for ISAC-II  medium beta 
linac. Thus, in total there will be 40 amplifiers for ISAC II 
superconducting linac which will be daisy chained.  
Functional Requirements for the safety interface are: 
First, the RF amplifiers must provide a single, reliable 
VAULT RF OFF closed contact to the ISAC Safety 
System for use in the previously approved access control 
interlocks. Second, the ISAC Safety System must provide 
a +24 Vdc VAULT RF SAFETY ENABLED signal to 
ISAC II RF. The loss of the signal must reliably trip all 
RF amplifiers OFF and prevent them from turned on. 
Third, ISAC Control system will provide a VAULT RF 
SAFETY ENABLE REQUEST contact to the ISAC 
Safety System at the end of one bay. The REQUEST 
signal will be generated for a short period and then 
removed. All the amplifiers in ISAC II linac are 
controlled and monitored through EPICS control system.  
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PRESSURE SAFETY OF JLAB 12GEV UPGRADE CRYOMODULE* 
G. Cheng#, M. Wiseman, Jefferson Lab, Newport News, VA, U.S.A. 

E. Daly, ITER Organization,

Abstract 
This paper reviews pressure safety considerations, per 

the US Department of Energy (DOE) 10CFR851 Final 
Rule [1], which are being implemented during 
construction of the 100 Megavolt Cryomodule (C100 
CM) for Jefferson Lab’s 12 GeV Upgrade Project. The 
C100 CM contains several essential subsystems that 
require pressure safety measures: piping in the supply and 
return end cans, piping in the thermal shield and the 
helium headers, the helium vessel assembly which 
includes high RRR niobium cavities, the end cans, and the 
vacuum vessel. Due to the vessel sizes and pressure 
ranges, applicable national consensus code rules are 
applied. When national consensus codes are not 
applicable, equivalent design and fabrication approaches 
are identified and implemented.  Considerations for 
design, material qualification, fabrication, inspection and 
examination are summarized. In addition, JLAB’s 
methodologies for implementation of the 10 CFR 851 
requirements are described. 

PRESSURE SYSTEMS IN C100 CM 
The C100 CM design is based on other cryomodules 

that JLAB has designed/fabricated/tested in the past, such 
as the original CEBAF cryomodule, the Renascence 
cryomodule, etc. To abide by the DOE 10CFR851 Final 
Rule, JLAB established a counterpart chapter in the 
ES&H manual on pressure systems safety [2]. The ES&H 
manual requires design authorities to identify pressure 
systems and apply national consensus codes in 
design/fabrication/testing of such systems. In the C100 
CM, it is determined that the following piping systems are 
pressure piping covered by ASME B31.3 code [3]: 1) 
piping in the copper thermal shield assembly, 2) piping in 
the primary and secondary (or shield) circuits of end cans, 
and 3) supply and return headers. The helium vessel 
assembly consisting of a 316L stainless steel outer 
pressure boundary and a high RRR niobium inner 
pressure boundary is considered to be a pressure vessel 
that is covered by ASME Boiler & Pressure Vessel Code 
(BPVC), Section VIII rules [4]. The vacuum boundaries 
of the end cans and vacuum vessel are pressure systems 
that are not covered by ASME codes due to pressure 
range. A series of JLAB Technical Notes (TN) have been 
written to document the design analyses that were done 
on the above-mentioned pressure systems per the 
applicable ASME codes. Statements of Work (SOWs) for 
these systems have been prepared for manufacturers to 
abide by during the fabrication and testing to ensure 

compliance with ASME code requirements. All 
subsystems of the C100 CM are currently in the 
procurement process. The following paragraphs 
summarize the design efforts on them. 

END CAN PIPING 
Detailed ASME B31.3 design of the C100 CM end can 

piping is presented in JLAB-TN-07-056 [5]. Four piping 
subsystems, the primary and shielding circuits in the 
supply and return end cans, are examined per ASME 
B31.3 rules on five aspects: (1) straight pipe minimum 
wall thickness,  (2) strength of branch connections, (3) 
pipe fittings pressure design, (4) pressure relieving, and 
(5) piping system flexibility, stress, and support. The 
primary and shielding circuits have internal design 
pressures of 5 atm and 10 atm, respectively.  Gaseous and 
liquid helium of nominal 2K temperature is flowing in the 
primary circuit and 35K-50K helium gas is flowing in the 
shielding circuit. Due to the pressure and temperature 
range, both types of circuits are performing normal fluid 
service per B31.3 definition. Fabrication and assembly of 
these piping systems are also analyzed; in particular, the 
weld throat sizes are checked to assure their meeting 
pertinent B31.3 requirements.  

B31.3 paragraph 304.1.2(a) equation (3a) is employed 
to calculate the minimum required wall thickness for 
straight pipes under internal pressure.  All straight pipes 
in the end can piping are found to have more than 
sufficient wall thicknesses. The ratios (or safety factors) 
of actual pipe wall thicknesses versus required 
thicknesses are mostly greater than 10, with only four 
such ratios falling between 2.7 and 9. According to B31.3 
paragraph 304.3.2, branch connection strength 
verification is waived since the run pipe wall thicknesses 
are sufficiently in excess of that required to sustain 
pressure. ASME B16.9 compliant pipe fittings are 
generally used in these circuits. Pressure relief devices are 
installed in the piping systems with conservative pressure 
settings. ASME B31.3 paragraph 319.4.1 equation (16) is 
used repetitively to evaluate each subsystem to see if a 
formal system flexibility analysis is required. It is found 
that none of these systems demands such analysis. In 
conclusion, all of the piping in the end cans meets the 
design requirements of B31.3, with most having generous 
factors of safety.  

THERMAL SHIELD CIRCUIT PIPING 
The thermal shield circuit piping B31.3 analysis is 

summarized in JLAB-TN-07-079 [6]. The thermal shield 
circuit designs of the original CEBAF and upgrade 
cryomodules are very similar. The shield circuit cools the 
nominal 50K thermal shield.  The design pressure for the 
shield circuit is 10 atm. The operating temperature range 

 ___________________________________________  
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is between 35K and 50K. Hence, this circuit performs 
normal fluid service. The B31.3 design procedure for this 
circuit is similar to that applied to end can piping systems. 
The wall thicknesses of the copper and stainless steel 
tubes are found to be at least 8 times thicker than what 
B31.3 code requires. Bellows and braided flex hoses are 
used to strain-relieve the thermal shield circuit piping. 
The thermal shield circuit piping design is considered to 
be conservative. 

SUPPLY AND RETURN HEADERS 
Two JLAB technical notes [7-8] address the design of 

C100 CM supply and return headers (also called 
cryogenic circuit) per ASME B31.3. An earlier design [7] 
adopts B16.9 compliant tees to transition from headers to 
the helium vessel. Initially, there was an intention to use 
SCH 5S pipes to reduce material cost. Subsequent 
investigations revealed that B16.9 tees reduce the margin 
between headers and helium vessel too much and SCH 5S 
piping is not easy to procure. Then the later JLAB TN [8] 
analyzed the updated design that uses straight piping 
branches in lieu of B16.9 tees and SCH 10 pipes. The 
design pressure and temperature for supply and return 
headers are 5 atm and 2K, respectively. 

 

 
Figure 1: Finite element model of the cryogenic circuit. 

Compared to the end can and thermal shield piping 
design analyses, two issues are specially emphasized in 
the headers’ B31.3 design: a formal system flexibility 
analysis (see B31.3 paragraph 319.4) taking into account 
the thrust forces generated in the bellows, and bellows 
design per ASME BPVC Section VIII, Division 1, 
mandatory Appendix 26.  

For the system flexibility analysis, the main purpose is 
to evaluate stresses in the piping system. The B31.3 code 
differentiates stresses caused by thermal load from those 
resulting from pressure and gravity loads. The former is 
termed “displacement stress” and the latter “sustained 
load stress.” Both types of stresses shall be quantified and 
compared to their corresponding allowable values per 
B31.3. The supply/return headers, liquid level assembly 
pipes, and helium vessel are all made of the same type of 
stainless steel. Therefore, a negligible amount of thermal 
stress will exist in the pipe line; i.e., the displacement 

stresses due to differential thermal contractions are close 
to nil.  

There are seven 5.63" OD bellows in the return header 
and seven 1.36" OD bellows in the supply header. Once 
pressurized, these bellows will produce “thrust forces,” 
which will induce bending moments in the cryogenic 
circuit that is anchored to the helium vessel. It is clear that 
such sustained load-induced stresses in the supply and 
return headers must be evaluated. A finite element model, 
as shown in Figure 1, is created in ANSYS® to facilitate 
the stress analysis in the cryogenic circuit. Note that 
although the finite element code yields all kinds of stress 
results, such as von Mises stress, principal stresses and 
normal stresses, B31.3 actually has its unique definitions 
(refer to B31.3 paragraph 319.4.4 and Appendix P) of 
bending stress, Sb; torsional stress, St; and the manner to 
combine stresses due to axial load, bending, and torsion. 
Stress intensification factors are introduced in these 
definitions, and the code allows adjustment of allowable 
stress (refer to B31.3 paragraph 302.3.5) in consideration 
of stress range factor f, allowable stress at minimum metal 
temperature Sc, allowable stress at maximum metal 
temperature Sh, and longitudinal stress SL. For the C100 
CM cryogenic circuit, the combined load stress per B31.3 
definition is found to be much lower than [8] the adjusted 
allowable stress permitted by B31.3: for the supply 
header, the calculated stress is 6% of the adjusted 
allowable stress; for the return header, the calculated 
stress is 15% of the adjusted allowable.  

One important conclusion that can be drawn from such 
a low stress state is that the Charpy impact tests can be 
waived: B31.3 Table 323.2.2 Note (3) gives conditions 
when impact testing can be waived, but the temperature 
range given in this note does not cover the extremely low 
2K temperature that the C100 CM cryogenic circuit 
operates at. DOE 10CFR851, Appendix A, Section 4(c) 
requires protection equivalent to or greater than that 
afforded by ASME or applicable state or local codes. In 
the spirit of this, the ASME BPVC Section VIII, Division 
1, UHA-51(g) “Exemption From Impact Testing Because 
of Low Stress” rule is applied and Charpy impact tests are 
waived for the C100 CM cryogenic circuit.  

For the bellows design, ASME B31.3 Appendices F 
and X outline the basic requirements of expansion joint 
design and manufacturing. The designer's main 
responsibilities, as summarized from paragraph F304.7.4 
and paragraph X301, that are applicable to the supply and 
return headers include: specifying loading conditions, 
design of main anchors, bellows stress verification, and 
bellows instability check. Bellows stress and instability 
verifications were carried out per the 2007 ASME Boiler 
and Pressure Vessel Code Section VIII, Division I, 
Appendix 26. The applicable formulas are cited from 
chapter 26-6 "Design of U-Shaped Unreinforced 
Bellows." Pressure induced circumferential and 
meridional membrane, bending, membrane plus bending 
stresses, as well as instability were all examined. It was 
found that both the 5.63" OD and 1.36" OD bellows are 
safe while subjected to 5 atm internal pressure. The 
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cryomodule does not undergo many thermal cycles during 
its lifetime. Typically, the cryomodule is predicted to 
operate for 40 years with one thermal cycle per year. 
Allowing for certain safety margins, a conservative 
estimation of the maximum number of cycles is 100. The 
bellows fatigue design is thus not deemed to be critical. 
Nevertheless, bellows fatigue design is addressed in 
JLAB-TN-07-051.  

VACUUM VESSEL DESIGN 
Strictly speaking, the C100 CM vacuum vessel is not 

covered by ASME BPVC code due to the fact that the 
external pressure is 14.7 psi. However, per 10CFR851 [1] 
and JLAB ES&H [2], it was decided to design it in 
accordance with ASME BPVC Section VIII Division 1 
rules. Three JLAB TNs [9-11] are written on the vacuum 
vessel design per BPVC. From a structural point of view, 
the vacuum vessel is subjected to a combination of 
pressure and structural loads. Pressure loads include 
either internal or external pressure. Structual loads include 
weight from the end cans, weight of the spaceframe 
assembly including components attached to the 
spaceframe, its own weight, and the weight of accessories 
such as waveguides. The vessel has multiple openings, 
such as waveguide ports, instrumentation ports, an access 
port, a tuner port, etc. The design pressures on the 
vacuum vessel are 1 atm external and 2 atm internal. The 
BPVC code design of the vacuum vessel includes the 
following major steps: 1) determination of the required 
minimum thickness of the vacuum vessel shell subjected 
to internal/external pressure, 2) determination of whether 
reinforcement areas are needed at interfaces of major 
openings for internal and external pressure loading cases, 
3) verification of the reinforcing rings’ required moment 
of inertia per UG-29 and weld sizing, and 4) lockdown 
studs’ strength verification. The lockdown studs are used 
to join the spaceframe assembly and the vacuum vessel. 
During transportation, it is assumed that there may be 4g 
vertical or 2g axial accelerations to the vacuum vessel. 
The strength of the vessel and studs under such g-forces 
needs to be verified.  

The first step was accomplished by creating a finite 
element model as illustrated in Figure 2. ASME BPVC 
Section VIII Division 1 UG-23(c) requires evaluation of 
the maximum general primary membrane stress, Pm, and 
the combined maximum primary membrane stress plus 
primary bending stress, Pm + Pb. The definitions of such 
stresses from Division 2 are adopted in JLAB-TN-09-029 
[11] and the stress linearization procedure as stated in 
Division 2, Part 5, Annex 5.A.4.1.2, is  implemented to 
calculate the required Pm and Pm + Pb. In fact, the 
minimum vessel thickness enforced by Division 1 UG-
16(b), i.e., 1/16", is selected as an initial guess of the 
required minimum vessel thickness. Stress results show 
that with 1/16" wall thickness, either the Pm or the Pm + Pb 
does not exceed 10,000 psi for both internal and external 
pressure loadings. Therefore, the required vacuum vessel 
minimum thickness is 1/16". The actual vacuum vessel 
shell thickness is 0.25". The Pm and Pm + Pb are found to 

be less than 2,100 psi for 0.25" vacuum vessel shell and 
thus the shell thickness is sufficient.  

The reinforcement area determination for all openings 
is done by following the procedure set forth in BPVC 
Section VIII, Division 1, UG-37. This code analysis 
triggers the determination of the required thickness of a 
seamless nozzle wall, trn,which is dictated by rules in UG-
16(b), UG-45(a), (b), and (c). For the C100 CM vacuum 
vessel openings, a systematic procedure is set up in a  
Microsoft Excel® worksheet, and it is found that no 
openings require additional reinforcement.  

 

 
Figure 2: Finite element model of vacuum vessel. 

For reinforcing ring weld sizing, nodal forces from the 
finite element model are used as inputs. Weld strength 
verification was done by observing the distortion energy 
failure theory. Determination of the appropriate weld size 
for reinforcing rings needed a few iterations. In the end, 
all welds were determined to have a safety factor that is 
greater than 2.  

The lockdown studs were analyzed for the 
transportation loads as described and found to be 
adequate.  There is also a special demand for lockdown 
studs during assembly of the CM: to lift the spaceframe 
assembly with two studs and allow alignment activities. It 
is found that the thread stress is the driving factor in 
sizing these two studs. The robustness of welds between 
the stud caps and washers and between the washers and 
vacuum vessel shell was also verified.  

HELIUM VESSEL DESIGN 
The design pressures for the helium vessel (HV) are 5 

atm internal and 2 atm external. Pressure loading only 
exists when the CM is in normal operation, which means 
the HV is at 2K temperature. Figure 3 shows the design of 
C100 CM helium vessel assembly. Item 1 is a high RRR 
niobium cavity and the rest of the components are all 
made of 316L stainless steel.  

Niobium is not currently included in ASME BPVC. An 
investigation [12] on the use of niobium in the 
construction of pressure vessels is conducted. It is found 
that the niobium’s thermal and mechanical properties may 
change from batch to batch. Heat treatment significantly 
affects niobium’s properties. JLAB’s specification for 
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Figure 3: C100 CM helium vessel assembly containing high RRR cavity. 

 
high RRR niobium requires a minimum of 7,000 psi yield 
and 14,000 psi ultimate strengths, respectively. To 
confirm that the niobium material used to build C100 
cavities meets these specifications, it is necessary to 
measure the important thermal and mechanical properties. 
Observing the requirements set forth in the ASME BPVC 
Section II’s “Guideline on the Approval of New Materials 
under the ASME Boiler and Pressure Vessel Code,” 
ASTM E8/E8M “Standard Test Methods for Tension 
Testing of Metallic Materials” and ASTM E1450 
“Standard Test Method for Tension Testing of Structural 
Alloys in Liquid Helium” shall be performed for at least 
three heats of each niobium product form.  

 

 
Figure 4: Spaceframe, HV, and Nitronic rods. 

The 316L stainless steel pressure boundary of the HV 
consists of HV head assembly (item 3), bellows (item 2), 
and HV shell assembly (item 4). The BPVC-required 
minimum wall thicknesses for stainless steel HV 
components are calculated and compared with actual 

design values in JLAB-TN-07-037 [13]. All wall 
thicknesses are found to be adequate. The requirement for 
reinforcement areas at the two HV-to-headers transition 
pipe openings is also analyzed, and it is found that no 
additional reinforcement is needed for either opening.  

The stress in the C100 CM HV is analyzed and results 
are documented in JLAB-TN-09-049 [14]. The HV head 
assembly is identified to withstand the primary portion of 
the mechanical loads transferred from upper, lower, and 
axial Nitronic rods [14-15]. Figure 4 illustrates the layout 
of the spaceframe (with one tube omitted for clarity), 
helium vessel, and Nitronic rods. The HV bellows is 
guided by tuners so that there is no concern of bellows 
squirming instability and it will absorb axial displacement 
without causing noticeable stress. The shell and transition 
pipes are mainly subjected to pressure loading. On each 
HV head assembly, there are two preloaded upper 
Nitronic rods and two lower rods. During normal 
operation, these Nitronic rods will contract and hence 
apply additional thermal contraction loads to the HV 
head. The two centering HV heads have two axial 
Nitronic rods: one at the top of the head assembly and the 
other at the bottom. These two axial rods will also 
contract and result in additional loads to the HV head 
assembly. Stresses in one HV head assembly are analysed 
by a 3-D finite element model. Both internal and external 
pressures are considered in two separate case studies. 
Figure 5 shows the von Mises stress in the head assembly 
when 5 atm internal pressure and loads from all Nitronic 
rods are applied to the head structure. The stress in the 
main body of the head assembly is below 20,000 psi. At 
some sharp corners, stress singularities [16] occurred. 
Stresses at these corners are not reliable and it is 
impossible for a finite element analysis to overcome the 
stress singularity problem in a rational manner. The peak 
stress from the external pressure loading case turns out to 
be even lower. It is deduced that such a low stress 

Axial rod 
Upper rod 

Lower rod 

Spaceframe

Helium vessel 
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condition allows the C100 CM HV stainless steel 
components to be exempt from Charpy impact tests , per 
ASME BPVC Section VIII, Division 1, UHA-51(g). 

 

 
Figure 5: Von Mises stress in HV head assembly. 

FABRICATION 
The vendors are required to abide by specifically 

developed SOWs in fabrication of all C100 CM 
components and subsystems. Weld Procedure 
Specifications (WPS), Welder Performance Qualifications 
(WPQ), and Procedure Qualification Records (PQR) per 
ASME BPVC Section IX are required to be submitted 
prior to fabrication. All vendors are required to observe 
either ASME B31.3 or BPVC rules during their 
fabrication activities. Quality control plans from vendors 
are reviewed to ensure compliance with ASME code 
requirements. Currently, receiving inspection travellers 
are being developed. 
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HIGH POWER RF TESTS ON WR650 PRE-STRESSED PLANAR WINDOWS* 

M. Stirbet#, R. Rimmer, T. Elliott, T. Powers, R. Walker, K. Davis, L. King 

JLAB, Newport News, VA 23606, U.S.A. 

Abstract 
A new planar, ceramic window intended to be used with 
WR650 waveguide fundamental power couplers at 1300 
MHz or 1500 MHz has been developed.  It is based on the 
pre-stressed planar window concept tested in PEP II and 
LEDA.  A test stand that made use of the 100kW CW 
1500 MHz RF system in the JLAB FEL was 
commissioned and used to apply up to 80 kW travelling 
wave to the windows.  Two different types of RF 
windows (brazed and diffusion bonded ceramics) with 
design specification of 50 kW CW in TW mode were 
successfully tested both as gas barrier (intended to operate 
up to 2 psi) and as a vacuum barrier.  The vacuum 
windows were able to maintain UHV quality vacuum and 
were successfully operated in the 10-9 mbar range.  An 
overview of the pre-stressed power windows, RF test 
stand, procedures and RF power testing results will be 
presented. 

PRE-STRESSED PLANAR WINDOW 
CONCEPT 

The RF power windows, when incorporated in 
waveguide couplers, are important devices operating 
under ultra-high vacuum which allow the transfer of the 
RF power to the superconducting accelerating cavities.  A 
robust high-power design has been adopted, based on the 
successful PEP-II and LEDA RF window. In this design, 
the ceramic is pre-stressed to reduce or eliminate the 
tensile stresses from RF heating [1], [2], [3].  This was 
achieved by careful choice of materials and tolerances 
and tight control over the brazing process.  Several 
windows have been produced and RF power tested at 
JLAB.  To high RF power test these components a 
mobile, room-temperature stand has been manufactured 
and used to perform RF conditioning on two pre-
compressed windows simultaneously.  The RF power 
used to perform these tests was delivered to a fully-
enclosed WR650 RF system, terminated with a high 
power RF load or, optionally, a variable short circuit. 

WINDOW DESIGN AND FABRICATION 
The RF design and fabrication of self-matched RF 

windows using alumina discs inserted in waveguides with 
different dimensions are largely described in [1], [2] and 
[3].  A similar approach, used to fabricate WR650 pre-
stressed windows, has been presented in [5] and is 
summarized in this paper. 

HFSS Simulations 
To determine ceramic dimensions, a High Frequency 

Structure Simulator (Ansoft HFSS) model with ceramic 
centered in a 1.5 inch thick iris plate, which had outer 
dimensions and hole patterns matching WR650 
waveguide was implemented and used.  To reduced the 
effects of variation in the electrical permittivity of the 
Al2O3, ceramic samples with different thickness and same 
diameter have been tested using a network analyzer set up 
to make Thru-Reflect-Line (TRL) measurements.  Based 
on these measurements a final thickness of 7.57 mm was 
chosen for the 1497 MHz ceramic.  

Window Components 

Al2O3 ceramics with thickness matching 1497 MHz in 
WR650 waveguide was brazed in a copper coated 
stainless steel ring.  A water cooling channel was 
included in the stainless steel ring which was used to 
remove the heat from the window.  After brazing, each 
window frame had a knife edge machined on its surface 
to mate with a standard 6 inch rotatable Conflat® flange. 

Brazing 
Brazing was done in a vacuum furnace using Au:Cu 

brazing alloy and an experimentally established 
temperature profile [1],[2],[3].  MoMn coating on the 
border of the ceramic and molybdenum keeper ring were 
used during brazing. 

Temperature and vacuum were continuously controlled 
and monitored during brazing. 

Another set of RF windows was produced using an 
alternative new method for ceramic bonding under 
compression (See Figure 1) developed at JLAB. 

 

Figure 1: JLAB’s pre-stressed planar window. 
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Low Power RF Measurements 
RF impedance matching was checked at different 

stages in window manufacturing process. TRL 
measurements using an Agilent 8753S network analyzer 
were performed after ceramic brazing, after machining 
the Conflat knife (using a low RF power fixture and 
standard WR650 waveguides), and with two RF pre-
stressed windows assembled on the test box. 

Anti-multipacting Coating 
A controlled, thin layer of chrome oxide was sputtered 

onto the vacuum side of the ceramic window to prevent 
multipacting, using an RF sputtering system and protocols 
developed at JLAB [6]. 

PREPARATION FOR RF TESTS  

Cleaning 
All components were degreased and cleaned for UHV 

requirements in an ultrasonic bath with 5% micro-clean 
detergent and then rinsed with deionised water, dried with 
dust-free nitrogen and stored in plastic bags filled with 
dry nitrogen until assembly on the test box. 

Window Assembly and Vacuum Leak Checks 
Window and instrumentation assembly on the test box 

was done in a class-100 clean room. Copper plated 
stainless steel rings with Bal Seal® type RF contacts on 
the air side and modified OFE copper gaskets on the 
vacuum side were used to assemble the ceramic window 
on the RF test box. 

Standard torque values were applied to tighten vacuum 
components and vacuum leak check was done using the 
residual gas analyzer (RGA) on the test cart.  A final 
check for leaks was done using a plastic bag filled with 
Helium gas covering all assembled components.  The 
RGA He gas trace monitored during this test was in the 
range of 10-12 Torr/sec. (See Figure 2). 

 
 
Figure 2: Vacuum leak check on pre-stressed windows 
assembled on RF test box. 

Baking 
Baking under vacuum of high RF power components is 

a recommended procedure which: a) minimizes the out-
gassing burden on the components submitted 
simultaneously to UHV and RF and b) identifies faulty 
components before going to the second step in the RF 
qualification process.  The real life on an RF power 
components has an obligatory pass through this 
procedure, which is done under vacuum, ramping the 
temperature with a gradient of about 10oC /hr up to 150 – 
200oC (critical temperature range if materials with 
different thermal expansion coefficients (CTE) are used), 
soaking at high temperature of 150 or 200oC for 24 hours 
and then cooling down the system to room temperature 
with a controlled gradient. 

Such procedures were successfully applied on similar 
components [3],[5].  A setup for bake with controlled 
temperature hot air was used (Figure 3) for pre-stressed 
windows assembled on the RF test box.  During baking, 
the vacuum leak tight brazed joint failed on several pre-
stressed windows, after reaching 150oC.  For these RF 
power tests, the pre-stressed RF windows were not baked. 

 
Figure 3: Test box with two pre-compressed windows 
ready to be baked under vacuum. 

RF POWER TEST STAND 
A mobile room-temperature test cart was manufactured 

and used to RF condition (under vacuum) two pre-
stressed windows simultaneously. 

The RF power generated by one 1497 MHz 100 kW 
CW klystron was applied to a fully-enclosed, RF shielded 
system terminated with a high power RF load or variable 
short circuit.  The test was limited to 80 kW travelling 
wave by the power rating of the terminating RF load. 

RF Stand Layout 
The high power RF generated by the klystron (normally 

used for cavity FEL01-4) was transferred via WR650 
waveguides to the test stand which had two RF power 
windows assembled on a test box operated under ultra 
high vacuum.  The RF power was measured at two 
locations: a pair of directional couplers positioned on the 
waveguide coming from the klystron, and a second pair of 
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directional couplers after the test cell and before the RF 
termination. 

As the JLAB free electron laser’s Personnel Safety 
System requires operation with pressurized waveguides, a 
gas barrier based on a pre-stressed window, operating at 
1.5 psi and water cooled with 2 gpm, was inserted before 
the E-bend feeding the RF to the test box (Figure 4). 

 
Figure 4: Pre-stressed windows used as gas barrier. 

 
A diagram for the test stand for room temperature 

conditioning and RF testing of the pre-compressed 
ceramic windows is shown in Figure 5. 

 
Figure 5: FEL 1500 MHz room temperature stand for 
pre-stressed windows testing. 

Test Cart  
The window test box was made from a WR650 copper 

plated stainless steel waveguide terminated with 1.5” 
thick octagonal flanges accommodating two compressed 
windows.  The length of the WR650 waveguide was 
determined by HFSS simulations and checked after 
machining by TRL measurements (S11 better than -27 dB 
at 1497 MHz) [4]. 

The test box is provided with instrumentation ports for:  
vacuum system, vacuum gauge, two electron pick up 
antennae, two sapphire optical view ports, fittings for 
water cooling of the flanges, temperature sensors and was 
fixed on a mobile cart. 

The test box was connected via bellows to a pumping 
system with preliminary pump, turbo-molecular pump, 
vacuum gauge and controller, and residual gas analyzer. 

Waveguide adapters (with view ports for arc detector 
on the air side of the windows) were used to insert the test 
cart in WR650 waveguide. 

Instrumentation 
During RF conditioning and power testing, in addition 

to RF controls, data regarding temperatures and cooling 
water flow, vacuum, electron activity, arc and IR 
detectors and FLIR camera were logged and used to 
modulate the RF power and/or used to provide machine 
protection interlocks for the test cart (See Figure 6.). 

Two view ports that were centered on the waveguide E-
bends just prior to the test cell, were used to monitor 
ceramic temperature using a FLIR camera or commercial 
IR sensors.  Standard K-type thermocouples were used for 
monitoring the temperature readings at different locations 
on the test stand during RF power tests.  Low 
conductivity cooling water interlocked using water flow-
meters, was used to provide cooling on the border of the 
ceramic, the test box flanges or RF terminating load. 

A fast RF-vacuum feedback module was used to safely 
perform RF power conditioning (in pulse or CW mode of 
operation) [5], [7]. 

 
Figure 6: FEL 1500 MHz room temperature stand for 
pre-compressed windows testing. 
 

Optical signals from arc detectors on the vacuum side 
as well as on the air side of each pre-stressed window 
were interlocked to the fast RF board to ensure 
component protection in case of arcing events.  A 
handheld calibrated portable unit was used to check for 
RF leakage out of the RF transmission lines and 
associated components prior using the system to perform 
high-power RF tests. 

EPICS and LabView Controls and Data 

The LLRF controls for the test stand were implemented 
in EPICS.  Standard CEBAF commissioning screens were 
used.  Standard CEBAF klystron interlocks affecting the 
LLRF drive were also enabled during these tests. 

Acquisition Programs 
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A LabView program was developed and used during 
commissioning and RF power tests to acquire various 
data: RF power, vacuum in the test box, electron activity, 
as well as temperature from the FLIR camera, IR sensors 
and K-type thermocouples. 

RF Test Stand Commissioning 
Commissioning was done in TW mode of operation, 

replacing the test box with a piece of WR650 waveguide. 
During commissioning, gas barriers with Kapton foil and 
pre-stressed RF window were tested.  The gas barrier with 
water cooled (2 gpm, inlet water temperature 35.5oC) pre-
stressed ceramic remained in place for all subsequent RF 
power tests.  Temperatures measured on the gas barrier 
with pre-stressed ceramic, at different locations (ceramic 
centre Tc, ceramic border Tbo, gas barrier flange Tfl) and 
RF power levels are summarized in Table 1 and Figure 7. 

Table 1: Temperatures measured on the pre-stressed  win- 
dow used as gas barrier. 

RF (kW) T(min) Tc(
oC) Tfl(

oC) Tbo(oC) 

25 60 61-70 49 60 
35 15 75-88 54 67.5 
51 45 100-125 72 89.9 
61 60 119-152 84 107.7 

 

 
Figure 7: Temperatures measured on pre-stressed 
window used as gas barrier at different power levels. (Tc 
(brown and yellow)), Tbo (green), Tfl (red). 

RF POWER TESTS 

RF Power Tests in TW Mode 
To perform RF power tests on the two pre-stressed 

windows assembled on the test box, conditioning was 
started in traveling wave (TW) mode.  This process was 
performed in pulse as well as in CW mode of operation, 
assisted by a fast RF feedback loop, which modulates the 
RF pulse amplitude as function of test box vacuum. 

A fast interlock system on the vacuum controller’s 
analog output switched RF off if the coupler vacuum 
exceeded 5x10-7

 mbar.  The RF permit was obtained after 
the vacuum pressure was better than 2x10-7

 mbar. 
After several hours of RF conditioning (See Figure 8), 

constant RF power was transmitted through the two 

windows without any vacuum activity for at least one 
hour at different power levels up to 60 kW (Figure 9). 

 
Figure 8: Conditioning in TW mode, RF vacuum 
feedback loop assisted. Upper traces are of RF power 
between 0 and 55 kW. Lower traces are vacuum signal 
(red) and vacuum feedback attenuator control signal 
(orange) arbitrary units. 

 
Figure 9: Constant CW RF power tests at different 
power levels in TW mode up to 60 kW.  Upper and lower 
plots same signals as Figure 8.  RF power traces 0 to 
70 kW. 

Temperature FLIR images of the ceramics were 
recorded while the system was operated in TW mode at 
different power levels.  Figure 10 displays temperature 
distribution on the ceramic while at 40 kW CW. 

 
Figure 10: FLIR image of the pre-stressed ceramic after 
one hour at 40 kW CW in TW mode.  Temperature range 
on the ceramic 42 – 66 oC. 

THPPO056 Proceedings of SRF2009, Berlin, Germany

08 Ancillary systems

726



RF Power Tests in SW Mode 
Tests in standing wave (SW) mode were performed in 

steps of forward RF power of 5 kW up to 30 kW, moving 
the short circuit over a distance greater than λ/2, without 
any vacuum activity (See Figure 11).  At 30 kW a 
vacuum outburst took place triggering molecular 
redistribution inside the box test. 

 
Figure 11: Ramping RF power in SW mode up to 30 
kW when a vacuum outburst took place.  Upper and lower 
plots same signals as Figure 8.  RF power traces 0 to 
32 kW.  

After this event, vacuum activity was present for 
different positions of the short circuit, however, the test 
was continued up to 25 kW fully reflected power, which 
has equivalent electric fields of 100 kW local peak power. 
(See Figure 12). 

 
Figure 12: RF power in SW mode up to 25 kW.  Upper 
traces RF power scaled 0 to 50 kW.  Lower traces are 
thermocouple based temperature readings scaled 20º C to 
110º C. 

INSPECTION AFTER RF POWER TESTS 

Pre-stressed Window as Gas Barrier 
The pre-stressed window fulfilled its role during all 

tests in travelling wave and standing wave modes.  Not 
being exposed simultaneously to RF and vacuum has 
provided important thermal response data for this type of 
windows.  No tracking or metal plating due to arcing 
discharges was observed after RF power testing. 

Brazed Pre-Stressed Windows 
The brazed pre-stressed window maintained vacuum 

during all RF power tests; the water cooled ceramic 
border had a stable temperature of 82oC after one hour 
CW at 60 kW.  No traces of arcing discharge were 
noticed after RF power testing. 

Compression Bonded Window Response 
The compression bonded window maintained vacuum 

during all RF power tests, the ceramic border without 
water cooling warmed up to a stable temperature of 106oC 
after one hour CW at 60 kW.  No traces of arcing 
discharge were noticed after RF power testing. 

CONCLUSIONS 
Simulation, manufacturing, and testing methods for 

pre-stressed RF ceramic windows were implemented at 
JLAB.  Several 1500 MHz ceramic windows were brazed 
or bonded and successfully tested as gas barrier and as RF 
power windows. 
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J. Sekutowicz, DESY, Hamburg, Germany 

 

 
Abstract 
   We have in the past reported about our efforts to 
develop a flangeable coaxial coupler for both HOM and 
fundamental coupling for 9-cell ILC-type cavities. The 
design of the coupler was done in a way, that the rf 
magnetic fields at the flange connection were minimized 
and only a field of <5 mT would be present for a magnetic 
field of 160 mT (Eacc ~ 35 MV/m) in the cavity. Even 
though we achieved reasonably high Q-values at low 
field, the cavity/coupler combination was limited to only 
~ 7 MV/m accelerating electric field in the cavity, where a 
thermally initiated degradation occurred. 
We believed that this limitation was caused by poor 
cooling of the shorting plate and inner tube in the coaxial 
coupler; therefore, we have improved the cooling 
conditions by drilling radial cooling channels into the 
shorting plate. This paper reports about our experiences 
with the modified conditions. 

INTRODUCTION 
   In the coaxial coupling (CC) scheme, shown in Fig. 1, 
all couplers are shielded by the inner tube, which is 
supported by the Nb disk welded to it and to the beam 
tube. The disk is an electric short in the coaxial line, 
which is formed by the inner and outer tubes, and thus 
separates electrically two mirrored coupling devices and 
neighboring cavities. The pair of mirrored coupling 
devices can be flanged between two cavities. The flanges 
are located ~35 mm apart from the end irises, at the 
positions where the standing wave of the magnetic field 
has its notch. The coaxial HOM couplers were originally 
developed for the 500 MHz HERA cavities in 1985 and 
later in the early 90’s they were scaled to 1300 MHz and 
adapted for the TESLA cavities [1]. The scheme fulfills 
also the specification for the ILC project, which is the 
TESLA successor, and can be used for the 
superconducting cavities in the main accelerator. 

______________________________________________   
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LLC under U.S. DOE Contract No. DE-AC05-06OR23177. The U.S. 
Government retains a non-exclusive, paid-up, irrevocable, world-wide 
license to publish or reproduce this manuscript for U.S. Government 
purposes 

 
 
  
 
  
 

Figure 1: FPC and HOM couplers in two mirrored coaxial 
coupling devices placed between two cavities (left) and 
cross-section of the coupling device (right). 
 
Our motivation to develop the CC scheme has been 
discussed comprehensively in [1]. Here, we recall some 
arguments. The CC scheme has the following advantages 
as compares to the standard TESLA scheme: 
 

• Field asymmetries and kicks from all couplers 
are small. 

• The distance between two cavities is shorter. 
• The body of the cavity stays cylindrically 

symmetric, which enables its fabrication by 
hydro-forming as a seamless device. 

• The interior of the coupling device and the 
cavities can be better cleaned before the final 
assembly. 

• The CC scheme provides for good damping of 
HOMs and for easy matching of the fundamental 
mode coupler.   
       

PREPARATION FOR TESTING 

   The Nb prototype of the CC device was built at TJNAF 
in 2008. The prototype is simplified compared to Fig. 1 
because it is equipped with only two HOM couplers and 
has no input coupler port. 
We chose a 1.6-cell SRF gun cavity, built in the frame of 
another superconducting R&D project, for the cold tests 
of the CC device. The cavity and CC device are shown in 
Fig.  2. 
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Figure 2: 1.6-cell SRF gun cavity and coaxial coupling 
device before the assembly. 
 
Both the CC device and cavity has electron beam welded 
conflat flanges, made of the NbZr alloy, for the 
superconducting connection. The cavity itself is made of 
large grain RRR niobium. We chose NbZr as flange 
material because of its good mechanical stability and its 
better superconducting properties in comparison to 
Nb55Ti as experimentally verified in ref [2]. However, 
the mechanical properties of the material we used for the 
CF flanges turned out to be too soft and the CF knife edge 
deformed when used with an annealed niobium gasket. 
Therefore, after each assembly the knife edge had to be 
“re-sharpened”; this procedure seemed to work reasonably 
well, since the niobium gasket is also the vacuum seal, 
which worked fine. On the other hand, as can be seen 
below, we experienced some variation in the low power 
Q-value, which we tend to attribute to variations in the 
knife edge/niobium gasket topography, resulting in a 
more or less lossy contact. Fig. 3 shows a close-up picture 
of the NbZr conflat flange and the niobium gasket after 
disassembly. 
 

 
 
Figure 3: Close-up pictures of NbZr knife edge and 
niobium gasket groove. Both surfaces are less than ideal. 

     

  CRYOGENIC TESTS 

   Here we report only about tests subsequent to the one’s 
reported in ref. 3. 
We have carried out three additional experiments since 
PAC 2009; all 3 employed single crystal, annealed 
niobium gaskets. For tests #2 and #3 cooling channels had 
been drilled radially into the shorting plate between inner 

and outer conductor as can be seen in Figure 4, whereas, 
test #1 was carried out without cooling channels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Modified coaxial coupler assembly with cooling 
channels; in test #2 channels were drilled every 30 
degrees, in test #3 every 15 degrees. 
 
Prior to each assembly, the knife edges on the cavity and 
the coaxial coupler assembly were mechanically “touched 
up” with a polishing stone usually used for deburring of 
lathe cutting tools. Both the conflat flanges and the 
mechanically polished niobium gaskets received a slight 
buffered chemical polishing treatment prior to assembly. 
Cavity and coaxial coupler were high pressure rinse and 
subsequently dried in our class 10 clean room prior to 
assembly. 
The test results are summarized in Figure 5, indicating 
that the cooling of the inner conductor is a problem in the 
original design and could be improved marginally by 
drilling radial cooling channels into the shorting plate 
between inner and outer conductor: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Results from tests with single crystal gaskets 
and improved cooling. 
 
In all tests we encountered some multipacting (MP) at low 
fields, which could be overcome by RF processing. The 
most severe MP occurred in test #2 and it took several 
hours to pass through the MP level. However, after 

Groove 
Knife edge 
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disassembly of the cavity we found some residue from 
masking tape; this contamination was accidentally 
overlooked during cavity preparation and assembly. 
Usually the MP processed in less than 30 min. 

 

SUMMARY AND OUTLOOK 

   Even though the concept of a flange-on connection of a 
coaxial coupling assembly onto a multi-cell cavity is 
rather straightforward and computer modeling as well as 
room temperature developments and tests provided 
excellent agreements, the practical implementation into a 
superconducting niobium assembly is not as easy. 
Our present experience/design confronted us with two 
problems: 

• The edges of the NbZr flanges are strongly 
deformed after each assembly and the material 
hardness of the material we used was below the 
expected value reported by the vendor. We 
subsequently learnt from the material supplier 
that the mechanical strength of the material 
strongly depends on the annealing conditions 
during material casting and rolling and can be 
improved. 

• The original design of the coaxial coupler 
components did not provide sufficient cooling to 
the shorting plate between inner and outer 
conductors. Some improvements were achieved 
with radial cooling channels, but these are not 
sufficient for the cw operation at high gradients.  

 
The way forward to better performance of the assembly 
will be a replacement of the present NbZr flanges with 
material of higher hardness, which will better withstand 
the pressures applied during the assembly with the gasket. 
If no deformation occurs, a re-work with a grinding stone 
as mentioned above would not be necessary and it should 
be possible to achieve a much better surface finish (see 
Fig. 3) on the knife edges during initial careful machining 
– this also applies to the Nb gaskets. In this case we 
expect a better reproducibility of the high Q-values- we 
attribute the present variation in Q-value to variations in 
the surface finish of knife edges and gaskets. 
The second modification needs to be an improvement of 
the shorting plate cooling, possibly by removing the 
“bridges” between the cooling channels and further 
thinning of the material. Additionally we might be able to 
construct the inner conductor as a double wall tube for 
better cooling. 
We plan to implement these modifications in the near 
future. 
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 Abstract 
In the last several months we have surface treated and 
cryogenically tested three TESLA-type 3-cell cavities, 
which had been manufactured at DESY as seamless 
assemblies by hydroforming. The cavities were completed 
at JLab with beam tube/flange assemblies. 
All three cavities performed very well after they had been 
post-purified with titanium at 1250C for 3 hrs. The 
cavities, two of which consisted of an end cell and 2 
center cells and one was a center cell assembly, achieved 
gradients of Eacc = 32 MV/m, 34 MV/m and 35 MV/m 
without quenches. The performance was limited by the 
appearance of the “Q-drop” in the absence of field 
emission. 

INTRODUCTION 
The technology of fabricating seamless multi-cell 
TESLA- type cavities has been perfected at DESY over 
the last several years in the context of the CARE program 
( “Coordinated Accelerator Research in Europe”) and it 
has been reported  in several papers [1-3]. Cavities 
fabricated within this program were available for 
evaluation; however, testing had to be deferred at DESY 
because of limited man power. Therefore, JLab offered to 
evaluate the performance of several of these cavities – not 
necessarily very unselfishly, because Jlab’s interest was 
also in learning about performance limitations for the 
seamless forming technology. 
A short summary of the forming technology follows: 

 
For hydroforming, one starts with a seamless tube of a 
diameter intermediate between iris and equator. During 
the computer controlled forming, a two-stage process 
takes place, namely a reduction of the tube diameter in the 
iris region and an expansion of the tube in the equator 
area. Considerations of surface roughness at the iris 
region for too much diameter reduction and work 
hardening at the equator for too much expansion 
determined a tube diameter of 130 mm to 150 mm to be 
the optimum for 1300 MHz TESLA/ILC type cavities. 
______________________________________________  
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The tube diameter reduction at the iris was optimized – 
after research into different methods such as hydraulic 
necking, electromagnetic strike necking and spinning – by 
using a specially profiled ring being moved in radial and 
axial directions. For this purpose a computer controlled 
hydraulic machine has been built, which is useable for up 
to 3-cell cavities.  
During hydraulic expansion of the equator region an 
internal pressure is applied to the tube and simultaneously 
an axial displacement, forming the tube into an external 
mold. The hydraulic expansion relies on the use of the 
correct relationship between applied internal pressure and 
axial displacement under the assumption that the plastic 
limit of the material is not exceeded, which would result 
in rupture. Material uniformity of the tubing and the 
experimentally determined stress-strain characteristics as 
well as simulation calculations are essential and have led 
to a successful development of the hydroforming 
technology. A hydroforming machine was specially built 
for the tube expansion. Since no tubing with uniform 
material properties were commercially available, much 
effort was invested in researching – in collaboration with 
industrial partners and scientific institutions – several tube 
forming technologies (spinning, back extrusion, forward 
extrusion, flow forming and deep drawing). A 
combination of spinning or deep drawing with flow 
forming gave the best results. In Fig. 1 a set of 
hydroformed 3-cell cavities is shown. 
 

 
 

Figure 1: Hydroformed 3-cell niobium cavities. 
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EXPERIMENTAL TEST PROCEDURES 
 

Preparation  for Testing 
After the hydroforming was completed at DESY, the 3-
cell units as shown in Fig. 1 were barrel polished also at 
DESY removing approximately 100 μm of material and 
subsequently sent to JLab for completion with beam pipes 
and for evaluation. One unit (cavity #1) consisted only of 
center cells and the two other units (cavity #2 and #3) 
were an end-cell with two center cells of a TESLA/ILC 9-
cell cavity shape.  
Beam pipes were welded on at the outside irises; 
subsequently it was attempted to tune the cavities to a flat 
field profile, neglecting to achieve a certain target 
frequency. The tuning turned out to be rather difficult; the 
cavities were quite stiff and “springy”, most likely from 
the massive mechanical deformation during the forming 
process. A stress relieving annealing step at 600 °C for 10 
h in high vacuum after app. 100 μm of material removal 
by BCP (Buffered Chemical Polishing: 1:1:1 ratio of 
nitric acid, hydrofluoric acid and phosphoric acid), 
softened the cavities appropriately and tuning could be 
accomplished. However, during the tuning attempts on 
cavity #1 , which had not been  stress relieved, the center 
cell of that unit was deformed more than intended. No 
attempt was made to re-shape this cell. 
Before describing in detail the various tests conducted 
with each cavity, Fig. 2 summarizes the cavity 
performances after a post-purification heat treatment at 
1250C for 3 hrs in a Ti box had been applied to all 3 
cavities. None of the cavities was limited by a “quench”, 
but rather by a degradation of the Q-value ( “Q-drop”) in 
the absence of field emission at accelerating gradients of 
Eacc = 32 MV/m, 34 MV/m and 35 MV/m for cavities #1, 
#2 and #3, respectively. 
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Figure 2: Performance of all 3-cell seamless cavities after 
post-purification at 1250C for 3 hrs. 
 
These performances are very astonishing and encouraging 
since they were achieved without electropolishing and the 
surface finish of the cavity interior is quite rough and 

irregular as can be seen in Fig. 3. The idea that excellent 
performances in cavities made from fine grain niobium 
can only be achieved with a very smooth/electropolished 
surface  is certainly contradicted by these results. 
 
 

 
 

 
 

Figure 3: Examples of interior cavity surfaces. 
 
Details about the Cavity Tests 
Prior to initial testing, the cavities were subjected to a 
final BCP treatment after the before mentioned annealing 
at 600C for 10 hrs, removing app. 50 μm of material from 
the interior surfaces, followed by high pressure ultrapure 
water rinsing (HPR),drying in a class 10 clean room and 
assembly of input beam line coupler/pumpout port and 
transmission probe. Because the units had no stiffeners 
between the cells, the cavities were assembled with 
external Ti-rods to avoid collapse under the vacuum load; 
Fig. 4 shows the assembly. 
 
Except for cavity #3 the other two cavities went through 
several  testing cycles prior to the post- purification heat 
treatments. Common to these tests were several 
observations: 
 

• High Q-values ( low residual resistances < 5 
nOhm)  at 2K 

• Material parameters as derived from the 
measurement of the temperature dependence of 
the surface resistance between 4.2K and 2K  
showed the typical values for the energy gap and 
the mean free path. 

• Difficulties to obtain clean ( field emission-free ) 
surfaces, which triggered additional high pressure 
rinses 
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• Once field emission was absent, the cavities 
showed the typical Q-drop around Eacc~16 
MV/m, corresponding to Hpeak ~ 70 mT, an 
unusually low value 

• As mentioned above, none of the cavities was 
limited by “Quench” 

 

 
 
Figure 4: 3-cell cavity attached to test stand with external 
support rods. The cavity is located in the clean room in 
front of a horizontal laminar flow system. 
 
 
As an example (not a-typical to this investigation, 
showing the experimental difficulties), the test series for 
cavity #2 is listed below: 

 
• Test #1: Low Q due to poor magnetic shielding in 

dewar, vacuum leak due to crack in flange 
 

• Test #2: Improved magnetic shielding, additional 
material removal, leak in superfluid helium, test at 
T> Tλ 
 

• Test #3: Cavity repaired by replacing cracked 
flange, add. BCP, vacuum leak 
 

• Test #4: New HPR after disassembly, vacuum 
pump failure on test stand, exposure of cavity to 
air, pump replacement, test aborted 
 

• Test #5: New HPR after disassembly, field 
emission starting at Eacc ~ 12 MV/m, stopped test 
 

• Test #6: New HPR after disassembly, some FE, 
but processed well 
 

• Test #7: Post-Purification at 1250 C for 3 hrs, 
additional BCP removing app. 50 μm 
 

The two successful tests ( #6 and # 7) are shown in Fig. 5: 
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Figure 5: Baseline test and post-purification test of 
cavity #2.  
 

Discussion of Results 
Whereas cavity #1 and cavity #2 experienced several 
testing cycles, for cavity #3 we just applied the 
“optimum” treatment developed for the other two cavities, 
namely post-purification and appropriate material 
removal, yielding the result shown in Fig. 2. In cavity #1 
and #2 significant improvements in Eacc and especially the 
onset of the Q-drop were realized. No attempt was made 
to reduce the Q-drop by “in situ” baking since earlier 
experiences throughout the community had indicated that 
fine grain niobium , treated by BCP, does not  respond 
well to baking at 120C. Improvements have been seen 
only on either large grain niobium surfaces after bcp 
(quite smooth) and electropolished poly-crystalline 
surfaces ( quite smooth). 
The post-purification heat treatment causes two 
modifications in the material, namely grain growth 
associated with reduction of stresses and improvement of 
the thermal conductivity. It has been argued and initial 
experimental data seem to show, that reduction of stresses 
in the material can reduce the trapping of magnetic flux 
lines, which in turn are being responsible for the “ hot 
spots” in the material, causing the “Q-drop” [4,5]. 
Additionally, the improved thermal conductivity might 
have prevented a “quenching” of the cavities at the 
achieved gradients. 
As a result of this investigation one can conclude that the 
seamless fabrication technology developed at DESY over 
several years is sound and mass production of cavity sub-
units (3-cell units) is quite feasible. In connection with a 
coaxial coupling scheme developed at Jlab/DESY [6] the 
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seamless cavity avenue might be a possibility to reduce 
the costs of a large installation such as the ILC by 
combining three 3-cell units to a 9-cell cavity. Such an 
assembly has been successfully fabricated [7] in the past. 
However, obviously more work for “confidence-building” 
is needed. 
 
Future Plans 
Because of the excellent cavity performances – none of 
the three cavities quenched, but all were limited by the 
“Q-drop” - we wanted to subject the cavities to 
electropolishing treatments and subsequent “in situ” 
baking to remove the Q-drop and find the performance 
limit of the cavities. However, it turned out that neither 
DESY nor Jlab are presently equipped to electropolish 3-
cell cavities; in addition, the hydroformed cavities have 
no stiffening rings (see Fig. 4 for stiffening during 
cryogenic testing) and we were afraid of deformations due 
to the weight of the acid. Therefore, our plan changed to 
combining the three 3-cell cavities to a fully equipped 9-
cell TESLA-type cavity with end groups and stiffening 
rings to be accomplished at DESY with industrial 
involvement and re-testing of this unit at Jlab after an  
electropolishing treatment. The fabrication of this unit 
might cause some difficulties, because all three cavities 
are presently at different frequencies and need to be tuned 
to the same frequencies to achieve a flat field profile. 
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Abstract 
We have electropolishing (EP) processed several multi-

cell cavities previously heavy buffered chemical polishing 
(BCP) etched. With a surprisingly light EP removal of 
less than 50 micron, all cavities have shown significant 
gradient and Q improvement. So far three cavities 
including two fine-grain niobium 7-cell CEBAF upgrade 
prototype cavities and one large-grain niobium 9-cell ILC 
cavities have been treated and tested. The two 7-cell 
cavities reached a quench limit (without field emission) of 
35 MV/m and 25 MV/m, respectively. Another 7-cell 
cavity has been treated and is under RF test. We give a 
summary of the test results.  

INTRODUCTION 
It is well known that EP processing improves the 

gradient performance of previously BCP etched niobium 
cavities. More than a decade ago, in single-cell cavity 
studies at KEK, a light EP removal of 10-50 µm following 
heavy BCP etching of 200-250 μm was found already 
sufficient for improving the gradient performance [1, 2]. 
Shortly after these single-cell cavity demonstration, in the 
year of 2001, the benefit of EP for improving gradient 
performance of previously heavy BCP etched multi-cell 
cavities were also shown in 9-cell as well as in 7-cell 
cavities [3, 4, 5]. With the discovery of the low temperature 
bake effect [6], a recipe for high performance cavity 
treatment has been established, namely EP followed by 
low temperature bake. It was commonly believed that, for 
a previously BCP etched multi-cell cavity, at least 65 μm 
of EP removal would be required for full advantage.  

An EP facility became available at Jefferson Lab in 
2003 [7]. In the past three years, extensive EP processing 
capability and expertise for ILC 9-cell cavities have been 
established for relatively reliable 9-cell processing up to 
42 MV/m [8]. This allowed us to re-examine the benefit 
of a light EP in a previously heavy BCP etched multi-cell 
cavity. A strong motivation is to explore the potential 
benefit of improving the Q value at an intermediate 
gradient (15-25 MV/m) by the high gradient recipe, 
namely a light EP followed by low temperature bake.     

7-cell CEBAF upgrade prototype cavities were chosen 
initially as some available cavities had been previously 
BCP etched and RF tested already. Another reason for 

choosing these cavities is that, for a CW SRF machine 
such as the 12 GeV CEBAF, a higher Q0 value at ~ 20 
MV/m reduces the cryogenic load and hence operation 
cost. In fact, EP processing was favorably considered in 
the year of 2002 as a “key” to meet the 12 GeV upgrade 
Q0 specification of 8×109 at 19.2 MV/m [9]. However, for 
some reason, in-house evaluation of EP processed 7-cell 
cavities with favorable results did not happen until the 
work in the last two years as reported here. In the mean 
time, JLab has built two large grain 9-cell ILC cavities 
[10]. Both were previously tested following BCP etching. 
One of them was chosen for light EP processing to assess 
its effect on the performance of large grain material.   

PROCESSING PROCEDURES 
Three previously BCP etched 7-cell fine-grain cavities 

(HG006, HG007 & HG008) were light EP processed. 
They were built as CEBAF upgrade prototype. The 
detailed cavity RF parameters and processing history can 
be found in [11, 12]. The processing resembles that for 
ILC 9-cell cavities and is consisted of the following steps: 

1. Tune field flatness. 
2. Ultrasonic cleaning. 
3. Light EP (30-50 µm removal at equator). 
4. Ultrasonic cleaning (2% Liquinox). 
5. HPR.  
6. Class-10 area drying. 
7. Class-10 assembly. 
8. Second HPR. 
9. Final class-10 area assembly. 
10. Slow pump down and leak check. 
11. Low-temperature bake out (120ºC 48 hours). 
12. RF test at 2 Kelvin. 

Some cavities were tested additionally before the low 
temperature bake treatment. Fig. 1 gives the process 
parameters of a typical 7-cell cavity light EP process.   

 
Figure 1: A typical light EP process of a 7-cell cavity.  
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RESULTS      

HG006  
Figure 2 shows the baseline performance as well as its 

performance after a light EP of 30 µm before and after a 
120 ºC 48 hours bake at 2.0 & 1.8 ºK. It should be noted 
that HG006 reached a maximum Eacc of 24 MV/m at Q0 of 
6×109 after initial BCP etching. Somehow its performance 
degraded with additional etching afterwards. In contrast, 
after 30 µm EP, the Q0 was already significantly improved 
even before low temperature bake. After baking at 120 ºC 
for 48 hours, both the gradient and Q0 were further 
improved. The maximum gradient was limited by 
available RF power. Finally, at 1.8 K, the low field Q0 was 
raised to > 2×1010 and the maximum gradient reached 35 
MV/m limited by hard quench. No X-ray was detected in 
any of these tests. 

 
Figure 2: Gradient and Q0 improvement of HG006 by a 
light EP processing of 30 µm removal and bake. 

 

HG007  
Figure 3 shows the baseline performance as well as the 

improvement of HG007 by a light EP of 35 µm and bake.  

 
Figure 3: Gradient and Q0 improvement of HG007 by a 
light EP processing of 35 µm removal and bake. 

Pass-band measurements suggested the end cells were 
responsible for the quench limit. High resolution optical 
inspection revealed an equator EBW weld defect (Fig. 4) 
in the end cell near the rectangular waveguide RF power 
coupler. This weld irregularity turned out to be caused by 
filament blown-off during fabrication. It is a strong 
candidate defect responsible for the quench limit at the 
highest gradient of 26 MV/m. 

    

 
Figure 4: Equator weld irregularity in end cell near the 
rectangular waveguide RF coupler in HG007. 

LG1   
Figure 5 shows the baseline performance as well as the 

improvement of LG1 by a light EP of 35 µm followed by 
a low temperature bake. 

 
Figure 5: Gradient and Q0 improvement of LG1 by a light 
EP processing of 35 µm removal and bake. 
 

Pass-band measurements suggested the center cell was 
responsible for the quench limit. All other cells already 
reached a peak surface magnetic field of 130-150 mT 
(corresponding to a gradient of 31 – 35 MV/m). T-
mapping test found the quench location to be at the 
equator weld. Optical inspection revealed weld 
irregularity (Fig. 6) at the quench location predicted by T-
mapping. This weld defect coincides with a weld repair 
done during fabrication. Weld repair was also necessary 
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for one of the two end cells.  Nevertheless that end cell 
already reached a peak surface magnetic field of 150 mT.      
 

 
Figure 6: Center cell equator weld irregularity correlated 
to quench in LG1 at 30 MV/m. 

CONCLUSION 
A light EP of 30-50 μm removal at the equator region 

followed by low temperature bake significantly improved 
the gradient as well as Q0 performance of two 7-cell fine-
grain CEBAF upgrade prototype and one ILC 9-cell large-
grain niobium cavities, in-house fabricated, previously 
BCP etched and RF tested at JLab. All cavities are pushed 
to their quench limit. The limit in 2 out 3 cavities is 
attributable to equator weld repairs. In all cases, for the 
gradient range of 20-25 MV/m, the Q0 value is raised to 1-
2×1010 at 2K, without presence of field emission. Further 
improvement in Q0 to > 2×1010 was demonstrated at a 
reduced temperature of 1.8 K in a 7-cell cavity. These 
improved results open up new space in the (Eacc, Q0) 
diagram and are expected to impact the optimal cavity 
working point through optimization algorithms such as 
the one in [13] published a decade ago. As a “key” for 
meeting CEBAF 12 GeV Q0 specification at 19.2 MV/m 
identified seven years ago [9], EP is now finally available 
in-house and ready to be used to open a door leading to 
improved SRF cavity operations.      
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Abstract 
Future accelerators, such as the envisioned international 

linear collider (ILC), require unprecedented cavity 
performance, which is strongly influenced by interior 
surface nano-smoothness. Electropolishing (EP) is the 
technique of choice being developed for high–field SRF 
cavities. Previous study has shown that the mechanism 
Nb electropolishing proceeds by formation and 
dissolution of a compact salt film under fluorine 
diffusion-limited mass transport control. We pursue an 
improved understanding of the microscopic conditions 
required for optimum surface finishing. The viscosity of 
the standard electrolyte has been measured using a 
commercial viscometer, and the diffusion coefficient of 
fluorine was measured at a variety of temperatures from 
0ºC to 50ºC using an Nb rotating disk electrode. In 
addition, data indicate that electrode kinetics is becoming 
competitive with the mass transfer current limitation and 
increases dramatically with temperature. These findings 
are expected to guide the optimization of EP process 
parameters for achieving controlled, reproducible and 
uniform nano-smooth surface finishing for SRF cavities.  

INTRODUCTION 
With routine operation of EP facilities in recent years, 

more multicell SRF cavity test data have become 
available. Cavity performance variability has emerged as 
a major challenge for electropolishing processed niobium 
cavities [1], especially for the ILC, the most visible to the 
public, with 16,000 9-cell cavities intended to perform at 
historically high acceleration gradient (>31 MV/m). One 
outstanding variability issue is the unpredictable onset of 
field emission. Another is the quench field, which has 
been observed to vary unpredictably in electropolished 
cavities in the absence of field emission. Ongoing 
progress against field emission relies on elimination of 
surface adhering particles by improved cleanliness and 
high pressure rinsing. Quenches without x-ray emission 
are usually associated with defects: foreign material 
inclusions, weld beads, etch pits and mechanical damages 
are severe examples. At present, besides reducing the 
incidence of severe defect-induced quenches via 
improved quality control of manufacturing practice, a 
complete understanding of process parameters and 
adequate process control are very important to help 
achieve reproducible high gradient cavities. 

Electropolishing is a surface finishing process based on 
anodic dissolution of a metal or alloy in an appropriately 
chosen electrolyte [2]. It is characterized by the 
elimination of micro-roughness (leveling) and the absence 
of crystallographic and grain boundary attack 
(brightening) and results in the production of smooth, 
bright surfaces [3-4].  Leveling results from the fact that 
protruding parts of a rough surface dissolve faster than 
recessed parts.  This can be achieved under either ohmic 
or mass transport control [4]. Brightening can only occur 
under mass transport control, which suppresses 
crystallographic etching [4-6].  The supply and removal 
of reactant and product contribute to three different forms 
of  mass transport (i) diffusion,  defined as the movement 
of species due to concentration gradient; (ii) convection, 
in which the movement is due  to external mechanical 
energy –for example, electrode rotation; (iii) migration 
due to a potential gradient-that is, only charged species 
are affected [7]. 

In the previous study, electrochemical impedance 
spectroscopy and related techniques point to the 
electropolishing mechanism of Nb in a sulphuric and 
hydrofluoric acid electrolyte as controlled by a compact 
surface salt film under fluorine diffusion-limited mass 
transport control [8].  A detailed understanding about the 
diffusion of fluorine is still missing. In the present work, 
we report determination of the diffusion coefficient of 
fluoride ion in EP solution using a Nb rotating disk 
electrode at different temperatures. A rotating disk 
electrode (RDE) is a device that creates a totally defined 
solution flow pattern in which the mass transport of  
limiting species is almost completely due to convection 
[7,9]. This property allows the RDE to be used to 
calculate parameters related to mass transport, such as the 
diffusion coefficient of various electroactive species.  

EXPERIMENTAL STUDIES 
For RDE experiments, a high purity polycrystalline Nb 

disc electrode sample was inserted in a Teflon holder with 
a reactive surface area of 0.19 cm2. The Nb discs were 
mechanically polished up to 4000 grit emery paper, 
ultrasonically rinsed with distilled water and isopropanol 
and air dried. A high purity Al wire was used as the 
counter electrode. The Gamry RDE710 rotating disc 
electrode setup was used for the experiments. The 
reference electrode was a saturated mercury/mercurous 
sulphate electrode (MSE). The electrolytes were prepared 
from 49% hydrofluoric and 96% sulphuric acid. 

The polarization curves were measured stepwise (step 
size=0.1 volts, dwell time=0.25 second) over the potential 
range from 0 to 22 volts. The potential between the Nb 
electrode and the reference electrode was recorded using 
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a Keithley 6517A electrometer. The addition of the 
reference electrode allows monitoring of the potentials on 
the cathode and anode independently. The current was 
recorded with a Keithley 2000 multimeter. Prior to the 
polarization measurements, the electrodes were immersed 
in the electrolyte in an open circuit condition for 3 to 5 
minutes.  

The electrolyte viscosities were measured with a 
Brookfield DV-II+PRO digital viscometer at different 
temperatures, and the electrolyte density was measured by 
weighing the electrolyte in a Teflon volumetric flask. The 
variation of repeated viscosity measurements was about 
1.5%. The reported diffusion coefficients were verified by 
repeated experiments, with typical variations in limiting 
current densities of about 2%.  

EXPERIMENTAL RESULTS AND 
DISCUSSIONS  

Anodic Polarization Curves under RDE  
 The anodic polarization curves  were determined for  

1:10 volume ratio of HF and H2SO4  electrolyte  at the 
different angular velocities of the Nb disk electrode at 
several temperatures ( 1°C, 9°C, 19°C, 30°C,  41°C and  
50°C). Figure 1 shows a typical anodic I-V curve for Nb 
electropolishing on the rotating disk at 9°C, and similar 
curves have been obtained at the other temperatures 
studied here.   All the curves exhibit a well defined and a 
wide potential range of limiting current density plateau. It 
suggests the existence of a salt film, possibly 
Nb2O5[8,10], and the dissolution rate is mass transport 
controlled and involves diffusion of limited species 
through a Nernst diffusion layer [8,10]. Figure 2 shows 
the typical dependence of the limiting current density on 
the square root of rotation rate [11]. The limiting current 
density values were determined on the current plateau at a 
potential of 6V. The variation of the limiting current 
density shows a linear behaviour with distinct slope, 
which provides further evidence that the supply of 
reactant, such as F ion or its related species (HF- or HF 
[10]), is under mass transport control. However, the non-
zero offsets at the higher electrolyte temperatures indicate 
the presence of an electrode kinetic mechanism; we 
assume it to be chemical etching that proceeds in parallel 
with the diffusion limited mass transport and increases 
dramatically with the electrolyte temperature. 

Diffusion Coefficient of Fluorine 
By solving the convective diffusion equation with the 

boundary conditions of the hydrodynamic velocity 
profile, the Levich equation (Eq. 1) can be used to 
describe the relationship of limiting current density jL, to 
the physical properties of the electrolyte bath [7, 10-14],  

 
jL = 0.62nFD0.67

ν
-0.166cω0.5                            (1) 
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Figure 1: The anode polarization curves of Nb in 1:10 
volume ratio HF and H2SO4 at 9 °C. 
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Figure 2: The limiting current density plotted as a 
function of the square root of rotation rate at a potential 
6V (vs. MSE).  

Here, n is the number of electrons involved in electrode 
reaction, for fluorine n equals 1, F is the Faraday constant, 
96470 C.mol-1, ν is the kinematic viscosity in m2.s-1, c is 
the concentration of electroactive species in bulk solution 
in mol.m-3(the concentration of fluorine in 1:10 
HF/H2SO4 studied here is 2670 mol.m-3), and ω is the 
rotation speed in rad.s-1.  Note that 

 slope (jL vs. ω0.5) = 0.62nFD0.67
ν

-0.166c .       (2) 

Hence, a test for pure mass transport control is that the 
plot of jL vs. ω0.5 is linear and passes through the origin 
[10]. The corresponding diffusion coefficient D (m2

.s
-1) 

can then be determined when the kinematic viscosity of 
electrolyte is known. Table 1 lists the measured dynamic 
viscosity, and calculated diffusion coefficient of fluorine 
in the EP solution under different temperatures.  
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Table 1: The measured dynamic viscosity of 1:10 
HF/H2SO4 electrolyte  and calculated diffusion coefficient 
of fluorine at 1°C, 9°C, 19°C, 30°C, 41°C and 50°C. 

The Diffusion Limited Mass Transfer Produces 
the Nano-smooth Surface Finishing 

According to the Nernst diffusion layer model, the 
electrolyte can be divided into two zones. The first region 
closest to the surface of the electrode with the thickness δ, 
which is named the Nernst diffusion layer,  where it is 
assumed that there is totally stagnant layer and thereby 

diffusion is the only mode of mass transport. The limiting 
current density is given by equation 3. 

jL = nFDc/δ                            (3) 

So, for a given diffusion limited current density, fluorine 
concentration, and measured diffusion constant, one can 
calculate the effective thickness of the diffusion layer. In 
the second region outside the Nernst diffusion layer a 
strong convection occurs and all species concentrations 
are considered as constant.  

In this study, the Nernst diffusion layer thickness was 
experimentally determined. It is 8~20 μm over the 
temperature range 10°C~30°C for the standard 1:10 
volume ratio of HF/H2SO4 electrolyte. It is the 
concentration gradient within this layer that is expected to 
produce the desired polishing. The Figure 3a and 3b are 
two Nb samples centrifugal barrel polished by KEK [15]. 
We label them as rough CBP and fine CBP according to 
the different sizes of polishing media and the different 
durations used. The details of treatment can be found in 
reference [16]. The AFM results in 50 µm×50 µm 
scanning area show that the rough CBP treated sample 
has the 889.6±32.5nm average surface mean square root 
roughness (Rq), and the average surface variation (Rz) is 
above 5.3µm. Respectively, Rq is 178±32.5nm  and Rz is 
about 1.6µm for fine CBP.  After 100 minutes of EP 
polishing (30µm removal) by 1:10 volume ratio 
HF/H2SO4 at 30±1°C, the fine CBP surface achieves a 
best finishing, with 54.9±4.5nm mean square root 
roughness (see Figure 3d), and the surface variation is 
about 150nm, as compared with the rough CBP, where Rq 
is 187.5±22.1nm and Rz is about 1.6µm (Figure 3c).  This 
results gives strong evidence that diffusion limited mass 
transfer would produce the nano-smooth surface 
finishing. Further refinement of the polishing analysis as a 
function of temperature is planned in the near future. 

CONCLUSION 
In this investigation, the Nb electropolishing was 

studied using a rotating disc electrode in a 1:10 volume 
ratio of HF/H2SO4 electrolyte at different temperatures. 
The limiting current density demonstrates a clear 
dependence on fluorine diffusive mass transport. 
However, a parallel electrode kinetics process has been 
identified, which is independent of mass flow condition 
and polarization potential, but strongly depends on 
temperature. This suggests that high temperature may 
activate an etching process that recognizes different grain 
orientations, resulting in a non-uniform surface finishing 
instead of brightening. The viscosity of the standard 
HF/H2SO4 electrolyte strongly depends on the electrolyte 
temperature. The analysis yields effective diffusion 
coefficient for fluoride ion on the order of 10-8 ~10-7 
cm2.s-1 under the temperatures studied. This study is 
expected to improve the fundamental understanding 
needed to guide the optimization of EP of niobium for 
SRF cavities.  

  
Figure 3: AFM images of CBP polycrystalline Nb 
samples before and after 100 minutes electropolishing at 
30±1°C (a) rough CBP (b) fine CBP (c) rough CBP after 
electropolishing (d) rough CBP after electropolishing. 
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Abstract 
Extending initial efforts reported at the 2007 SRF 
Workshop, a system for modeling the thermal and 
hydrodynamic flow conditions internal to an 
electropolishing niobium cavity has been developed using 
the commercial code CFDesign™. Building upon 
parametric studies with small niobium samples that 
highlighted the process sensitivity to both local 
temperature and fluid flow conditions, we seek to gain 
predictive insight into processing methods which assure 
uniform controlled polishing – in both the traditional 
rotating horizontal configuration as well as the potentially 
more convenient vertical orientation. For present 
modeling runs, the experimentally measured temperature-
dependent viscosity of the standard HF/H2SO4 electrolyte 
has been included. For the horizontal configuration, we 
have modeled the recent JLab-adopted reduced 
temperature and flow conditions used for ILC cavity 
processing and find corroboration of improved thermal 
control and uniformity. For vertical EP, the amplitude and 
pattern of nominally steady-state internal convective flow 
under conditions of external wall cooling and no 
electrolyte circulation has been observed for vertical EP 
for both single-cell and 9-cell cavities. Opportunities for 
modeling an integrated next-generation system are being 
explored. 

INTRODUCTION 
Electropolishing of niobium SRF cavities has been 

found to yield superior performance over other 
preparation techniques. The majority of this experience 
base is empirical. The press of potential applications 
which could utilize the maximum capability of niobium 
motivates increasingly detailed analysis of processing 
conditions and their effects. The expectation is that 
improved insight will indicate a path toward secured 
control of peak performance. 

Chemical removal of surface material from as-
fabricated niobium cavities is necessary to assure that the 
rf surface is both adequately contamination free and 
geometrically smooth. Electropolishing, at least in 
principle, provides for diffusion-limited electrolytic 
removal of the surface. The details of diffusion of the 

chemically active species determine the scale factors 
involved in the desirable leveling and brightening of the 
surface. Such diffusion characteristics are functions of 
electrolyte composition and local temperature, and are 
also effectively influenced by local bulk convective flow. 

While research proceeds on characterizing the diffusion 
related properties via controlled small-sample tests, we 
also seek to improve our understanding of actually 
applied process conditions internal to multi-cell cavities 
and guide future technological development via 
hydrodynamic modeling. As reported previously [1], a 
full-scale hydrodynamic model has been developed to 
describe a horizontal electropolishing system for multi-
cell cavities. The modeling software CFDesign™ was 
used to find steady-state solutions to defined boundary 
conditions. The model represents the geometrical 
configuration of the JLab EP system, with central hollow 
aluminum cathode supplying fresh electrolyte into each 
cell. Electrolyte exits the cavity symmetrically via 
supporting plastic headstock attached to each beamtube. 
See Figure 1. The model attempts to replicate key 
elements of the fluid and heat flow dynamics that are 
present during the electropolishing of the 9-cell niobium 
cavities. 

 
Figure 1: Geometry of model used in the present study. 

In addition, after benchmarking the code with the 
existing horizontal EP configuration, we have begun 
using it to model hypothetical vertical EP configurations. 

MODEL PARAMETERS 

Material Properties 
Reference material properties of sulfuric acid were used 

for the electrolyte in the absence of accurate descriptions 
for the 1:10 HF:H2SO4 solution. The recently measured 
temperature dependent viscosity[2] of this electrolyte has 
been incorporated into the model. This allows the viscous 
drag effects associated with the 1 rpm rotation of the 
horizontal configurations to be better modeled.  
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Thermal conduction properties of Nb and Al are 
included. A variety of thermal boundary conditions have 
been applied. Having recognized the importance of 
controlling the temperature of the cavity/electrolyte 
interface, the flowing electrolyte supply temperature was 
lowered to 15°C, reflecting present JLab practice. A film 
coefficient for the external surface of the niobium of 
either 6 W/m2/K at 23°C or 437 W/m2/K at 20°C was 
used, approximating either mild forced-air cooling with 
ambient air or external water bath cooling, respectively.  

Heat Source in the Model 
Analysis of the Al-cathode, Nb-anode, HF:H2SO4  1:10 

system has enabled separation of the potentials at the 
cathode, electrolyte, and anode [3]. The potential drop 
across the electrolyte is a small fraction of the cell voltage 
and is thus neglected in this study. The potential drop at 
the cathode appears to be purely associated with the 
hydrolysis production of hydrogen gas, thus contributing 
negligible thermal load. As described in [1], we take the 
local heat flux at the niobium/electrolyte interface to be 
0.2 W/cm2 when the working temperature is < 30°C. Such 
an approach is in aggregate consistent with the net 
temperature rise between supply and return electrolyte 
observed in the JLab 9-cell EP system. 

Model Limitations 
This model does not address the particular 

circumstances presented at the emerging-surface interface, 
where process conditions may be expected to be unusual 
due to activity in the drag-out of the viscous electrolyte. 
Nor does it include fluid flow effects due to buoyancy of 
hydrogen bubbles that are generated at the cathode 
surface. In addition, the local current density and thus the 
local heat generation is a function of the local 
temperature, a property which tends to reinforce 
temperature variations and thus non-uniformity in surface 
processing conditions. The present software is unable to 
provide locally variable heat flux, so is expected to under-
predict temperature variations. 

OBSERVATIONS FROM STEADY-STATE 
SOLUTIONS 

Flow Patterns 
The flow velocity scale of interest for the electrolyte in 

the horizontal 9-cell cavity processing is set by the 
continuous rotation at 1 rpm. For the ILC cavity 
geometry, this corresponds to motion of the equators at 
1 cm/sec. The present model provides for a continuous, 
fixed 15°C input flow rate of 5 l/min through the center of 
the aluminum cathode, distributing into each cell. The 
electrolyte flows outward through the cell irises and exits 
through both ends of the cavity. The local flow conditions 
thus vary considerably. The model geometry is left/right 
symmetric with the exception of the input flow inside the 
cathode. Left/right thermal asymmetries are due to 
legitimate heat conduction and temperature-dependent 
viscosity effects. Use of the flowing electrolyte as the 
principle process coolant inherently leads to non-uniform 
processing conditions. The steady-state temperature 
solution for these conditions is depicted in Figure 2. The 
corresponding flow velocities are shown in Figure 3. For 
comparison, Figure 4 depicts the thermal situation with 
processing parameters used previously: 23°C supply with 
10 l/min flow rate. In both cases the temperature in the 
iris regions is significantly higher than the equators, 
although the extremes are reduced in the conditions of 
Figure 2, and overall temperature control is improved. 

For comparison, Figure 5 displays process data from 
the recent electropolishing of an ILC 9-cell cavity at JLab. 
This was the first run to acquire temperature data from an 
iris region during horizontal rotating EP. In this case the 
fifth iris from the supply side was found to be 8°C warmer 
than the equators, and 13°C warmer than the return 
circulated electrolyte. Such observations are consistent 
with the model predictions. 

 
 
 

 

Figure 2: Steady-state temperature with 5 l/m supply flow at 15
°C. 
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Figure 3: Steady-state flow velocity with 5 l/m supply flow at 15°C. 

 
Figure 4: Steady-state temperature with 10 l/m supply flow at 23°C. 

 

Figure 5: Logged process conditions during EP of cavity AES8 at JLab. 
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VERTICAL EP  
For process simplification, it is very desirable to 

consider electropolishing niobium cavities in a vertical 
orientation. Development of such a process is underway at 
Cornell University[4,5] and Jefferson Lab. Complications 
related to managing the evolved hydrogen bubbles 
remain, but we have begun to apply the flow modeling to 
this situation.  

Using the same material parameters as used for the 
horizontal models, we reoriented gravity, filled the cavity 
with electrolyte, centered the cathode on the cavity axis, 
and eliminated the supply of electrolyte via a hollow 
cathode. To provide stabilization of the process 
temperature, the boundary condition on the outside 
surface of the cavity was set to simulate the presence of a 
20°C water cooling bath by using a film coefficient of 
467 W/(m2-K).  Figure 6 shows the thermal solutions with 
no flow or stirring of the electrolyte and with a simple 
2 l/min bottom-to-top flow of electrolyte supplied at 
15°C. 

Within the factors included in the present model there 
appear to be no thermal motivations for providing internal 
stirring if external cooling is in place. Very slight 
convective circulation is set up in each cell due to 
electrolyte density variation with temperature. The 
importance of this as it influences the processing effects 
on up/down-facing surfaces is under separate 
investigation. It is possible that other factors such as self-
convection of chemical reaction products not included in 
this model have important effects. 

 

 

Figure 6: Steady-state cavity/electrolyte interface 
temperature of vertical electropolishing 9-cell cavity with 
20°C external water bath boundary conditions, a) static 
electrolyte, and b) 2 l/m vertical flow supplied at 15°C. 

SUMMARY 
Hydrodynamic models have been developed to simulate 

the thermal and electrolyte flow conditions in the ILC 9-
cell cavity electropolish processing system at Jefferson 
Lab and also in a potential vertical electropolishing 
configuration. Using approximate material parameters for 
the electrolyte and averaged heat flux conditions relevant 
the cavity EP process, solutions are obtained which 
correspond reasonably well with measured data. The 
lowered supply temperature and reduced flowrate, 
compared with former process conditions, yield improved 
temperature control and process uniformity across the 
cavity. Significant variations in local temperature and 
flow conditions yet remain. The model also indicates that 
providing external water cooling to the cavity during EP 
processing dramatically stabilizes the thermal conditions 
and eliminates the need for the circulating electrolyte 
solution to serve as heat sink, which in turn reduces the 
internal flow rate variations. We are encouraged to pursue 
water bath cooling during vertical electropolishing of 
niobium cavities in our future integrated cavity processing 
(ICP) systems. 
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Abstract 

Particulate contamination on the surface of SRF 
cavities is known to limit their performance via the 
enhanced generation of field-emitted electrons. 
Considerable efforts are expended to actively clean and 
avoid such contamination on niobium surfaces. The 
protocols in active use have been developed via feedback 
from cavity testing. This approach has the risk of over-
conservatively ratcheting an ever increasing complexity 
of methods which are found to result in adequate cavity 
performance in particular circumstances. A 
complementary and perhaps helpful approach is to 
quantitatively assess the effectiveness of candidate 
methods at removing intentional representative particulate 
contamination. Toward this end, we developed a 
standardized contamination protocol using water 
suspensions of Nb2O5 and SS 316 powders applied to 
BCP’d surfaces of standardized niobium samples which 
resulted in particle densities of order 100 particles/mm2. 
From these common starting conditions, controlled 
application of high pressure water rinse, ultrasonic 
cleaning, or CO2 snow jet cleaning were applied and the 
resulting surfaces examined via SEM/scanning EDS with 
particle recognition software. Preliminary results 
comparing these methods and selected parametric 
variations of each are reported. 

INTRODUCTION  
The role that particulate contamination can play in 

limiting the performance of SRF accelerating cavities has 
been well established. Laboratories have developed 
protocols for cleaning sensitive surfaces and controlling 
the introduction of contaminating particulates. The 
employed techniques include ultrasonic cleaning, ultra-
filtered ultra-pure water, high pressure water rinse, 
ambient cleanroom environments, filtered gas purging, 
and CO2 snow jet cleaning. Such are amply documented 
in the proceedings of previous SRF Workshops. The 
record shows that significant progress has been made in 
reducing the occurrence of particulate-induced field 
emission loading as the principal performance limitation 
of niobium SRF cavities. General characterization of 

particulate size association with potential for producing 
field emission as a function of surface electric field has 
recently been summarized by Dangwal Pandey et al.[1] 
Particulates source control and effective removal 
techniques remain serious quality assurance challenges. 
Because the protocols in use have been developed in 
largely an empirical manner, process parameterization 
that might provide a basis for process optimization is not 
yet available. 

We would eventually like to establish a basis for 
selection and design of cleaning strategy, sequence, and 
duration process steps that confidently remove all 
identified particulate contamination sources that affect 
cavity performance. Toward this end, we have initiated an 
effort to build a quantitative characterization of the 
effectiveness of particular cleaning processes when 
applied to deliberately heavily contaminated samples. A 
variety of types of particulates have been found 
associated with SRF cavity performance degradation. We 
considered two candidate representative materials for use 
in the present investigation: Nb2O5 and stainless steel 316 
(SS316). Particles of the former appear to be produced by 
some of the chemical treatment steps applied to cavities 
[2], while the latter is taken as a representative 
environmental contaminate generated by mechanical 
operations within the cavity-handling and assembly 
cleanrooms.  

In order to be able to directly compare the effectiveness 
of each cleaning process, we established a reproducible 
high contamination state as the starting condition for each 
sample. We also established a systematic counting 
methodology able to discriminate the deliberately applied 
contaminate and applied it to each sample after each 
cleaning treatment. For the present work, the samples 
were all BCP etched high purity polycrystalline niobium 
disks. 

EXPERIMENTAL STUDIES 

Sample Preparations  
 The standardized particulates used in this study were 

Nb2O5 and SS316 powders obtained commercially. The 
Nb2O5 powder grade HPO 400 was provided by H.C. 
Stark Inc. The high purity of Nb2O5 powder was 
confirmed by XRD measurements. The particle size in 
this powder was found via SEM survey to range from 0.3 
to 31 microns. The SS316 powder was obtained from 
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Goodfellow Inc. and was found to be made up of particles 
ranging from 8 to 50 microns.  

The circumstance of cavity contamination that we 
sought to model is that following active chemistry when 
the surface is wet and susceptible to fallout/precipitation 
of chemical by-products and capture of ambient 
particulates. We thus developed a standard suspension 
concentration in ultra pure water for each powder type 
and pipetted 0.5 ml of suspension onto standard niobium 
disks which were freshly etched by BCP, as illustrated in 
Figure 1. The samples were allowed to air dry overnight 
in a Class 1000 cleanroom environment.  

 

Figure 1. Five samples with 0.5 ml particulate/UPW 
suspension drying in cleanroom air. 

An objective of the study was to gain statistical 
advantage by deliberately maximizing the particulate 
density, while avoiding significant aggregation effects. 
This preliminary effort selected the following suspension 
concentrations for the powders used based on observed 
particulate densities using our scanning Amray 1830 SEM 
equipped with an EDX Genesis Particle Analyzer system: 
Nb2O5 – 8.2 mg/liter, and SS316 – 698 mg/liter. Use of 
the composition particle detection capability enabled us to 
discriminate the intentional particulates from others that 
may incidentally arrive from the environment. 

 

 

Figure 2. Nb2O5 particles scanned at 100x magnification 
(0.841 mm2). 

A standardized survey protocol was developed to 
sample five areas on each sample within the drying area. 
The above protocol was found to result in an observed 
particle density of ~110 particles/mm2 for Nb2O5 and ~13 

particles/mm2 for SS316. This provided the initial state 
for all subsequent cleaning tests. The distribution of 
particle sizes found on the contaminated surfaces is 
shown in Figure 3. The Nb2O5 contaminated samples were 
scanned at two magnifications, 100x, covering an area of 
0.814 mm2, and 750x, covering an area of 0.01 mm2. The 
stainless steel contaminated samples were scanned at 50x 
covering an area of 3.37mm2. 

 

 
Figure 3. Distribution of particle sizes used in this project. 

Ultrasonic Cleaning 
The effectiveness of particle removal in a standard 

ultrasonic bath (Crest Ultrasonics Genesis unit) was 
investigated with respect to the concentration of Micro 
detergent and then with respect to time of ultrasonic 
exposure. The ultrasonic (US) cleaning applied in this 
series did not include flushing or filtering of the ultrasonic 
bath, so we recognize the potential for recontamination. 
Each sample was rinsed with a gentle 15-second flush 
with UPW at the conclusion of ultrasonic treatment. 

The following summary results were obtained: 
• US cleaning with only water removed 100% of 

Nb2O5 particles > 5 μm. 

• US cleaning with 1% Micro solution was comparable 
to water only (95%) for removing Nb2O5 particles  
0.5 - 5 μm. 

• US cleaning with > 2% Micro solution was 
significantly worse at removing Nb2O5 than only 
water for all sizes sampled >0.5 μm. 

• Removal efficiency of Nb2O5 particles with 2% 
Micro was independent of the amount of cleaning 
time in the range 5–60 minutes, and averaged 94–
98% for all particle sizes 1–8 μm. Inadequate 
statistics were available for larger sizes. 
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• US cleaning with only water removed 100% of SS 
particles > 15 μm, 96% of all SS particles. 

• US cleaning with 2% Micro solution removed 100% 
of SS particles. 

High Pressure Water Rinsing 
SRF cavities are now commonly cleaned with a high 

pressure rinse of ultrapure water (HPR). To seek to 
discern cleaning effectiveness dependence on detailed 
geometrical parameters, we exposed the standard 
contaminated samples to representative HPR 
configurations and then examined them for residual 
particles. The Jefferson Lab HPR cabinet was used in all 
cases with the vertical fan jet nozzles [3] and 
rotation/advance sequence as is currently applied to all 
cavities. A vertical stroke of 20 cm travel, centered on the 
samples, was used for the HPR spray wand. Three 
samples were treated simultaneously. Each run took 
approximately 45 minutes. The holding fixture is 
illustrated in Figure 5. 

Sets of samples were cleaned for each of five different 
orientation angles with respect to the spray: 35°, 45°, 65°, 
75°, and 90° (normal to the jet) with the nearest edge of 
the samples maintained 9 cm from the nozzles. 

In addition, sets of samples were cleaned at six 
different distances from the nozzles: 2.5, 5.1, 9.0, 11.6, 
16.0, and 20.3 cm, with the sample holder set at a fixed 
angle of 65°. Figure 4 shows the observed percentage of 
Nb2O5 particles removed by the HPR treatment. Within 
the sampling sensitivity used, the similar removal 
efficiency of the SS316 particles was 100% for all angles 
and distances tested. Whether this was due to the 
distinctly different size distribution or some particular 
material-dependent adhesion feature is unknown. 

 

 

Figure 4. Percentage of Nb2O5 particles removed by the 
applied HPR treatment with angle and distance variation. 

The following summary results were obtained: 
• All SS316 particles were removed in every HPR run.  
• HPR cleaning removed ~90% of Nb2O5 particles for 

all sizes sampled 0.5 – 10 μm. 

• HPR cleaning was more effective at 45º and 90º 
angle than 65º and 75º at 9 cm spray distance.  

• HPR cleaning at 65º was ineffective (only 60-90%) at 
removing Nb2O5 particles 0.5 – 10 μm over the 
sampled distances 2.5 – 20 cm.  

 

 
Figure 5. Fixture for holding three samples during HPR. 

CO2 Snow Jet Cleaning 
Some development efforts have been applied to using 

CO2 snow jet cleaning (also known as dry-ice cleaning) to 
single-cell niobium SRF cavities and the results have 
been positive [4]. To begin to establish a relative 
comparison of cleaning effectiveness with other 
techniques, we applied an initial CO2 snow jet cleaning 
procedure to sets of contaminated samples prepared in the 
standard way. 

The cleaning system used was a hand-held K6-10DG 
the Dual Gas CO2 snow system from Applied Surface 
Technologies. The supply CO2 pressure was 850 psi. An 
integral nitrogen gas shroud, supplied at 85 psi, served to 
reduce or eliminate water condensation on the cleaning 
surface. The unit included sintered stainless steel filters 
rated for 0.003 microns on both gas lines. The cleaning 
processes were applied in an exhausted clean workstation 
in a class 1000 cleanroom. For the cleaning of each 
sample, an attempt was made to maintain constant nozzle-
sample work distance, angle of incidence, and total sweep 
time on the sample. A near-to-far rastered sweep pattern 
was used consistently. 

Samples with Nb2O5 and SS316 particles were treated. 
Measurements were made for five different angles of 
incidence:  35°, 45°, 65°, 75°, and 90°. Samples were also 
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cleaned with constant angle and varied working distance 
from 1.0 – 3.5 cm, in increments of 0.5 cm.  

Cleaning the standard samples with CO2 snow proved 
to be more effective than either US or HPR, so much so 
that the SEM scans produced no statistically significant 
results within the limited scanned surface area. Surveys 
with sensitivity as those summarized in Figure 4 all 
indicated 100% removal. A supplemental assessment 
method was then used to evaluate the CO2 snow cleaned 
samples. Cleaned samples were subjected to N2 gun blow-
off directly into an airborne particle laser particle counter. 
While this procedure was less controlled than the SEM 
scanning, it allowed a sampling mechanism that covered 
the whole sample surface. Even then, the counts were low 
considering the highly contaminated initial state. No 
particles larger than 3 μm were detected by this 
procedure. The particle counts detected in this way are 
depicted in Figure 6. 

 

Figure 6.  Integrated blow-off particle counts from 
samples cleaned by CO2 jet with various incident angles. 

From the preliminary CO2 snow cleaning tests 
conducted here the following summary results were 
obtained: 
• CO2 snow jet cleaning removed 100% of deposited 

SS316 particles under all angles and distances tested. 
• CO2 snow jet cleaning of Nb2O5 was significantly 

more effective with an incident angle of 45º than 30º, 
60º, or 90º for particles < 3 μm. 

• CO2 snow jet cleaning of Nb2O5 particles was equally 
effective with working distance 1.0 – 2.5 cm, but 
degraded quickly with further increase in distance. 
(The visible extent of the CO2 crystal jet emerging 
from the nozzle used is ~3 cm.) 

• Significant redeposition of Nb2O5 particles from a 
contaminated sample to a clean witness sample 3 cm 
distant via CO2 snow jet cleaning of the former was 
easily demonstrated. 

DISCUSSION  

Comparisons 
• Particles of Nb2O5 and SS316 > 5 μm were 

thoroughly cleaned by all techniques except HPR, 
which left some Nb2O5 particles on the surface. 

• Particles of SS316 < 5 μm were not tested. 

• No clear dependence on nozzle-sample distance was 
found for HPR, although tests at the most effective 
angles, 45º and 90º, have not yet been performed. 

• CO2 snow jet cleaning of these Nb2O5 particles 
appeared to be significantly more effective than the 
other two techniques tested. 

Lessons for uture ork 
• Consider revisiting the starting suspension 

concentrations with a view to increasing by factor of 
>10 to improve the counting statistics. 

• Continue the HPR study of effectiveness with 
distance using 45º and 90º angles. 

• Repeat the Nb2O5 study with optimal EP-treated Nb 
samples for comparison with BCP surfaces 

• As redeposition is a distinct possibility with both US 
and CO2 snow jet cleaning, investigate the 
effectiveness of a sequence of fresh cleaning 
solutions, to approximate use of a flowing, filtered 
solution for cavity applications, and a purge gas flow 
in the CO2 snow jet cleaning application to carry 
away removed particles. 

The work reported here should be considered a 
preliminary investigation into appropriate and useful 
methods for evaluating the effectiveness of various 
cleaning techniques either used or considered for use on 
niobium cavities. It would be quite interesting to conduct 
a similar study with electropolished niobium samples in 
order to establish the extent to which particle adhesion is 
dependent on microscopic surface topography. 

The niobium samples used in this study were of the 
design used for direct field emitter scanning in the JLab 
Scanning Field Emission Microscope and Field Emission 
Viewer. Future work will have opportunity to extend the 
correlation of remaining deliberate particulates to DC 
field emission behavior. 
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Abstract 
Accelerator performance, in particular the average 

accelerating field and the cavity quality factor, depends on 

the physical and chemical characteristics of the 

superconducting radio-frequency (SRF) cavity surface. 

Plasma based surface modification provides an excellent 

opportunity to eliminate non-superconductive pollutants 

in the penetration depth region and to remove the 

mechanically damaged surface layer, which improves the 

surface roughness. Here we show that the plasma 

treatment of bulk Nb presents an alternative surface 

preparation method to the commonly used BCP and EP 

methods. We have optimized the experimental conditions 

in the microwave glow discharge system and their 

influence on the Nb removal rate on the flat samples. We 

have achieved etching rate of 1.7 μm/min using only 3% 

Cl2 in the reactive mixture. Combining a fast etching step 

with a moderate one, we have improved the surface 

roughness without exposing the fresh sample surface to 

the environment.  We will apply the optimized 

experimental conditions to the preparation of some single 

cell cavities, in pursuing improvement of their RF 

performance. 

INTRODUCTION 

Plasma etching of Nb thin films has been readily used 

in production of Josephson tunnel junctions [1]. However, 

except for our publications [2-4] there are no other reports 

of plasma treatment of bulk Nb used for SRF cavities. In 

discharge plasmas containing chlorine or fluorine radicals, 

the deformed, contaminated or oxidized bulk Nb surface 

interacts with these radicals producing volatile Nb 

halides. The production of reactive species in the 

discharge and, consequently, the Nb removal rate is 

determined by the input power, the pressure, the 

temperature, and the radical concentration. The same 

plasma parameters are determining the thickness of 

plasma sheath. the plasma sheath is the region in the 

plasma right above the Nb surface characterized by a drop 

in potential [5]. Positive ions from the plasma, accelerated 

in the sheath, hit the sample surface where they deposit 

their energy, recombine, and react. If excessively 

accelerated, the ions could knock out atoms or atomic 

conglomerates from the sample surface, thereby 

increasing the surface roughness. Moreover they can be 

implanted into the Nb surface and increase the level of 

impurities in the penetration depth region. Therefore, 

plasma parameters during the plasma etching process 

have to be finely balanced to achieve high etching rates 

without increasing the surface roughness or introducing 

impurities due to the process.  

Before a single cell cavity would be etched in plasma 

discharge, the optimization of experimental conditions 

was performed on flat Nb samples. They were exposed to 

a microwave glow discharge system using Cl2 as a 

reactive gas. The results of the etching rate optimization 

were published elsewhere [2]. We also presented results 

of the detailed surface composition analysis performed by 

x-ray photoelectron spectroscopy (XPS) [3]. The surface 

characteristics of the Nb samples exposed in the d.c. 

pulsed repetitively pulsed DC diode system (PLAD) with 

BF3 as reactive gas, were published elsewhere [5]. 

Therefore, in this paper we will focus on the influence of 

plasma parameters on surface roughness of samples 

exposed in the microwave glow discharge.   

EXPERIMENT 

Sample Preparation and Experimental Set-up  

In order to determine the influence of the sample 

preparation history on surface roughness after exposure to 

a microwave glow discharge, samples surface was 

prepared in one of the following ways. Some samples 

were left unprocessed (NP) i.e. they were exposed to 

plasma as received after electron beam cutting, while 

other were mechanically polished (MP)  down to 9 μm 

average roughness. After that, some samples were 

exposed to 1:1:2 buffered chemical polishing (BCP) 

mixture for removal of approximately 100 μm of surface. 

Electropolishing (EP) in 1:9 mixture was performed after 

BCP for 4 hours removing additional 100 μm of surface.   

After surface preparation, samples were exposed to 

reactive gas in the microwave cavity discharge system 

described in Ref. [3]. The experimental set-up is 

connected to a spectrometer with the CCD camera for 

emission spectroscopy measurements. Emission 

spectroscopy is used as a process monitoring technique as 

well as a tool to determine the reaction mechanism of the 

plasma etching process.  

Surface oughness agnostic echniques 

We measured the surface roughness using a commercial 

tapping mode atomic force microscope (AFM) (Digital 
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Instruments: Nanoscope IV). Silicon tips with tip size of 

10 nm were used. The scan sizes were 20 μm x 20 μm, 50 

μm x 50 μm, and 100 μm x 100 μm, when ever it was 

possible. The limiting factor for the Nanoscope IV was 

the maximum vertical range of  6.5 μm. The typical 

measurement of surface roughness is expressed as the root 

mean square (RMS) roughness, defined as: 

 

where n is total number of taping points, i is number of 

taping points  in x direction, j is a number of taping points 

in y direction, hi,j is height reading for the point (i,j), and 

is average height reading for whole scan. The RMS 

depends on the scan size and instrument resolution. 

Therefore it is not recommended to compare the RMS 

from measurements performed on different instruments 

and with different scan sizes. To go around this problem 

and to be able to see real influence of plasma etching 

process on surface roughness, we performed the same size 

scans of a referenced region before and after exposure to 

plasma. These results are compared in this paper. 

RESULTS 

Influence of lasma arameters on urface 

oughness 

Plasma etching of Nb in Ar/Cl2 microwave discharge is 

chemical in nature what means that the etching rate is 

primarily determined by the concentration of reactive 

species in the plasma. The dependence of the etching rate 

on the initial concentration of molecular chlorine Cl2 at 

constant power is presented in Fig. 1. The tching rate is 

increasing with initial Cl2 concentration on power 3/2. 

Surface RMS of same samples is presented in the same 

diagram. Scan size was 20 μm x 20 μm. We can conclude 

that surface roughness does not depend significantly on 

concentration of Cl2. This can be attributed to the kinetics 

of the chlorine dissociation process, which saturates for 

given power and at relatively low initial concentration of 

Cl2.  
The etching rate depends less dramatically on the input 

power density than on concentration of Cl2, as shown in 

Fig. 2. Conversely, the RMS dependence on the input 

power density shows a peak for medium power densities. 

It also has to be noted that the scan size for the set of 

measurements presented in Fig. 2. was only 10 μm x 10 

μm due to instrument limitations.  

The Nb etching rate much stronger depends on the 

pressure in the reaction chamber than on the power 

density, as shown on Fig. 3. The surface roughness, 

measured by RMS is following that dependence. Reasons 

for this behavior may lay in the increase of plasma density 

with the increase of pressure and power. The plasma 

sheath is proportional to the plasma density and therefore 

if we increase the power or the  pressure,  we increase the 

energy of ions that are hitting the surface. This contributes 

to an increase of the surface roughness. After a peak, the 

chemical etching rate overcomes the sputtering rate and 

the chemical process contributes to the smoothening of 

the Nb surface. 

 

Figure 1: Etching rate and surface RMS dependence on 

concentration of Cl2. 

Figure 2: Etching rate and surface RMS dependence on 

input power density. 

 

 

 
Figure 3: Etching rate and surface RMS dependence on 

pressure. 

Tri-step lasma tching rocess 

Taking into account the influence of the plasma 

parameters on the surface roughness, a tri-step plasma 

etching process was designed. In the first step,  pure argon 

(Ar) discharge was produced under a total pressure of 500 
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mTorr and a power density of 2.08 W/cm
3
. During the 30 

minutes of etching, no Nb was removed from the surface 

(etching rate is 0 nm/min as shown before [4]) but all 

physisorbed gasses and organic residues were removed. 

Starting with a clean surface, we are performing fast 

plasma etching in the second step. 3 Vol% Cl2 in Ar is 

used as etching gas to remove the surface necessary for 

cavity production. The exposure time was 120 min under 

a total pressure of 550 mTorr and input power density of 

2.08 W/cm
3
. The etching rate in this step was 1 μm/min 

and approximately 120 μm of surface was removed 

during 2 hours of exposure. The third step was designed 

to remove Nb from the surface under conditions more 

favorable for surface smoothening. 1.5 Vol% Cl2 in Ar 

was used under a total pressure of 1250 mTorr and input 

power density 1.4 W/cm
3
. Etching rate was 0.5 μm/min. 

Approximately 100 μm of surface was removed during 4 

hours of exposure. 

 

 

Figure 4: AFM scan (50 μm x 50 μm) of BCP prepared 

surface.  

 

Figure 5: AFM scan (50 μm x 50 μm) of surface prepared 

by plasma etching.  

Figures 4 and 5 present the same surface before and 

after exposure to plasma etching. The surface presented 

on the Fig. 4. is prepared by BCP so the polycrystalline 

structure is prominent. The plasma etching has eliminated 

the surface features (Fig. 5.) Scanning electron 

microscope (SEM) was used to enlarge and understand 

nature of peaks present on surface after plasma etching. 

Energy dispersive x-ray (EDS) analysis has shown 

presence of Si particle on the surface that could not be 

removed by plasma etching. The most probable source of 

Si is from residues of the mechanical polishing on the 

surface before exposure to theplasma discharge. Since 

etching rate of SiO2 in Cl2 plasma is much smaller than 

etching rate of Nb, SiO2 acts as shield for this part of the 

surface, forming a  feature present on Fig. 6.  

Due to the element sensitivity of the plasma etching 

process, the surface preparation history plays an important 

role in determining the final surface quality. The 

comparison of RMS measurements before and after the 

plasma etching process depending on the surface 

preparation history is presented in Table 1. Note that the 

mechanically polished surface was too rough for a 50 μm 

x 50 μm scan before plasma processing, therefore 20 μm 

x 20 μm scan results were presented in table. From Table 

1, one can see that plasma etching improves the surface 

roughness if the starting surface was prepared by 

mechanical polishing or BCP. The RMS does not change 

if the surface was prepared by EP. Therefore we can say 

that plasma etching produces surfaces of lower or 

comparable roughness with respect to other used Nb 

surface preparation techniques.  

 
 

Figure 6: SEM scan of surface prepared by plasma 

etching.  

Surface 

history  

Scan size 

( μm x  μm) 
Plasma 

etching  

RMS 

 (nm) 

Before 254 NP 

 

50 x 50  

After 231 

Before 758 MP 

 

20 x 20  

After 637 

Before 286 BCP 

 

50 x 50  

After 215 

Before 133 EP 

 

50 x 50  

After 134 

Table 1: RMS Measurements Dependence on Surface 

story  Preparation Hi
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CONCLUSIONS 

We have shown that the etching rates of bulk Nb as 

high as 1.7 ± 0.2 μm/min can be achieved in a microwave 

glow discharge using Cl2 as the reactive gas. The Nb 

etching rate depends on the Cl2 reactive gas concentration 

and the discharge parameters: input power density and 

pressure in reaction chamber. The surface composition 

analyses show that no impurities have been introduced 

into Nb during microwave discharge treatment. 

To optimize the surface roughness, we have developed 

a three-step process that gives results comparable to wet 

processes, producing surfaces of satisfying roughness, 

which is close to optimal.  

Emission spectroscopy results combined with measured 

etching rates, suggest that the Nb etching mechanism in 

Ar/Cl2 MW glow discharge is more a chemical etching 

process than a physical sputtering one.  

 A modified experimental set-up that includes a single 

cell cavity has been built. It will be used to determine the 

influence of the plasma treatment on RF performance of 

tcavities. The microwave discharge treatment of Nb 

surfaces is a convenient, low-cost and less hazardous 

alternative to the presently used liquid acid etching 

techniques. 
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Abstract 

Buffered electropolishing (BEP) is an Nb surface 
treatment technique developed at Jefferson Lab [1].  
Experimental results obtained from flat Nb samples show 
[2-4] that BEP can produce a surface finish much 
smoother than that produced by the conventional 
electropolishing (EP), while Nb removal rate can be as 
high as 4.67 μm/min.  This new technique has been 
applied to the treatments of Nb SRF single cell cavity 
employing a vertical polishing system [5] constructed at 
JLab as well as a horizontal polishing system at CEA 
Saclay.  Preliminary results show that the accelerating 
gradient can reach 32 MV/m for a large grain cavity and 
27 MV/m for a regular grain cavity.  In this presentation, 
the latest progresses from the international collaboration 
between Peking University (PKU), CEA Saclay, and JLab 
on BEP will be summarized. 

INTRODUCTION 
Surface smoothness is one of the critical parameters 

that affect the performance of Nb SRF cavities.  
Experiment has demonstrated that Nb SRF cavities with a 
smoother surface finish have more chances to reach high 
accelerating gradient [6].  We believe that following two 
reasons are mainly responsible for the experimental result. 
A) Smoother surface finish allows a relatively easy 
removal of contaminants from the inner surfaces of Nb 
SRF cavities, leading to a less chance of the Q 
degradation due to field emission.  B) There will be less 
serious effect from the enhancement of RF magnetic field 
[7] on the surface.  It has been shown in reference 8 that a 
surface roughness of less than 2 μm is required in order to 
achieve an accelerating gradient larger than 30 MV/m for 
Nb SRF cavities.  

BEP is a verified Nb surface polishing technique that 
can produce the smoothest surface finish on Nb [1-4, 9-
10].  Logically one wants to know how Nb SRF cavities 
will perform after BEP treatments.  Recently, a simple 
and reliable vertical electropolishing (EP) system [5] was 
constructed at JLab to do treatments of Nb SRF single  

 

*Work supported by the U.S. Department of Energy, contract 
 DE-AC05-84-ER40150. 
+ andywu@jlab.org  
 

cell cavities by BEP.  Several single cell cavities were 
treated by BEP both vertically [2] and horizontally of 
CEA Saclay [11].  Accelerating gradients of 32 MV/m 
was reached for a large grain cavity and of 27 MV/m for a 
regular grain cavity.  In this report, we will summarize the 
latest progresses made on BEP from the international 
collaboration between PKU, CEA Saclay, and Jefferson 
Lab.       

DEMOUNTABLE CAVITY 
Our experience with the EP of Nb cavities so far has 

told us that polishing parameters obtained from small flat 
samples cannot be simply applied to the treatments of Nb 
cavities.  Due to the complicated geometry associated 
with the anode of an Nb cavity and a pure Al cathode, it 
was very difficult to find an ideal I-V curve with a well 
defined polishing plateau.  Therefore surface finish of an 
BEP treated Nb cavity is often not the same as those 
obtained from small flat samples.  To study how the 
polishing parameters affect surface finish, a demountable 
cavity as shown in Fig.1 was designed and fabricated at 
JLab.  Three Nb button samples can be mounted at 
locations close to equator, midway between the equator  

 

 
 

 Figure 1: Demountable cavity for BEP study. 
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and iris, and close to iris.  The Nb buttons are processed  
together with the cavity and then they can be removed for 
various analyses.  For consistency, the buttons were made 
from the same Nb batch.  The buttons are also electrically 
insulated from the cell to allow the measurements of I-V 
curves at the three locations.  After the fabrication, this 
demountable cavity was shipped to PKU for doing 
experiments.  

A vertical BEP treatment system was also constructed 
at PKU to do experiments on the demountable cavity [12]. 
I-V curves at the buttons were measured and are shown in 
Fig.2.  The measurements were done under a stationary 
condition where no acid movement was presented.  We 
can see from Fig.2 that the current first starts to drop at 
the location near the iris, and then the midway.  No sign 
of current dropping is seemed even if the voltage reaches 
the maximum output value of 30V.  This observation 
implies that the film formation on the demountable cavity 
takes place first at the iris.  With the bar shape cathode, it 
is possible that under a certain selected polishing voltage 
no uniform polishing can take place since the film only 
forms partially on the anode surface.  This confirmed the 
earlier observation [1] that when the shape of cathode was 
modified to allow a more uniform electric field 
distribution inside an Nb dumbbell that was polished by 
BEP a shiny and uniform surface finish was obtained.  
Therefore selection of an optimized cathode shape can be 
very critical for BEP as discussed in the next topic.   

More and better (less noisy) data are needed in order to 
be able to draw a conclusion from the I-V curves 
measurements on the button samples.   

Analyses of the surface morphology and chemical 
composition of the buttons will be important in order to 
understand quantitatively how good a polishing process is 
for a particularly chosen set of polishing parameters.  This 
work has yet to be done.  

CATHODE SHAPE 
Experimental results shown in the last topic imply that  

 

  
Figure 2:  I-V curves of the buttons of the demountable 
cavity when a pure Al bar was used as the cathode [14]. 

cathode shape can be important during BEP treatments of 
Nb SRF single cell cavities.  In fact, it was postulated in 
reference 13 that the cathode shape is important in general 
for EP of Nb.  It was suggested [13] that Nb removal rate 
could be more homogenous if a shaped cathode that could 
produce more uniform electric field distribution was used 
in EP treatments of Nb SRF cavities. 

For this study topic, three cathode shapes – bar, 
ellipsoid, and ball were fabricated as shown in Fig.3.  
Teflon tape was used to wrap up some parts of the 
cathodes so that minimum polishing would take place on 
beam pipe parts of an Nb SRF cavity.  These three 
cathodes were used in the vertical setup that was built at 
JLab as described briefly in reference 2 and in more 
details in reference 5.  For this study, the same polishing 
parameters were used for each cathode type for doing 
BEP treatments on CEBAF shaped cavities so that the 
only difference here was the cathode shape.  Typical 
polishing parameters are:  a)  The flow rate of the 
electrolyte was significantly higher than 10 L/min 
(calibrated to water).  b)  The temperature of the 
electrolyte as measured from a thermometer mounted on 
the outer surface of the cavity at equator was kept below 
35 oC.  c)  In this study, voltage control was adopted and 
was set at 18 V.      

The surface finishes of the cavities treated by BEP 
using the three different cathode shapes differ 
significantly from one to the other.  When the bar shape 
cathode was used, no polishing took place.  The surface 
became matt and dark and seemed to be rougher than that 
before BEP.  There were also some black strips on some 
locations of the inner surface.  Surface finish was 
improved when the elliptical cathode was used.  The area 
close to iris was clearly polished and was shinny and 
smooth.  However, about one inch away from iris no 
polishing took place When the ball shape cathode was 
used, the polishing took place everywhere.  The inner 
surface was visually shinny and smooth.  However in the 
midway between the equator and iris a ring of pits was 
formed.  The diameters of the pits range from submicron 

 

 
 
Figure 3: Three different shaped cathodes used in this 
study.  The insert shows bottom view of the ball shape 
cathode. 

THPPO064 Proceedings of SRF2009, Berlin, Germany

09 Cavity preparation and production

756



 
 
Figure 4: CCD image of the ring of pits located in the 
midway between iris and equator for the BEP treated Nb 
single cell cavity via the ball shape cathode (please read 
the text for details). 
 
to a few microns as judging from an CCD camera (please 
see Fig.4).  We believe that the pits were created since the 
polishing condition for this ring was near the gas 
evolution region of the I-V curve due partially to the short 
distance between the ring and the ball cathode and 
partially to a different electrolyte flow pattern at the ring.   
Since the surface looked ugly for the cavity treated by the 
bar shape cathode, no RF test was done on the cavity.  
Fig.5 shows the RF test result on the cavity treated by the 
elliptical shape cathode.  Qo starts to decrease at about 9 
MV/m, which is significantly lower than the on-set of Q 
drop for a normal fine grain cavity treated by buffered 
chemical polishing (BCP).  Interestingly, Qo is still 
reasonably high at 17 MV/m.  It is not completely clear to 
us what is the mechanism responsible for the early Q 
degradation.  Several cavities treated by BEP employing a 
commercially mixed BEP electrolyte showed severe Q-
slope as observed on cavities treated both vertically and 
horizontally (please see reference 11).  One obvious 
candidate is the matt and rough surface finish on the 
major part of treated surface.  It was suggested [12] that 
some carbon precipitation might occur during BEP cavity 
treatments, which might be responsible for the degraded 
RF performance.  Perhaps the cleaning procedure for the 
BEP treated cavities should be improved.  We should not 
simply copy the successful cleaning procedure for EP 
treated cavities to BEP treated since the electrolytes are 
different between EP and BEP.  For the cavity treated by 
the ball shape cathode with a ring of pits as shown in 
Fig.4, surprisingly the gradient reached 27.6 MV/m 
(quench limited) with an extremely flat Q as shown in 
Fig.6.  The ring of pits did not seem to affect the RF 
performance very much.  However the Qo is very low.  It 
was suspected that the low Q here could be caused by 
global heating.  Therefore, thermometry measurements 
were done on this cavity after disassembly and cleaning.  
Fig.7 shows the result of the retest.  This time the Qo is 
reasonable and the gradient reached 25 MV/m as shown 
in Fig.7.  The cavity was limited by quench with the 

   
Figure 5: Excitation curve of the cavity treated by the 
elliptical shape cathode.  

 
Figure 6:  Excitation curve of the cavity treated by the ball 
shape cathode. 
 
quenching site identified to be located close to the ring of 
the pits.  Observations by an CCD camera on the quench 
site did not see any particular defects other than pits 
similar to those shown in Fig.4. 
 

SURFACE MORPHOLOGY AND 
CHEMICAL COMPOSITION 

It becomes clearer now that the surface morphology of  
 the SRF cavities can affect RF performance significantly. 
Normally cavities with a smoother surface finish tend to  
 

  
Figure 7: Second RF test result of the cavity treated by the 
ball shape cathode with thermometry mapping.  The insert 
shows the quench site (please read the text for details). 
 

Proceedings of SRF2009, Berlin, Germany THPPO064

09 Cavity preparation and production

757



show higher Qo and have more chances to reach a higher 
acceleration gradient.  Obviously, another important 
feature of the surface of an Nb SRF cavity is its chemical 
composition. 

Several Nb flat samples were treated at PKU via the 
fast BEP technique [14] and then the samples were 
shipped to JLab for further surface characterization via 
profilometer, scanning electron microscope (SEM), 
energy dispersive x-ray (EDX), and static secondary ion 
mass spectrometry (SIMS) [15].  For details about the 
results of the measurements, please read reference 14.  It 
was found that the smoothest surface could be obtained 
when the movement of the electrolyte with respect to the 
polished Nb anode surface reached a certain value [14].  
Therefore the movement of electrolyte during BEP is very 
important.  It can not only enable a much faster Nb 
removal but also create a smoother surface finish.  The 
smoothest surface obtained on samples prepared by PKU 
is shown in Fig.8 where an RMS of 20 nm is measured by 
a high precision 3-D profilometer [15] over a surface area 
of 200X200 μm2.  To the best of our knowledge, this is 
the smoothest Nb surface ever reported in the literature.  
Surface feature similar to a finger print as first reported in 
reference 16 was also found on samples treated by PKU’s 
fast BEP technique.  At this moment, it is not completely 
clear how the pattern will affect the RF performance. 

 Six samples treated by EP and BEP were sent from 
CEA Saclay to Jlab for surface characterization.  Dynamic 
SIMS measurements were done to the samples to see 
whether there are significant differences in terms of 
chemical compositions between samples treated with 
electrolytes either mixed in different ways or with 
different fluorine concentration.  Typical results are 
shown in Fig.9.  Not much difference was found between 
the two samples. 

  It is important to point out here that the SIMS results 
shown here may only be considered as preliminary since 
the samples were shipped to Jlab in plastic bags.  Sample 
surfaces were in contact with organic materials, resulting 
strong hydrocarbon peaks and PDMS peaks that may 
overshadow contributions from other important elements. 
More measurements are needed to look for possible 
contributions from carbon and other elements as a result 
of the presence of lactic acid in the electrolyte. 

  

 
 
Figure 8:  Profilometer image of an Nb sample prepared 
by PKU’s fast BEP technique (please read reference 14).  

 
Figure 9: Dynamic SIMS measurements on CEA Saclay’s 
sample#9 a) and sample#10 b).  Sample#9 was treated by 
EP for an Nb removal of 150 μm followed by HF(48%) 
rinse.  Sample#10 was treated by BEP with commercially 
mixed electrolyte for an Nb removal of 140 μm. 

VERTICAL VS. HORIZONTAL 
In the beginning of this project, we intended to treat the 

same type of cavities vertically at JLab and horizontally at 
CEA Saclay with the identical polishing parameters so 
that we could compare which way of treating Nb SRF 
cavities was better.  Due to various reasons, this intension 
was not realized.  Only three cavities were treated by 
horizontal setup at CEA Saclay and all of them had an 
early Q degradation as shown typically in Fig.10a).  In 

 

 
Figure 10:  Typical RF test data on CEBAF cavity treated 
by BEP horizontally at CEA Saclay employing 
commercially mixed electrolyte: a) after the treated and 
cleaning, b) after BCP rinsed for two minutes and 
cleaning. 

THPPO064 Proceedings of SRF2009, Berlin, Germany

09 Cavity preparation and production

758



 
Figure 11:  Typical RF test data on CEBAF cavity treated 
by BEP Vertically at JLab employing commercially 
mixed electrolyte.  
 
this particular case, a hot spot was found near equator.  
This cavity was then BCP rinsed for 2 minutes and then 
tested again.  No significant improvement was found as 
shown in Fig.10b). 

In the early stage of this study, fine grain CEBAF 
cavities treated vertically using commercially mixed 
electrolyte shown similar RF results as those of Fig.10.  A 
typical example is shown in Fig.11.  Apart from variations 
in treatment parameters, the only other difference is the 
cathode shape between the cavities treated at CEA Saclay 
and JLab.  For cavities treated at JLab, an elliptical 
cathode shape as shown in Fig.3 was used whereas at 
CEA Saclay a bar shape cathode was adopted.   

After these discouraging results, a home-made BEP 
electrolyte was mixed at JLab and a ball shape cathode 
was fabricated.  Inspired by the fast BEP technique 
developed at PKU, a much higher electrolyte flow rate 
was adopted to polish three CEBAF cavities vertically at 
JLab.  All three cavities showed very encouraging results 
with accelerating gradients close to 25 MV/m and a 
decent Qo.  A typical excitation curve is shown in Fig.12. 

CONCLUSION 
In this paper, recent research progress on BEP is 

reviewed.  Several important aspects of R&D on BEP are 
discussed in some detail.  BEP as a new Nb surface 

 

 

treatment technique is still in its early stages of 
development.  Based on the demonstrated abilities of BEP 
for achieving the smoothest surface finish on Nb and an 
an extremely high Nb removal rate of 4.67 μm/min, we 
anticipate that BEP can be a promising candidate for a 
next-generation surface treatment for Nb. 
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 Abstract 
Field emission is one of the major obstacles for 

achieving constantly high accelerating gradient for Nb 
superconducting radio frequency (SRF) cavities, although 
various techniques and procedures have been adopted 
trying to keep the inner surfaces of Nb SRF cavities clean 
and free from field emission for a couple of decades in the 
past.   In this report, it is shown that significant reductions 
in field emission on Nb surfaces can be achieved by 
means of a new surface treatment technique called gas 
cluster ion beam (GCIB).  When a relevant treatment 
agent is selected with optimal treating parameters, it is 
demonstrated that a reduction in field emission as much as 
87.5% is possible through measurements using a home-
made scanning field emission microscope.  Possible 
mechanism regarding the suppression of field emission on 
Nb surfaces by GCIB treatments will be discussed.  

INTRODUCTION 
Field emission has been a serious problem challenging 

the SRF community for a long time.  Even up to now, 
many Nb based SRF cavities still suffer from field 
emission during the initial RF tests and have to be 
returned for cleaning or other surface treatments again.  In 
regular accelerating structures, field emission often limits 
the cavity performance starting at a surface field of 20 
MV/m.  Heating from field emission increases 
exponentially with the surface field, leading to a dramatic 
decrease in the quality factor Qo of the excitation curves 
of Nb SRF cavities.   

The key here is to produce and maintain a clean surface 
that does not have micron or submicron particulates, 
chemical residues, and scratches or other sharp surface 
features.  Various techniques [1] such as, for instance, 
clean room assembly, high pressure water rinse, ultrasonic 
cleaning with detergent, and recently dry ice cleaning [2] 
has been employed to mitigate particulates on the surfaces 
of Nb cavities.   

In this report, it will be shown that there is now another 
technique that can be under our disposal for battling with 
field emission.  This technique is called GCIB.  It will be 
demonstrated through measurements that GCIB can  
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suppress field emission on Nb surface to as much as 
87.5% under a suitable treatment condition.  

SAMPLES AND EXPERIMENTAL 
INSTRUMENTS 

The samples used for this study were fabricated from 
the same Nb batch.  These were special samples designed 
particularly for doing field emission scan using the 
scanning field emission microscope (SFEM) built at JLab.  
A typical sample is showed in Fig. 1.  These samples were 
treated by the standard BCP to remove 150 μm from the 
surfaces.  Afterwards, the samples were rinsed by DI 
water and cleaned by ultrasound with micro for one hour 
followed by DI water rinsing again.  Finally the sample 
surfaces were blown by a dry nitrogen gun.  

Our SFEM is a home-made one as described in Ref.3.  
An important feature of the SFEM is that it is coupled 
with our scanning electron microscope (SEM) and energy 
dispersive x-ray (EDX) systems.  It uses the SEM 
chamber as a load-lock entrance for samples.  Through 
appropriate marking, the coordinate of a sample can be 
transferred from the sample holder of SEM to that of 
SFEM, which allows an emitter to be checked at the same 
location before and after field emission. 

WORKING PRINCIPALS OF GCIB 
TECHNIQUE 

The working principal of GCIB is schematically 
illustrated in Fig. 2.  Various types of gases can be used 
for GCIB treatments.  The gases can be inert such as Ar, 
Kr, Xe etc. or chemically reactive such as O2, N2, CO2, 
NF3, CH4, B2H6 etc. that may react with the surfaces 
under treatments depending on what the application one 
has in mind.  After selecting an appropriate gas species, 
the gas is forced through a nozzle that has a typical 
pressure of 7.6X103 Torr on one side and a vacuum of 
7.6X10-3 Torr on the other side.  Therefore the gas 
undergoes a supersonic expansion adiabatically that slows 
down the relative velocity between the atoms of the gas, 
leading to the formation of a jet of clusters.  A typical 
cluster contains atomic numbers ranging from 500 to 
10,000 that are held together by van der Waals forces.  A 
skimmer is then used to allow only the primary jet core of 
the clusters to pass through an ionizer.  The clusters are 
ionized by an ionizer via mainly electron impacts and the 
positively charged clusters are electrostatically  
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described in this chapter.  The arrows indicate the 
markings for coordinate identification. 
 
accelerated via a typical voltage ranging from 2 kV to 35 
kV and focused by a beam optics.  Monomers and dimers 
are removed from the beam by a dipole magnet before the 
beam is neutralized with an electron flood.  The aperture 
in Fig. 2 after the neutralizor is used to collect the the 
monometers and dimers.  Surface GCIB treatments are 
done through mechanically scanning an object.  Typically, 
the impact speed of the clusters to the surface of an object 
under GCIB treatements is 6.5 km/s, and the current of a 
gas cluster beam can be as high as 1 mA. 

The selection of an appropriate gas species for doing 
GCIB treatment is very important.  When an inert gas is 
chosen, the major effects on the treated surfaces are 
smoothing and asperity removal due to lateral sputtering.  
Chemical gases, on the other hand, can produce some 
additional effects such as, for instance, doping, etching, 
and depositing, etc. depending on the properties of the 
treated object and the gas species selected.  Implantation 
is only limited to the top several atomic layers during 
GCIB treatments due to the low individual atomic energy.  
One can also combine the use of different gas species in a 
specific order for a particular application, although less 
work has been done in this research direction so far.  

 

 
Figure 2: Schematic of working principal of GCIB. 

For the study reported in this chapter, only Ar, O2, N2, 
and NF3 were used in the GCIB treatments on Nb.  Ar 
was selected because of its smoothing effect.  O2 GCIB is 
interesting due to the possible chemical reactions between 
O2 and Nb and so is true also for N2, although in case of 
using N2 we were hoping that NbN could be formed on 
the treated surface since the superconducting transition 
temperature (Tc) is 16.2 K that is much higher than 9.2 K 
for Nb.  NF3 is expected to have a relatively higher 
etching and removal rates on Nb than those from other 
chemically reactive gas species. 
 

EXPERIMENTAL RESULTS AND 
DISCUSSION 

To study the effect of GCIB treatments on Nb, 
following experiment was performed:  First standard Nb 
coupons as the one shown in Fig. 1 were fabricated from 
the same Nb sheet followed by the standard BCP 112 
removal of 150 μm.  The samples were covered partially 
via a 25 μm thick stainless steel for GCIB treatments 
employing O2, Ar, and NF3.  After appropriate GCIB 
treatments, samples are transferred into SFEM 
measurement chamber via a load-lock entrance purged 
with flow nitrogen to prevent contamination on the 
surfaces of the samples. 

Experimental results are shown in Fig. 3, Fig. 4, and 
Fig. 5.  The sample used in Fig. 3 was masked into 
quadrants as shown in the figure.  No GCIB treatment was 
done on the region marked “Unprocessed”.   “P1” region 
was treated by Ar. “P1+P2” region was treated by Ar first 
followed by O2.  O2 GCIB treatment was done on “P2” 

 

 
 
Figu re 3: SFEM plot of  field  emitters  on  the  surface  of  a 
BCP treated Nb coupon.  The sample was masked into 
equal quadrants for treatments with Ar and/or O2 GCIB or 
not treated as designated in the figure (see text for more 
details). 

Figure 1 : Standard Nb flat coupon used for the study

Proceedings of SRF2009, Berlin, Germany THPPO065

09 Cavity preparation and production

761



 

 
 
Figure 4:S FEM p lot o f f ield e mitters o n t he s urface o f a  
BCP treated Nb coupon.  Half of the coupon was treated 
with O2 GCIB whereas the other half was not. 
 

region.  The locations of the triangles in these figures 
show where the emitters are and the height of a triangle 
indicates how strong the emitter is.  The taller a triangle is 
the lower on-set field gradient the emitter has.  All treated 
regions showed fewer emitters than the unprocessed 
quadrant.  The number of emitters in each egion shows 
the following trend: P2<P1+P2<P1<Unprocessed.  
Comparing these results to a binomial distribution shows 
less than a 1 in 70 chance that this is a random 

  

 
 
Fig p lot  of  field  emitters  on  the  surface  of  a 
BCP treated Nb coupon.  Half of the coupon was treated 
with NF3+O2 GCIB whereas the other half was not. 

distribution.  It is remarkable to see that in the O2 treated 
quadrant there is only one emitter that is located close to 
the unprocessed region.  The measurement also suggests 
that O2 treatment is more effective in reduce the number 
of field emitters. Encouraged by the first test, another  
coupon was treated by O2 GCIB.  The result of SFEM 
scans is showed in Fig. 4.  In this case, half of the coupon 
surface was covered.  Again a dramatic reduction in the 
number of field emitters was found on the treated region.  
By assuming a non-preferential distribution of the 
emitters on the Nb surface before the treatment, the 
reduction rate for O2 is 87.5%.  The most important 
difference between Ar and O2 is that O2 is reactive with 
Nb whereas Ar is not.  This inspired us to use a more 
reactive gas species for treating Nb surface.  Ref. 4  
demonstrated that NF3+O2 can significantly etch Nb and 
blunt the angles of the grains that protrude from the 
surface.  Therefore NF3+O2 was adopted for the next 
treatment.  Fig. 5 shows the result of SFEM scans on the  
Nb coupon where half of the surface was covered.  
Reduction in field emitter number is again seen for the 
treated half.  The reduction rate is 75.0% that is less than 
87.5% for the O2 treated region. 

These results seem to imply that the smoothing effect is 
not the main reason responsible for the reduction as 
evidenced from Ar GCIB treatment.  Chemical reaction is 
clearly important.  But this does not mean that the more 
chemical reaction the better since the reduction in field 
emission is more for O2 treated region than that in 
NF3+O2 treated region.  We tentatively attribute the 
effectiveness of O2 treatment to the modifications of the 
surface oxide layer structure on Nb surface as reported in 
another paper [5].  We believe that the following three 
effects from GCIB treatments contribute to the reduction 
in field emission.  First effect is the smoothing effect of 
GCIB treatment.  GCIB treatments can remove sharp tips 

 

 
 

Figure 6: SEM image taken on an O2 GCIB treated
 Nb

 
surface.  Two potential emitters as indicated by the

 arrows
 

were suppressed by the treatment via removing
 sharp

 
edges and tips. 

ure 5: S FEM
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Figure  7: S    EM image  taken  on  an  O2  GCIB  treated
 Nb

 
surface.  The arrow indicates a potential emitter being 

“smashed” into pieces as if it were stepped on by a heavy 
Japanese sumo wrestler. 
 
or edges so as to suppress field emission.  A typical 
example is shown in Fig. 6.  Chemically reactive 
smoothing effect seems to be more effective in reducing 
the number of emitters than pure mechanical one does as 
in the case of Ar.  The second effect is the so-called  
“smashing effect” as shown in Fig. 7 where a potential 
emitter in the oxide treated region was found to be 
suppressed by the bombardment of O2 clusters and broke 
into pieces as if it were stepped on by a heavy sumo 
wrestler.  The third effect is the modification of the 
surface chemical composition, especially the increase of  
the thickness of the surface insulating layer of Nb such as 
in the case of O2 (see Ref. 5 for more details).  

SEM and EDX examinations were done on the emitters 
inside the treated and untreated regions of Figs. 4  and 
 

 
 
Figure 8: Close-up SEM image of two niobium oxide 
particles on the Nb surface treated by high energy NF3+O2 
GCIB.  The two niobium oxide particles appeared to have 
smooth surfaces and to be embedded into the surface of 
the Nb coupon. 

 
 
Figure 9: EDX spectra taken on a) one of the particle

 shown
 

in Fig. 8, b) on the surface of the Nb sample. 
 
5 hoping to find more clues about the characteristics of 
the emitters, possible origins, and why some emitters 
were still active after the GCIB treatments.  For the 
untreated region in Fig. 4, 14 different elements were 
detected from the total 24 emitters in this region.  The 
most frequent found elements are S, Fe, Cl, Al, Mg, and 
Si.  It is interesting to notice that S, Fe, Al, and Si are also 
the most frequent found elements [6] in the particulates 
collected in a filter form high pressure water rinse line for 
Nb SRF cavities at Jlab.   S, Si, Al, and Cl are the most 
frequent found elements in the particulates [7] collected 
from the rear side of a vacuum pump line for Nb SRF 
cavities at JLab.  Therefore, it is plausible that the 
emitters are mostly air-born particles or dusts, and/or 
residuals from BCP treatment, and/or deposits from rinse 
water.  Five different elements found from the emitters in 
the treated region.  It appears that there is not a correlation 
between the elements detected in the untreated and treated 
regions.  The sizes of the emitters in the untreated region 
range from several tens micron to submicron.  Among the 
24 emitters detected, the emitters with larger sizes tend to 
have a lower emission onset field.  For instance, the 
emitter indicated by the red arrow in Fig.4 has field 
emission onset at 17 MV/m whereas other emitters that 
have onset field at least 89 MV/m have a typical length 
scale less than 10 μm.   

For the untreated region in Fig. 5, 15 different elements 
were found from the 40 emitters of this region.  Most of 
the 15 elements were also seen in the untreated region in 
Fig. 4 except Cu, Ag, and Ni, implying therefore that the 
emitters might originate from the same sources as those 
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for Fig. 4.  Almost all the elements detected in the 
untreated region appeared in the treated region except Ag.  
This is in agreement with the hypothesis that the field 
emitters are randomly distributed over the surface of an 
Nb coupon.  Unlike the oxygen GCIB treated sample 
where only 3 emitters were found in the treated region, 
here there were 10 emitters.  Therefore the chance for all 
the elements detected in the untreated region to appear in 
the NF3 treated region increases substantially.  One 
undesirable feature found in the treated area in Fig.5 was 
a lot of small niobium oxide particles.  Those particles 
were presumably a result of NF3 bombardment and were 
not active emitters.  Close examine revealed that those 
niobium particles had very smooth surfaces (see a typical 
example in Fig.8).  They seemed to be embedded in the 
surface the Nb coupon.  The particles are niobium pent-
oxides since the oxygen peak intensity in the open 
window EDX spectrum (Fig. 9a) taken at the particle is the 
same as that (Fig. 9b) taken on the surface of the Nb 
coupon.  It is plausible that the O2 GCIB treatment after 
NF3 turns these particles from Nb or Nb suboxides into 
pent-oxides and smoothen their surfaces.  This also 
explains why NF3+O2 GCIB treatment has a relatively 
larger etching rate [8].   

It is also interesting to note that most of the active 
emitters are particulates consisting of more than one 
metallic or semiconductor elements and Nb itself can be 
an emitter if it exists as a particle.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

SUMMARY 
It was demonstrated in this paper that GCIB could be 

used to treat Nb surfaces for the purpose of reducing field 
emission.  Experimental results obtained from an SFEM 
revealed that under a suitable condition a reduction in 
field emission as much as 87.5% could be obtained.  The 
mechanism responsible for the reduction in field emission 
was discussed.   
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Figure 1:  An electropolishing system for single- and 
multi-cell 1.3 GHz elliptical cavities at ANL. 

Table 1: Electropolishing Parameters used at ANL for Nine-
cell Cavity Electropolishing 

ELECTROPOLISHING AT ANL/FNAL 

M.P. Kelly, S.M. Gerbick, ANL, Argonne, IL, USA 
                                                              

D. Bice,  G. Wu, FNAL, Batavia, Illinois, USA 

 
Abstract 

 A system for electropolishing 1.3 GHz elliptical single- 
and nine-cell cavities is in operation at the joint 
ANL/FNAL cavity processing facility located at Argonne. 
The system is one piece of a larger 200 m2 complete 
single cavity processing and assembly facility which also 
includes clean rooms and high-pressure water rinsing. 
Recently, the electropolishing system has been used to 
process a series of single and nine-cell cavities. For single 
cell cavities a good set of EP parameters has been 
demonstrated based on more than a half dozen complete 
processing and cold test cycles at ANL/FNAL. The latest 
six single cell cavities each exceed EACC=35 MV/m and, 
at this gradient, have Q in the range 6x109 - 1x1010. The 
first nine cell cavities electropolished at ANL have not yet 
reached similar fields (~23-26 MV/m) and ongoing 
activities are focused on demonstrating 30 MV/m or 
better in these cavities. Suitable nine cell EP parameters 
using the ANL/FNAL EP system including acid/water 
temperatures, flow rates, current, voltage, air flow etc. are 
all substantially different than for single-cell cavities and 
are discussed here. 

INTRODUCTION 
 A new superconducting rf (SRF) cavity processing 

facility has been in operation at Argonne National 
Laboratory (ANL) for more than one year [1]. The facility 
is part of a broader accelerator physics collaboration 
between ANL and Fermi National Accelerator Laboratory 
(FNAL). It has in one location all of the hardware 
required to process cavities as received from industry and 
produce in the end cavities suitable for either vertical 
testing or installation into a cryomodule. Manpower and 
material costs are being shared roughly equally by ANL 
and FNAL. The facility, sized to process multiple cavities 

per week, has already been used to electropolish cavities 
for the recently installed ATLAS energy upgrade [2] at 
Argonne and will likely also support development for the 
next-generation light source and hadron linacs. 

SYSTEM DESCRIPTION 

Background 
The electropolishing hardware shown in Figure 1. has 

been designed, built and operated thus far by ANL 
personnel. A pre-construction review at ANL in February 
2007 was attended by many of the world’s experts on 
cavity EP and design input has been incorporated into the 
system. 

Training of additional ANL and FNAL operators is 
underway and it is planned that five trained operators will 
be qualified by early 2010. Typical operating parameters 
for the 1.3 GHz single- and nine-cell cavity 
electropolishing system are listed in Table 1. Most of 
these parameters are similar to those described elsewhere 
[3]. Notable exceptions are discussed.  

Materials 
Materials used in the EP system are based on more than 

three decades of continuous experience performing 
niobium electropolishing at ANL, going back to the 
original development of the Siemens process [4]. 
Materials with proven compatibility with the electrolyte 
include Teflon (PTFE), PFA, HDPE, and high-purity 
aluminum. Cathodes for single- and nine-cell cavities 
were fabricated from high-purity aluminum tubing 
provided by Jefferson Lab and more recently from 3003 
aluminum tubing purchased commercially. No difference 
in cathode performance or wear is apparent for the two 
materials. 
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Figure 2: Horizontal orientation (left) as during EP and 
vertical orientation (right) as during acid dumping, water 
rinsing and loading and unloading of the cathode. 

 
Figure 3: Electropolishing parameters for 20 micron final 
surface removal on a 9-cell cavity. 

Non-acid-wetted structural materials located inside the 
chemistry room are constructed from chemical- and 
deionized water resistant materials including stainless 
steel, aluminum, HDPE and Type II PVC. Electrical leads 
and contacts are fabricated from copper, copper-graphite, 
aluminum and bronze. To the extent possible delicate 
components such as electrical leads are coated or covered 
in order to minimize corrosion. 

Orientation 
The horizontal orientation was the preferred design 

choice since it avoids many well established problems in 
niobium electropolishing. Some of these include an 
intrinsic difference in polishing rates between upward and 
downward facing surfaces (downward surfaces polish 
~2X faster) and the natural tendency to have temperature 
and bubble density gradients in tall vertically oriented 
systems. Likewise, there is long experience [5] with 
horizontal systems at DESY, KEK and JLab. During EP 
the cavity is rotated slowly about the beam axis. After EP 
the system is rotated vertically, as depicted in Figure 2, in 
order to dump the acid and then rinse the cavity interior 
with deionized water. 

Acid Dumping and Rinsing 
The EP system permits the rapid drainage and rinsing 

of the cavity interior at the end of the procedure. 
Typically, the elapsed time from the shut off of the 
applied voltage to the condition with the cavity fully 
upright and drained is 1-2 minutes. Approximately 2 
minutes are required to fill the cavity for the first rinse. 
Water enters the cavity both from the bottom and through 
the holes in the cathode. It was found experimentally that 
allowing the water to overflow and spill into the waste 
tank for a couple of minutes during the initial rinse 
prevents staining near the top of the cavity due to residual 
acid. Allowing the water to overflow on the first rinse is 
now routine procedure. 

Acid Seals 
The electropolishing system requires several acid tight 

seals. All but two of these seals are between fixed 
surfaces and perform reliably with standard Viton gaskets, 
o-rings and/or Teflon encapsulated Viton o-rings. The flat 
3 mm Viton B gaskets used to seal to the (easily 
damaged) cavity flange faces provide very robust seals 
and are recommended. 

The seal between the rotating cavity assembly and the 
fixed EP end groups is, however, more challenging. Here 
we use a double- Teflon-lip seal available from industry 
and developed previously for automotive and petroleum 
applications. The design of the end group is such that the 
weight of the EP apparatus is never applied directly to the 
lip seals but is taken by the cavity holding fixture. Any 
misalignment between the rotating cavity and the fixed 
end groups are accommodated using a pair of flexible 
Teflon bellows at each end of the cavity. Lip seals are 
intended to be replaceable, however, there are no signs of 
wear or leakage after more than a dozen procedures. 

Heat Exchanger 
In order to maintain the acid temperature close to the 

nominal operating temperature of 30 oC, a heat exchanger 
fabricated from 30 meters of 1 cm diameter high-purity 
(3003) aluminum tubing is used to regulate acid stored 
inside the external tank labeled “Acid Dump” in Fig. 1. 
The heat exchanger is based on those used for 
electropolishing of TEM cavities at ANL for more than 
three decades and is different than the Teflon heat 
exchangers in use elsewhere. A water chiller with a 
capacity of 10 kW at 5oC is used to circulate cold water 
through the aluminum coil. It is noted that the high purity 
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Figure 4: I-V curve for 9-cell cavity during EP 

Figure 5: Measured surface removal rate at the equator 
and iris. 

 
Figure 6: The electropolishing system re-configured for a 
1.3 GHz single-cell elliptical cavity. 

aluminum holds up well in the fully concentrated 
electrolyte, as demonstrated previously in many hundreds 
of hours of operation. However, aluminum does corrode 
in dilute acid solutions and care should be made not to 
leave the heat exchanger immersed in such solutions. 
Possible external (direct) water cooling to minimize 
temperature gradients across the cavity during EP was 
initially considered and is still a possible ‘upgrade’ path. 

EP OPERATIONS 

9-cell EP 
The most recently measured online parameters for 

electropolishing of a standard ILC-type nine-cell cavity 
are shown in Figure 3 for a ‘light’ EP procedure. The only 
parameters adjusted during EP are the applied 
anode/cathode potential (2nd panel from top) and the 
temperature of the chiller water (bottom panel) circulated 
through the heat exchanger in the external acid reservoir. 
The total volume of acid for 9 cell EP is 200 liters.     

Parameters change slowly enough that adjustments can 
easily be made manually by an experienced operator. 
With some additional development this could be 
automated. Measured data show that there is an 
approximately 10 minute equilibration time required to 
bring the acid temperature from 25 oC up to the nominal 
operating temperature after which the parameters are 
fairly stable. 

Current versus voltage (I-V) measured about 20 
minutes after the start of the procedure is shown in Figure 
4. The data shows the plateau corresponding to the 
‘electropolishing region’ between about 15 to 18 volts 
though the effect is less pronounced than has been seen 
elsewhere [3]. Except for the first 10 minutes where the 
applied voltage was 18 V in order to heat the acid, this 
procedure was performed between 16-17 volts 

anode/cathode potential, near the middle of the plateau. 
We propose that because the I-V curve is clearly an 
‘integral’ over the entire cavity inner surface, operation 
near the high end of the plateau should be avoided in 
order to avoid the possibility oxygen formation [5] near 
the faster polishing irises. 

The total amount of surface removal is measured for 
each polished cavity, both near the equator and the iris 
regions, using a hand held ultrasonic thickness gauge. 
Total surface removal was verified to be just over 20 
microns for this procedure.  The local removal rates have 
been measured to be 0.35 micron/minute at the equator 
and 0.43 micron/minute at the iris, reasonably close to the 
nominal 0.3 microns/minute.  The ratio of these values of 
about 1:1.25 is somewhat less than has been observed 
elsewhere [3]. 

To date, two nine-cell cavities electropolished at the 
joint ANL/FNAL facility have been cold tested. However, 
the very first cavity was polished with parameters 
substantially different from those described here. In 
particular, the anode/cathode current was in the range of 
400-500 Amperes due to difficulties regulating the acid 
temperature, clearly above the nominal value of about 275 
Amperes (30 mA/cm2). The cold test following the first 
EP showed global heating throughout the cavity and had a 
quench at 23 MV/m. The second cavity was 
electropolished with more optimal parameters similar to 
those in Figure 3. However, this cavity was field emission 
limited at 26 MV/m likely due to contamination after 
HPR. Additional cavities already electropolished at the 
facility are awaiting cold test. 

Singe-cell EP and Test Results 
In order to commission the EP system, and at the same 

time, commission the new rinsing and assembly facilities, 
a series of single cell cavities was processed in the joint 
facility. For single cell EP the total electrolyte volume is 
40 liters. In order to maintain the nominal 37 Amperes 
anode/cathode current the temperature of the acid in the 
external tank is held at 26-30 oC, much warmer than for 9-
cell EP. 

Figure 6. shows the hardware reconfigured to hold a 
single-cell cavity. The reconfigured system requires 

.
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Figure 7: The electropolishing system re-configured for a

 1.3
 

GHz single-cell elliptical cavity. 

Table 2: Maximum Accelerating Gradients for Single-cell 
avities after EP/HPR and old esting at FNAL. 

 

installation of a shorter cathode, changing of three acid 
handling lines and adjusting the length of the mounting 
fixture. Total effort for this is about a man-day. 

For single cell cavities the EP parameters used here 
appear to be reproducible and are now reasonably well 
established based on more than a half dozen complete 
processing and cold test cycles at ANL/FNAL. The lastest 
six single-cell cavities each exceed EACC=35 MV/m and, 
at this gradient, have Q in the range 6x109 - 1x1010 as 
shown in Table 2. and Figure 7. 

CONCLUSION 
An electropolishing system for processing elliptical cell 

cavities has been built at Argonne in collaboration with 
Fermilab. The system has been used to electropolish a 
series of single-cell cavities which have shown good 
performance in cold tests. The first nine cell cavities 
electropolished at ANL have not yet reached similar fields 
(~23-26 MV/m) and ongoing activities are focused on 
demonstrating 30 MV/m or better in these cavities. 
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Abstract 
As the key component of the “IHEP 1.3 GHz SCRF 

Accelerating Unit and Horizontal Test Stand Project”, a 
low-loss shape bare tube 9-cell cavity using Ningxia large 
grain niobium is being fabricated at IHEP. This paper 
presents the fabrication procedure and frequency tuning 
method of the dumbbells of this cavity. Due to the special 
properties of the large grain material, several mechanical 
and RF problems were found and successfully solved. 
After equator welding, this cavity will be surface treated 
and tested late this year. 

INTRODUCTION 
The combination of the low-loss shape and large grain 

niobium material is expected to be the possible way to 
achieve higher gradient and lower cost for ILC 9-cell 
cavities. The cost reduction of the large grain niobium 
cavities lies in eliminating electro-polishing process, and 
the newly developed multi-wire slicing technique on large 
grain niobium ingots at KEK [1]. 

As the key component of the “IHEP 1.3 GHz SCRF 
Accelerating Unit and Horizontal Test Stand Project” [2, 
3], A low-loss shape bare tube 9-cell cavity using Ningxia 
large grain niobium is being fabricated at IHEP. A 
pumping port is added on the beam tube to evacuate the 
cavity before and during vertical tests. Due to special 
properties of large grain material, several mechanical and 
RF problems were found during dumbbell fabrication, 
EBW and tuning. 

 

 
Figure 1:  3D model and design parameters of the IHEP 
low-loss 9-cell cavity. 

DUMBBELL FABRICATION AND TUNING 

Niobium Inspection 
Ultrasonic and eddy current scanning were performed 

on some of the large grain niobium disks provided by 
OTIC, Ningxia.  Some initial results of the ultrasonic 
scanning seemed to show no apparent defects of the 
material, while further investigation and improvement of 
the inspection methods are needed. The measured RRR 
value of the large grain niobium is 430.  

Half Cell Fabrication and Reshaping  
Several problems were found during the fabrication of 

half cells from large grain material. Earrings and steps 
were found in the equator area. Large cracks and 
unsmoothness were found between adjacent grains in the 
iris area. Iris wall thickness was not uniform after 
trimming (Fig. 2). The largest iris wall thickness 
difference of a half cell is nearly 1 mm. The spring back 
after deep drawing of the half cell was large according to 
3D measurement (Fig. 2) and the equator became oval 
due to internal stress.  

 These problems were due to the different mechanical 
properties of the large grains with different crystal 
orientation. The steps and unsmooth area are supposed to 
be eliminated by CBP (centrifugal barrel polishing) on the 
9-cell cavity. For the oval shape, we adjusted the 
roundness of the half cells by reshaping the equator with a 
special fixture.  The final roundness was less than 0.2 
mm. 

 

 
Figure 2:  Iris wall thinning and shape spring back. 

The designed length of the middle half cell is 57.69 
mm. We add 0.2 mm EBW shrinkage allowance on both 
equator and iris side and another 1 mm allowance on the 
equator for frequency and length tuning.  The theoretical 
length and frequency is 59.09 mm and 1277.3 MHz. Due 

___________________________________________  
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to trimming jig mounting error and spring back, the 
finished length and frequency had a relatively big 
scattering (Fig. 3). 

58.0 58.5 59.0 59.5 60.0
1270

1272

1274

1276

1278

1280

1282

1284

1286

F
re

qu
en

cy
 / 

M
H

z

Half cell length / mm

 average

 theoretical

 

Figure 3:  Frequency and length data of 20 half cells. 

Dumbbell EBW 
We chose two half cells with similar iris diameter to 

form a dumbbell. Inside and outside EBW were 
performed on the iris. EBW of the irises did not meet big 
problems in spite of the large iris wall thickness 
differences. The iris welding underbeads are very smooth. 
The shrinkage of the dumbbell length after iris two sides 
EBW and stiffening ring EBW is about 2 mm. 

 

     

Figure 4:  Fixtures for the iris inner EBW and stiffening 
ring mounting. 

Half Cell & Dumbbell Frequency Measurement 
Half cell frequency measurement will give information 

about the accuracy of the half cells contour by the average 
value of the frequencies and the reproducibility of 
shaping the half cells by the spread of frequencies. After 
EBW of the dumbbells (iris and stiffening ring welding) 
the resonant frequency is measured. The evaluation of this 
measurement will determine the amount of trimming at 
the equator to achieve simultaneously the correct length 
and the correct frequency of the 9-cell cavity. It also 
serves as a measure of contour change and reproducibility 
of iris and stiffening ring welding [4]. 

We made a fixture to measure the frequencies of the 
half cells and dumbbells. The contact surface between the 
old fixture and the equator (or iris) surface was a 3 mm 
thick niobium plate. The Q values of the half cells and 
dumbbells were below 1000, and the frequency was not 

stable. Since the plain and hard contact of the old fixture 
required much more press and good equator surface 
flatness, we made a thinner plate with radial slots and 
elastic washers underneath for good RF contact. With the 
new fixture and about 10 kg press, the Q values of the 
half cells and dumbbells are above 5000, and the 
frequency is stable at kHz. 

 

 

Figure 5:  Frequency measurement fixture of half cells 
and dumbbells. 

Dumbbell Reshaping and Tuning 
With a special jig, we reshaped the dumbbells to the 

target length and adjusted the parallelism to be less than 
0.2 mm. The reshaping target length was the sum of the 
two half cells length before welding minus iris EBW 
shrinkage. With the perturbation method [5], we 
measured six frequencies to calculate the individual 
frequency of the half cells of a dumbbell. The 
perturbation amount was about 50 kHz.  

Then, according to the DESY cavity tuning method [6] 
and the estimated 9-cell cavity frequency and length 
evolution (Fig. 6), we calculated the trimming length and 
pre-tuning length for each half cell of the dumbbell (Table 
1). The tuning target frequency of the dumbbell π mode is 
1298.277 MHz, and the target length is 57.96 mm. 

Table 1: Tuning Data of Dumbbells After Reshaping 

Dumbbell 
Number 

Half cell  
frequency 

/ MHz 

Trimming 
length  
/ mm 

Pretuning 
length 
/ mm 

#07/14 
1298.721 

1298.072 

0.45 

0.88 

0.29 

0.41 

#12/13 
1297.776 

1297.111 

0.82 

0.76 

0.33 

0.20 

#08/09 
1301.701 

1298.928 

0.64 

0.61 

0.87 

0.41 

#24/48 
1296.012 

1296.750 

0.90 

0.79 

0.09 

0.16 

#30/50 
1297.830 

1297.320 

0.82 

0.81 

0.34 

0.25 

#23/52 
1295.048 

1296.734 

1.04 

0.86 

0.01 

0.19 

#51/53 
1294.822 

1297.667 

1.12 

0.67 

0.02 

0.24 
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Figure 6: 9-cell cavity frequency and length evolution. 
 

A few half cells had a negative trimming length due to 
big length or frequency deviation from the theoretical 
value. Due to the relatively large scattering of the half cell 
equator diameter, length and frequency, we will make 
dumbbell matching for equator EBW according to both 
the equator diameter and the tuning requirement. 

SUMMARY 
Several problems have been solved during the 

fabrication, EBW and tuning of 13 dumbbells for the 
IHEP large grain low-loss shape 9-cell cavity. The whole 
cavity will be welded and treated in late 2009, and tested 
in KEK next spring.  

Large grain niobium cavity fabrication has many 
special issues. Dimension and frequency control related to 
material mechanical properties is important and needs 
more investigation.  
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Abstract 

Buffered Electrochemical Polishing (abbreviated as 
BEP) is a process developed at JLAB.  It was shown that 
BEP can produce the smoothest niobium surface ever 
reported [1,2] with a very fast removal rate. Some 
encouraging results after BEP on single-cell cavities 
treated by a vertical set-up have also been reported [3]. 
Complementary experiments on flat Nb samples have 
been carried out at CEA Saclay with a rotating disc 
electrode. Electro-chemical Impedance Spectroscopy 
measurements were also performed. Experimental results 
obtained on BEP were compared with those achieved 
with the standard Electro-Polishing (EP) [4]. Differences 
in terms of fluorine diffusion and of surface film 
resistance between BEP and EP have been put forward. 
Studies are on going to understand if some poor RF test 
results obtained after BEP with an horizontal set-up as 
well as with a vertical one [3] are due to the modified 
electro-chemical mechanisms or the decreased quality of 
commercial electrolyte used. 

INTRODUCTION 
BEP is a polishing process developed at JLAB, which 

gives excellent results in term on roughness on flat 
samples. An organic acid (lactic acid C3H6O3) is used in 
BEP: the electrolyte is prepared mixing 4 volumes of HF 
40%, 5 volumes of H2SO4 95%, and 11 volumes of 
C3H6O3 95% (mass percents). This process is also applied 
to polish single-cell cavities for tests in different 
laboratories [2,3]. At CEA-Saclay, some electro-chemical 
studies have been carried out on samples in order to 
determine electro-chemical mechanisms involved in BEP 
compared to standard Electro-Polishing of niobium (HF-
H2SO4 mixtures). 

VOLTAMPEREMETRIC MEAUREMENTS 
ON SAMPLES 

Recent results prove that standard Electro-Polishing of 
niobium in HF – H2SO4 mixtures is likely to be governed 
by the diffusion of fluorine ion to the niobium surface 
[4,5]. Proofs are given using a rotating disc niobium 
sample. When a process is limited by the diffusion of a 
molecule or ion, it is possible to increase the current by 
making faster its mass transport to the surface. More 
precisely, the current is then proportional to the square 

root of the rotation speed of the electrode ω. Such 
experiments have been made for BEP.  

The mixture used was home made. The proportions are 
4-5-11 in HF-H2SO4-C3H6O3. 900 mL of electrolyte was 
used for the experiments. Three electrodes were plunging 
in it during measurements: (See Fig.1) 

• the niobium sample (anode) 
• an aluminium counter electrode (cathode) 
• an Ag/AgCl reference electrode 

The niobium discs used were 10 mm diameter. They were 
mechanically polished prior to electro-chemical 
measurements. The temperature of the electrolyte was 
controlled (T=30 °C +/- 1 °C) 

Nota: For measurements on samples, potentials are 
given in respect to the reference electrode.  For cavity 
experiments, the potential corresponds to the voltage drop 
between the cavity and the cathode (no reference 
electrode is used). 

 
Figure 1: Set-up used for voltamperemetric measurements 
with rotating working electrode (niobium anode). 
 

In a first step, I(V) curves were plotted at different 
rotation speeds (See Fig.2). For BEP in absence of 
rotation, the I(V) curve is similar to those obtained with 
standard EP. A first increase in current is noticed, 
followed by an oscillation area for potentials between 1.5 
and 2.6 V.  A short current plateau is visible. A clear 
increase in intensity is noticed for rising potentials above 
3.5 V. This increase might be attributed to oxygen 
forming due to water dissociation in this area. 
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Figure 2: I(V) curves for BEP mixture plotted with a 
niobium rotating disc electrode at different rotation 
speeds. T=30 C. 

 
For higher rotation speeds, the I(V) curves are 

modified. No plateau is visible and the oscillation area is 
broadened. The current increases linearly with potential. 
It might not then be attributed to oxygen forming. The 
coefficient does not depend on the rotation speed. It is 
contained between 318 and 382 mA.cm-2.V-1. 
Furthermore, current increases with the rotation speed. It 
is worth noticing if current is proportional to the square 
root of the rotation speed. With that purpose in mind, 
current was monitored at 5V for different rotation speeds 
(Fig 3a). Current is not stable (due to the instability 
noticed in I(V) curves). However it increases with the 
rotation speed. For each incrementation, an average 
current has been calculated and plotted as a function of 
the square root of ω. The relation is not found 
proportional, since the current is less sensitive to ω at 
high rotation speeds (Fig.3b). After measurements, 
surface was very shiny compared to the surface obtained 
after measurements with standard EP. 
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Figure 3a: I(t) obtained at 5V Vs Ag/AgCl with BEP for 
different rotation speeds. T=30 °C. Intensity increases 
with electrolyte’s agitation. 
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Figure 3b: Intensity as a function of ω1/2 for BEP mixture. 
T=30 C. No proportionality is found. The electro-
chemical system is not governed by diffusion of fluorine. 
 

For BEP, convection, diffusion and electro-migration 
influence the current density j. No term is negligible in 
the expression of the mass transport Ni (mol.m-2.s-1) for 
each ion i: 

iiiiiii ucFcwzcDN +Φ∇−∇−=  Eq.1 

Di: diffusion coefficient for specie i: m2.s-1 
ci: concentration for the specie i: mol.m-3 
F: Faraday constant: 96485 C.mol-1 
u: fluid velocity in m.s-1 
Ф: potential in V 
zi: charge for the ion i 
wi: constant depending on ion i 
 

As a consequence, the quality of the surface finishing 
will be more sensitive to the uniformity of the electrical 
field comparatively with standard EP. For this reason, a 
“ball-shape” cathode has been designed at JLab, which 
improved brightness achieved on single-cell cavity [6]. 

EIS MEASUREMENTS ON SAMPLES 
Electro-chemical Impedance Spectroscopy (EIS) 

measurements were also carried out on flat samples with 
home made BEP electrolyte. The samples used had 
parallelepiped shape, and were set vertically. For standard 
EP, it has been shown that spectra strongly depend on 
HF-H2SO4 ratios in the electrolyte. For example, limit at 
high frequencies and the diameter of the capacitive semi-
circle are different [4,5,7]. Similar measurements have 
been made with BEP mixture (See Fig.4).  
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Figure 4: EIS Nyquist spectra obtained for different EP 
and BEP electrolytes at 4.5V Vs Ag/AgCl. Range 
100 kHz -0.1 Hz. BEP differs significantly from EP. 
 
Spectra differ significantly in BEP case:  

- The spectra observed were less stable, especially 
at low frequencies. 

- The feature at high frequencies is modified: the 
semi-circle observed for standard EP is 
deformed. 

- The diameter of this “semi-circle” is decreased. 
- The origin of this feature is shifted towards 

higher impedances. 
 

It was not possible to obtain stable signals at 
frequencies under   1 Hz. The real part of the limit at high 
frequencies will be noted R0 and the diameter of the 
“deformed semi-circle”, R1, as in [8]. R0 corresponds to 
the impedance of the electrolyte and of a possible surface 
film. We did not measure conductivity of BEP electrolyte. 
However, because of higher water content (10 mol/L vs 
8 mol/L for standard EP electrolyte) responsible for a 
better acid dissociation, conductivity of BEP electrolyte 
should be higher. The high impedance should be 
attributed to a resistive surface film at the niobium 
surface, which could be correlated to “milky” films 
sometimes observed at the surface of the samples after 
BEP experiments [9]. The limit R0 at high frequency for 
BEP has been studied at 4.5 and 5 V (Fig. 5).  The spectra 
obtained for potentials higher than 5 V were not stable. 
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Figure 5: EIS Nyquist Spectra for BEP at 4.5 and 5 V Vs 
Ag/AgCl. Limit R0 at high frequencies increases with 
potential. 
 

The obtained impedance at 100 kHz is higher in the 5 V 
case. It seems that the resistivity R0 of this film depends 
on the applied potential which would be responsible of its 
thickening. Furthermore, an additional graph was plotted, 
translating the curve at 4.5 V in order to obtain a common 
origin. We observe that both curves are almost 
superimposable (Fig.6). We might conclude that: 

- R0 increases with potential. 
- R1 does not depend on potential. 

We might also notice that R1 is significantly decreased 
compared to the standard EP case. Results are in 
accordance with the “salt film model” [8] and confirm the 
existence of a porous and resistive film at the surface of 
the sample during BEP. 
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Figure 6: Features obtained at 4.5 and 5V are 
superimposable. (Range 100 kHz - 3 Hz). 
 

EIS spectra obtained in BEP case are less stable and do 
not fit perfectly with standard features obtained for 
Electro-Polishing mechanisms. However, they confirm 
that the characteristics of the process differ significantly 
by comparison with the standard EP case. Main difference 
should be attributed to the existence of a porous film 
whose resistance increases with potential.  

HORIZONTAL BEP OF SINGLE-CELL 
CAVITIES 

Single-cell cavities have been polished through BEP at 
Saclay using a horizontal set-up. Commercial electrolyte 
has been used because it is too constraining to prepare in 
our laboratory 40 L of acid by mixing large amounts of 
HF, H2SO4 and C3H6O3. However, commercial acid used 
obviously differs from home-made electrolyte prepared 
with a precise mixing order [6, 9]. In fact, the acid is dark 
brown, compared to the colourless home-made 
electrolyte. The dark colour should be attributed to the 
presence of carbide particles resulting from chemical 
reactions with lactic acid during the mixing of the acids 
[10]. During BEP with commercial electrolyte, foam 
appears at the surface of the liquid. I(V) curves were 
plotted to determine an adequate potential for single-cell 
cavity polishing (Fig.7).  
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Figure 7: I(V) curve plotted on single-cell rotating 
CEBAF cavity. T=20 °C. 1 rpm. No clear plateau is 
observed. 
 

In accordance with previous results on sample, no clear 
plateau is found. An inflexion point is noticed at 13.5 V 
prior to a fast increase in current. We have chosen to use a 
potential close to that point, but situated at lower potential 
to prevent from operating in the oxygen evolution area. 
We have observed a huge current density working at 
12.5 V (~100 mA.cm-2) with a naked cathode. Wrapping 
the major part of the cathode was found to considerably 
decrease average current density (40 mA.cm-2 were 
achieved). Three CEBAF cavities have been polished at 
Saclay and tested at JLAB [3, 6] as well as a TESLA 
shape cavity, C1-22 from CERCA Company, BEP-
polished and tested at Saclay. C1-22 had a reference 
result: 22 MV/m, limited by quench. 50 µm were 
removed at 12.5 V and 30 °C. The RF tests (see Fig.8) 
showed a performance deterioration of the cavity due to 
an early Q-slope. 
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Figure 8: Q0=f(Eacc) for C1-22 Tesla Shape cavity. 
Performances deteriorated after BEP with early Q-Slope. 
 

It is not clear if bad performances might be attributed to 
the inappropriate quality of electrolyte (and the presence 
of carbide particles) or to different Electro-Polishing 
mechanisms responsible for modified surface and 
decreased RF performances. A too high fluorine mass 
transport to the surface during horizontal BEP is a 
possible origin of this phenomenon [4]. 

CONCLUSION 
Experiments on flat samples prove that BEP differs 

from Standard EP from electro-chemical considerations. 
BEP is not limited by diffusion. Furthermore, EIS 
measurements indicate that a resistive surface film is 
likely to be formed at the niobium surface during BEP. 
Diffusion and electro-migration both directly govern 
current density. A uniform electric field is then necessary 
for uniform removal of niobium to achieve micro and 
macro polishing of the surface. In that way, improving the 
shape of cathodes is vital to reach that purpose. 

Results obtained at Saclay on single-cell cavity after 
horizontal BEP are quite disappointing compared to those 
achieved at JLAB after vertical BEP. Early Q-slope might 
be attributed to the carbide particles present in the 
commercial electrolyte used. Increased fluorine content in 
the niobium might also be a possible cause for this 
decreased performance. SIMS measurements on samples 
are ongoing to evaluate this possibility. 
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Abstract 

The use of a rotating disc electrode for electrochemical 
measurements gives precious information concerning 
mass transport of species. Measurements were performed 
with a rotating niobium sample in HF-H2SO4 media. 
Intensity is found as a linear function of the square root of 
the rotation speed ω which is the signature of an electro-
polishing (EP) controlled by the diffusion of the fluorine 
ion. The value of the related diffusion coefficient D has 
been estimated from 4 to 14×10-8 cm2s-1 for different 
electrolyte compositions. D has also been found lower in 
aged mixtures. Electrochemical Impedance Spectroscopy 
measurements were also performed with different EP 
mixtures with a rotating disc electrode. Both 
voltamperemetric and EIS measurement prove the central 
role of fluorine during EP and show that EP mechanisms 
are modified with the aging of the bath. The observed 
characteristics can be used to evaluate the quality of acids 
and to improve the life time of EP mixtures. However, a 
too high fluorine content in niobium could be the origin 
of decreased performances noticed on single-cell cavities 
after EP using modified parameters. 

INTRODUCTION 
Electro-Polishing (EP) in HF-H2SO4 electrolyte has 

been efficiently used for the polishing of SRF cavities for 
decades. Recently, progress has been made in different 
laboratories to explain mechanisms involved in EP and 
origins of the aging of the electrolyte [1-3]. Recently, 
Electrochemical Impedance Spectroscopy (EIS) has been 
used and the existence of a compact film at the niobium’s 
surface has been put forward [3]. EIS could be also used 
to evaluate the quality of an electrolyte [4]. In this paper, 
we will report improved comprehension of the process 
thanks to the use of a rotating disc electrode. 
Complementary EIS measurements have been done on 
different mixtures. They prove that electro-chemical 
mechanisms are likely to evolve with the aging of the 
bath. In particular, an increased diffusion of fluorine 
could make it possible to accelerate the process or to 
counterbalance the aging of the bath. However, precise 
borders for the parameters should be fixed because a too 
high fluorine concentration could be the origin of 
dramatic performances observed on 1-cell cavities. 

VOLTAMPEREMETRIC MEAUREMENTS 
ON SAMPLES 

EP experiments on static niobium samples have been 
used for a long time to understand and optimize the 
process. We report here the first use of a rotating disc 
electrode for electrochemical measurements of niobium in 
HF-H2SO4 electrolyte [5], which make it possible to get 
precious information concerning mass transport of 
species. The samples (10 mm diameter discs) were 
mechanically polished under the same protocol before 
electrochemical measurements. We used a system with 
three electrodes: 

- the rotating disc electrode (rotating at speed ω) 
- a cathode in aluminium 
- an Ag/AgCl reference electrode. 

Nota: Information concerning experimental protocol is 
presented more in detail in [5]. For measurements on 
samples, potentials are given in respect to the Ag/AgCl 
reference electrode.  For cavity experiments, the voltage 
corresponds to the potential drop between the cavity and 
the cathode (no reference electrode is used). 

 

 

Figure 1: Set-up with 3 electrodes used (top) and picture 
of the rotating system for the disc sample (bottom). 
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The electrolytes were prepared with HF (40% or 48%) 
and H2SO4 (95%) in proportion 1-9, with or without 
additional Nb2O5 dissolved in it. A mixture prepared with 
HF (48%) will be noted: 1-9(48%). In order to evaluate 
the evolution of electro-chemical mechanisms during EP, 
we also used aged mixtures coming from previous 
experimental campaigns.  Characteristics of studied 
mixtures are given in Table 1. The mixture temperature is 
controlled ∆T=±0.5°C. 

 
Table 1: Characteristics of the Mixtures Studied. 

Mixture 
A 

1-9 (48%) 
B 

1-9 (40%) 
C 

1-9(48%) 
9g/L Nb 

D 
1-9(48%) 

aged 

[HF] mol/L 2.78 2.26 2.69 <2.28 

[H2O] mol/L 7.93 8.34 8.17 8.18 

[HF]/[H2O] 0.35 0.27 0.33 <0.28 

Dissolved Nb 
g/L 0 0 9 >10.28 

 

The considered reaction at the anode is the oxidation of 
niobium into its pentoxide form and its dissolution by 
hydrofluoric acid. The resulting simplified reaction is: 
 

Nb + 5HF → NbF5 + 5H+ + 5e-  (1) 
 

 I(V) curves have been plotted at different rotation 
speeds on Fig. 2. The graph exhibit standard features: 

- a first increase in current density with potential, 
- an oscillation area, 
- a “plateau” for increasing potentials: current 

does not depend on voltage. 
More chaotic oscillations are also expected at higher 

potentials, but we could not reach this area because of the 
limitation of the power supply used. 
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Figure 2: I(V) curves at different rotation speeds for 
mixture A. 
 

The rotation speed of the electrode was increased in 
order to estimate its influence on intensity. We have 
noticed: 

- an increase in the current on the plateau with 
rotation speed, 

- a widening of the oscillating area.  
This second aspect is in accordance with an extended 

competition between removal and forming of the oxide 

layer. In fact, the kinetic of niobium oxidation increases 
with potential, whereas, the removal rate of the oxide 
layer is fastened at higher rotation speeds. The existence 
of the plateau and the shift towards higher currents at 
higher rotation speed is liable to a diffusion-limited 
mechanism. The only specie which might be involved 
should be fluorine since: 

- water addition in EP mixture decreases the 
removal rate [1], 

- addition of niobium in mixture at constant 
[HF]/[H2O] ratio does not induce a decrease in 
current [2]. 

We investigated current evolution for mixtures 
described in Table 1 as a function of ω. In case of a 
system limited by diffusion, intensity in steady state iss, 
measured with a rotating disc electrode, is given by Eq. 2: 

CnFSDEiss
2/16/13/2362.0 ων −−=    

iss : current in steady state (A) 
n : number of electrons in the electrochemical reaction: 1
S : surface of the electrode (cm2) 
D : diffusion coefficient (cm2.s-1) 
ν : viscosity (St)  
ω : rotation speed of the electrode (rad.s-1) 
C : concentration of the active specie (mol.l-1) 

 
Measurements were made for each mixture at 5 and 

9 V, for different rotation speeds. iss=f(ω1/2) has been 
plotted for each mixture at 5 V , see Fig. 3. This result 
does not depend on the potential used for the measures. 

 

 
Figure 3: Proportional relation between I and ω1/2 for A, 
B, C and D mixtures at 5 V. 
 

We have observed that: 
- in each case, the intensity is proportional to ω1/2, 
- the coefficient of proportionality is lower for 

aged mixtures. 
We can conclude that EP of niobium in HF-H2SO4 

electrolytes is limited by diffusion of F- ion and that the 
related diffusion coefficient DF- decreases with the aging 
of the bath. The corresponding mechanism is the 
“acceptor” model [6]. The fluorine concentration tends to 
zero towards the niobium surface and the concentration 
gradient governs the kinetic of niobium dissolution. It is 
possible to find an estimation of DF- thanks to Eq. 2. The 

(2) 
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only missing parameter is the value of the viscosity of the 
electrolyte. As an approximation, we have assimilated HF 
in the EP mixture to H2O and have chosen the viscosity of 
the corresponding concentrated H2SO4 mixture found in 
[7]. Values for DF- are reported in Table 2. Values are in 
accordance with diffusion coefficient reported for 
different EP systems in concentrated electrolytes. For 
example, according to [8], the diffusion coefficient of 
water for Cu electro-polishing in H3PO4, is between 10-9 
and 10-7 cm2.s-1, depending on the solvatation model 
considered. Because of viscous electrolytes used, 
magnitudes are lower compared to those achieved in 
aqueous solutions (D~10-5 cm2.s-1) 

 
Table 2: Values Calculated for the Diffusion Coefficient D 
in A, B, C and D Mixtures at 5 V and 9 V. 

Mixture Potential/ref (V) D (10-8 cm2.s-1) 

A   1-9(48%) 5 13.11 

A   1-9(48%) 9.5 14.13 

B   1-9(40%) 5 13.80 

B   1-9(40%) 9.5 14.23 

C  1-9(48%) 9g/L Nb 5 8.62 

C  1-9(48%) 9g/L Nb 9.5 8.41 

D   1-9(48%) aged 5 4.76 

D   1-9(48%) aged 9.5 4.46 

 
In all cases, a high rotation speed, responsible for the 

thinning of the viscous layer, did not alter the surface 
finishing after EP, see Fig. 4. For example, in the case of 
the mixture D, the surface of the sample deteriorates in 
static configuration, whereas it is smoothened at high ω. 
We might then conclude that it is possible to 
counterbalance the aging of the bath by increasing the 
agitation of the electrolyte. 
 

 
Figure 4: Bright samples after experiments at high 
rotation speeds. 

EIS EXPERIMENTS WITH DIFFERENT 
MIXTURES 

In addition, complementary EIS measurements have 
been done on mixtures with different HF concentrations 
and different amounts of dissolved niobium. The samples 
used were parallelepipeds, set vertically. Nyquist 
diagrams were plotted at 4.5V vs. Ref for frequencies 
between 100 kHz and 0.1 Hz. We notice that the features 
at high frequencies are similar to previous results 

obtained by Hui Tian [3]. The characteristics of these 
features R0 and R1 evolve as a function of the 
composition of the mixture see Fig. 5a: 

R0: limit of the impedance at high frequency  
R1: diameter of the semi-circle 
 

 
Figure 5: a) General shape at high frequency of Nyquist 
diagrams (top) and b) spectra obtained at 4.5 V vs. Ref. 
range 100 kHz and 0.1 Hz (bottom). 
 

In particular, we observe that R1 is higher in the aged 
mixture. A [HF]/[H2O] has been foreseen to provoke the 
increase in the polarization resistance R1 [3]. However, 
this explanation is not sufficient since the addition of 
water in 1-9-2 mixture (two additional volumes of water) 
does not increase R1 value: niobium dissolved in solution 
does also influence the polarization resistance. We can 
assess that higher water content in EP mixture presents 
two antagonist effects: 

- a light addition (in 1-9 (40%) compared to 1-9 
(48%) ) provokes a reduction of R0 which 
should be attributed to a better dissociation of the 
acids [9]. 

- a more decreased [HF]/[H2O]  ration in 1-9-2 or 
aged mixtures provokes a shift of R0 towards 
higher impedances. This might be due to a 
modification of the niobium interface. 

Therefore we investigated if the compact structure of 
the interface film highlighted by H. Tian et al. [3] might 
evolve with bath composition or aging of the electrolyte. 
In that way, we studied the evolution of R0 in A, B, C and 
D mixtures as a function of the potential. An increase in 
R0 with potential would be the signature of a porous 
structure of the film which thickens with an increasing 
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voltage. As, in [3], R0 is found independent of the voltage 
in case A. However, for mixtures B, C and D, we notice 
an increase in the impedance, see Fig. 6. This should be 
attributed to the thickening of the surface film through a 
porous structure [10]. The oxide layer would evolve 
towards a “duplex structure” with the aging of the bath. It 
is in accordance with other publications [11, 12]. 

 
Figure 6: R0 vs. potential for A, B, C and D mixtures. 

 
We might also add that typical features are observed 

with microscope at x500 or x1000 magnification (Fig. 7) 
for samples deteriorating after EP in aged electrolyte. 
These features might be considered as the signature of the 
incriminated surface film. 

 
Figure 7: Typical features observed on samples after EP 
in aged mixture, with limited fluorine diffusion. 
 

We can draw a sketch for the evolution of 
electrochemical-mechanisms during EP: 

- In a fresh EP mixture, DF- is high and a compact 
film is present at the surface of niobium. 

- With the aging of the bath, DF- decreases. The 
removal rate of the oxide decreases. 

- The oxide layer becomes thicker with a “duplex-
type” structure: the outer surface is porous. 

- This duplex structure generates typical features 
at the niobium’s surface which might cause the 
deterioration of the surface for aged mixture.  

If the flux of F- ion is increased again with appropriate 
flow configuration, it is possible to obtain again an 
improvement of the surface. The mechanisms highlighted 
from now on give precious information concerning the 
process. It is necessary to increase the removal rate of 
niobium during cavity treatment to boost the flux of F- 
ions towards the niobium interface. It might be achieved 
by: 

- increasing the flowrate of the acid, 
- increasing the HF concentration. 

Nevertheless, an upper limit for HF concentration has to 
be determined, because previous experiments show that a 
too high HF concentration leads to the loss of the 
diffusion plateau [1]. 

FLUORINE AND CAVITY 
PERFORMANCE 

Moreover, a high F- diffusion towards niobium surface 
could be a possible source of F content in the bulk 
niobium. In fact, aggressive ions like Br- are likely to 
segregate in niobium oxides [13].  

Might an increased HF content have an impact on SRF 
cavities? Some 1-cell cavities were exposed to high 
fluorine content in different configurations. We 
experienced effect of concentrated HF exposure on a 1-
cell cavity. For this purpose we used C1-03 electro-
polished cavity with excellent results. It was filled with 
HF (48%) during 30’ and then rinsed with chloroform. 
The cavity was tested and its performances were found to 
have deteriorated dramatically (Fig. 8). This deterioration 
can not be incriminated to chloroform rinsing since this 
chemical does not affect cavity performance [14]. 
Fluorine is a good candidate for this deterioration of the 
cavity. In fact, it might not be imputable to Q-disease 
since the cavity was cooled quickly at 4K. Moreover, HF 
with lower concentration but longer exposure time can be 
used to rinse cavities [15] or does not generate dramatic H 
contamination [16]. However, hydrogen contamination 
can not be totally overshadowed [17]. The cavity was 
then slightly polished to determinate if the contamination 
did only occur at low depth. After 20 µm BCP and test at 
1.4 K, the performance was still poor. It indicates that the 
contamination, source of the loss of performance, deeply 
affects bulk niobium. 

 
Figure 8: Dramatic deterioration of Eacc and Q0 on C1-03 
mono-cell cavity after rinsing it with HF(48%). 
 

Moreover, effect of high fluorine concentration was 
also tested on electro-polishing of 1-cell cavity. New 
cavity “1AC03” was first electro-polished at 17 V (~ 
100 µm) and then electro-polished with a mixture 
prepared with HF(40%), H2SO4(95%), and additional 
water in proportions 3 – 6.72 – 0.28. We decided to test 
this electrolyte on cavity because it was previously used 
on samples which achieved high brightness. The lifetime 
of the bath was also achieved [18]. The cavity was 

~100µ
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electro-polished at a voltage between 3 and 4 V and the 
removal was approximately 50 µm. The cavity was tested 
at 1.4 K (Fig. 9). An impressive Q0 was achieved at low 
gradient (1011) but a strong Q slope is found with an onset 
at 5 MV/m. 

 
Figure 9: RF test of the cavity 1AC06 after 100 µm 
removed with 1-9(40%) and 50 µm removed with 3–
6.72–0.28. Q deterioration at low-gradient after EP in 
highly concentrated HF mixture (50 µm removed). 
 

We have also notice that this early Q-slope is similar 
compared to the one obtained after horizontal electro-
polishing with “BEP electrolyte” with high HF 
concentration [19]. A last example was also presented at 
KEK [20], with non removal of Q-Slope by baking after 
having renewed the surface by EP with highly HF-
concentrated mixture. The incriminated mixture used was 
prepared with 3 volumes of HF for 10 volumes of H2SO4.   
All presented examples suggest possible performance 
deterioration due to fluorine. More experiments are 
required to find out a precise correlation. 

OUTLOOK AND CONCLUSION 
Voltamperemetric and EIS measurements make it 

possible to better characterize EP process in HF-H2SO4 
electrolyte. It is limited by the diffusion of F- ion towards 
the niobium surface and the surface film is likely to 
evolve with the aging of the bath, ending in the 
deterioration of the surface: the film at the surface has 
first a compact structure in fresh electrolytes. Its outer 
structure evolves and becomes porous and thicker with 
the aging of the electrolyte. Moreover, the EIS 
measurements suggest that this method could be used to 
evaluate the quality of an electrolyte. However, additional 
experiments are required to calibrate this possible 
method. It is conceivable to increase the removal rate 
during EP by boosting the acid flow rate or adding HF in 
the electrolyte. Furthermore, more investigation is 
required to determine adapted borders. In fact, some 
results on mono-cell cavities correlated with sample 
studies suggest that a too high fluorine content in bulk 
niobium could dramatically deteriorate the cavity 
performance. 
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 Abstract 
First promising results concerning Electro-Polishing

 at
 

lower voltage of 5 V (abbreviated as LV-EP) has 
previously been reported [1, 2]. This effort is being 
pursued and a 1-cell Tesla shape 1.3 GHz cavity has been 
dedicated to LV-EP and has reached improved gradient 
exceeding 39 MV/m. 
Furthermore, a second cavity has been alternately treated 
with standard Electro-Polishing (abbreviated as EP) and 
low-voltage EP. It did not encounter any decrease in 
performance after LV-EP. This process is then promising 
for the treatment of large cavities for proton applications. 
Moreover, long-time EP experiments on niobium samples 
show that high-voltage EP is more likely to generate 
impurities in the EP mixture that might contaminate 
niobium surface. Some results will also be presented 
concerning efficient field emission removal by 
chloroform rinsing of 1-cell cavities. 

INTRODUCTION 
Electro-Polishing is believed to be the most desirable 

treatment for SRF cavities [3].  EP is an anodic 
electrochemical treatment carried out in concentrated 
hydrofluoric - sulphuric (HF-H2SO4) acids electrolytes in 
proportions 1-9. The characteristic I(V) curve of the 
process show a diffusion plateau and in the SRF 
community, the potential is commonly chosen at the end 
of the plateau for the polishing of elliptical cavities. 17 V 
is for example used at DESY for EP of XFEL cavities [4]. 
We have pursued the investigation work on the influence 
of EP parameters, initiated in the CARE SRF program 
and have focused on influence of voltage. We intend to 
prove that RF results after Low Voltage Electro-Polishing 
(LV-EP) in horizontal configuration, that is to say, EP in 
a current oscillation area, at 5 V, are similar compared to 
standard EP. LV-EP would provide in addition numerous 
advantages. First analyses indicate that it should generate 
a decreased particulate contamination. We will also 
demonstrate that chloroform rinsing of cavities should be 
considered as an efficient step prior to High Pressure 
Rinsing. 

CHARACTERISTICS OF LV-EP 
LV-EP is a constant-voltage Electro-Polishing. The 

potential is chosen in order to obtain an oscillating current 

at the beginning of the “plateau” on I(V) curve. Electro-
Polishing experiments based on current-oscillation control 
have been made in different laboratories but at higher 
potentials, (9-15 V [5, 6] ).  

For horizontal LV-EP of 1-cell cavities, the typical 
voltage is 5V, but might evolve slightly as a function of 
temperature, geometry, and of aging of the electrolyte. 
For flat samples, oscillations start at a lower voltage 
(3 V).  Previous results on samples have also proved that 
a decreased voltage increases the life time of the EP 
mixture. This might be correlated to a decreased HF 
vaporization [7] or to the modified surface of niobium 
during LV-EP [8, 9]. In fact, in aged mixtures, surface 
porous film at the niobium surface should be thinner at 
lower voltage, and thus favourable to a brighter surface. 
Contrary to standard EP, oscillations have regular 
amplitude (Fig. 1). Furthermore, because of this lower 
voltage, the heat produced by Joule effect during EP is 
decreased. As a consequence, it is easier to control the 
temperature of the electrolyte, and if this working 
temperature is low, it is possible to work without heat 
exchanger.  

 

Fig. 1: Intensity and temperature vs. time for C1-21 cavity 
during LV-EP (5.4V). Characteristic oscillations 
observed. Electrolyte temperature is very stable. 
 

Precisely, most of the cavity measurements presented in 
this paper result from LV-EP at low temperature (~20°C) 
which did not require the use of a cooling system. As a 
consequence, removal rate was low (around 20 mA/cm2) 
compared to standard EP at 30°C and 17 V. As the 
working point is located at the beginning of the “plateau” 
on I(V) curves [9], and because of the exponential 
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evolution of intensity with temperature [10], it is logical 
to expect a decreased removal rate difference for LV-EP 
at 30°C.  
However, it is possible to take advantage of the reduced 
heat production to anticipate an easy electrochemical 
polishing of large elliptical cavities. By way of example, 
surface of 5-cell cavities for high energy proton 
application in SPL should be twice as high as the surface 
of a 9-cell Tesla-shape cavity. In such conditions, EP at 
17 V would necessitate powerful cooling devices and 
large amounts of acid to prevent overheating. Moreover 
different strategies might be considered to compensate the 
decrease in removal rate and benefit from additional 
advantages of LV-EP described in coming paragraphs: 

• The use of the vertical configuration, 
characterized by a higher niobium surface in 
contact with acid, coupled with LV-EP, is an 
alternative to compensate the decrease of 
removal rate due to lower voltage. 

Because of electrochemical mechanisms involved in 
EP, it is also possible to investigate different 
strategies to increase removal rate [9]: 
• an increased HF concentration 
• an increased electrolyte agitation  

Experiments on 1-cell cavities have to be pursued in 
order to determine acceptable ranges for HF concentration 
and acid flow rate. 

INFLUENCE OF POTENTIAL ON RF 
PERFORMANCE 

A Tesla 1-Cell cavity (manufactured by CERCA 
Company) has been dedicated to LV-EP experiments. 
After first sequences, the cavity reached 32MV/m. 
Additional material was removed to evaluate the 
performance of the cavity. It still improved and reached 
35 MV/m (total ~150 µm removal) and 39 MV/m (total 
175 µm removal). 
 

Fig. 2: RF tests at 1.4 K. Improvement of the gradient for 
C1-21 cavity after successive LV-EP sequences. 

The observed inner surface of the cavity is very bright 
with a different aspect compared to cavities electro-
polished at 17 V: surface appears to be rougher. This 
rougher surface could result from the absence (or the 

thickening) of the viscous film at the niobium surface 
during EP. Replicas of the surface have been made in 
order to compare qualitatively surfaces achieved at 5 and 
17 V. If rougher surface is confirmed at 5 V, RF 
performance should not be correlated to that physical 
aspect. 
In addition to this, 1DE1 1-cell cavity (DESY cavity), has 
been used for complementary experiments. This cavity 
was previously electro-polished several times at 17 V 
[11]. The last test (35 MV/m, limited by quench) has been 
taken as a reference. Additional 50 µm were then 
removed by LV-EP. The obtained gradient is comparable 
to the previous one achieved at 17 V. This result confirms 
that LV-EP provides gradients similar to those obtained 
with standard EP. An operating voltage between 5 and 
17 V should not be considered to have an impact on 
cavity performance. 
 

Fig. 3: Successive RF results at 1.4 K on 1-cell 1DE1 
cavity after standard EP at 17 V and LV-EP at 5 V. No 
decrease in performance is observed after LV-EP. 

IMPURITIES GENERATED VS VOLTAGE 
Electro-polishing of niobium in HF-H2SO4 is known to 

generate some impurities [12] 
- sulphur and H2S generated by cathodic reduction 

of SO4
2- and chemical reaction between H2SO4 

and Al [13] 
- aluminum salts, due to light oxidation of Al in 

concentrated HF-H2SO4 electrolytes 
Previous investigations demonstrated that low 

[HF]/[H2SO4] content and high voltage were favourable 
to high sulfur generation [14]. In this study, we intend to 
isolate the parameter voltage in highly concentrated HF – 
H2SO4 electrolyte. In fact, two main electrochemical 
reductions take place at the aluminum cathode during EP. 

- reduction of H+ into H2 
- reduction of SO4

2- ion into H2S and S 
The main reaction is the reduction of H+ into H2. 
Nevertheless, a cathodic overpotential might modify this 
balance, as suggested by previous results in [14]. We have 
to investigate this possibility. With this purpose in mind, 
we used an electrolyte with reduced HF concentration to 
generate a significant and measurable impurities forming: 
long term Electro-Polishing experiments were carried out 
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on flat samples in a mixture prepared with HF (40%), 
H2SO4 (95%) (mass percents), and deionized (DI) water, 
respectively in proportions 1-9-1. Two baths A and B of 
900 ml were prepared for experiments at 20 V and 5 V. 
Two similar niobium square samples (30x30mm²x3mm) 
were used for experiments in A and B mixtures. Table 1 
summarizes data concerning experiments A and B. 
Nota: “A” or “B” will refer to the corresponding 
electrolyte as well as the sample which is electro-polished 
inside. 

 
Experiment A B 

Voltage 20 V 5 V 
Duration 4041 min 6907 min 

Temperature °C 25 – 35 °C 25 – 30 °C 
Mass removed 9.18 g  9.11 g 

Spots on surface 
at the end yes no 

Table 1: Parameters for Experiments A and B 

After the EP experiments, samples were extracted from 
EP mixtures and rinsed with DI water. 

- In case A, the whole surface of the sample is 
covered with sticky yellow spots. (See Fig. 4) 

- In case B, the surface is bright. 
 

 
Fig. 4: A (left) and B samples after long EP experiments 
at 20 and 5V. Sample A is covered with yellow spots. 

 
The yellow stains are removed neither by additional 

ethanol rinsing, nor chloroform rinsing. They are so 
sticky that it is necessary to scratch the surface with a 
sharp metallic implement to remove them. We have thus 
strong hints of increased contamination at higher voltage. 
To confirm that point, we went on with the analysis of 
electrolytes A and B. The described protocol was carried 
out to extract impurities in both electrolytes: 

- one sample of 200 ml is taken from each mixture, 
- the 200 ml of electrolyte are mixed with 100 ml of 

chloroform in a pear shape separating funnel, 
- distinct acid and organic phases are separated, 
- the acid phase is rinsed a second time with 

additional 100 ml of chloroform, 
- distinct acid and organic phases are separated for 

the second rinsing step, 
- the two organic phases obtained are rinsed several 

times with DI water in order to remove residual 
acidity, 

- once the pH of the rinsing water is neutral, the two 
organic phases are evaporated. 

 
As shown, impurities were found in the four solution 

samples. Mass measured are related in Table 2. 

 
Sample A (20 V) B (5 V) 

1st Rinse 4.5 mg 2.6-2.7 mg 
2d Rinse 1.2-1.3 mg 0.9-1.2 mg 

Table 2: Mass of  Impurities Found after Chloroform 
Extraction 

The mentioned impurities are yellow colored, probable 
signature of sulfur contamination, also found in [15]. The 
impurities will be analyzed as well as the powder 
extracted from the stains on sample A, to precisely 
characterize involved molecules. 

HYDROGEN CONTAMINATION VS 
POTENTIAL  

Furthermore, it is vital to check that changing the 
operation potential has no impact on Q-disease. In fact, it 
is logical to anticipate that fast current oscillations which 
reflect the removal of the oxide layer on the niobium 
surface might enhance hydrogen incorporation in the bulk 
material. Two samples previously baked (800 °C-24 h) 
were electro-polished at the same temperature (~ 30 °C) 
respectively at 20 V and 3 V (to obtain characteristic 
current oscillations).  Experiment details are given in 
Table 3. Both samples were then sent to DESY for 
hydrogen analysis. No sustained H contamination is 
observed after LV-EP. 

 
Experiment 20 V 3 V 

Duration 67 min 255 min 
Removal 150 µm 150 µm 
H content 2  ppm 1  ppm 

Table 3: Hydrogen  Measurement on  Flat  Samples after  
LV-EP at 3V and EP at 20 V  

EVALUATION OF CHLOROFORM 
RINSING OF SRF CAVITIES 

Various rinsing recipes have recently been proposed 
and tested within ILC S0 program. More precisely, 
ethanol rinsing prior to HPR, is considered as a reliable 
recipe for field emission cure and obtaining of high yield. 
Alternative rinsing recipes (Hydrofluoric acid rinsing, 
detergent rinsing) have also been investigated in different 
laboratories [16]. 

We tested at Saclay the rinsing of 1-cell cavities with 
chloroform. This is motivated by the high solubility of 
sulfur in chloroform [12, 13]. As a consequence: 

- sulfur removal should be more efficient in 
chloroform, 

- it is possible to re-use the same volume of solvent 
to rinse different cavities. 
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For this purpose, we have taken advantage of the C1-03 
electro-polished cavity, heavily polluted during the last 
pumping procedure (oil pumped inside the cavity). As a 
result, the accelerated gradient was limited by strong field 
emission. The cavity was disassembled and treated with 
the protocol: + 30 min chloroform rinsing + HPR + 
assembly in clean-room. Field emitters were efficiently 
removed, and the cavity reached an excellent gradient 
(44.8 MV/m at 1.4 K), without Q0 deterioration at low 
field (See Fig. 5). 

 

Fig. 5: RF tests at 1.4 K. Removal of field emission in 
C1-03 after chloroform rinsing. 

A second 1-cell single crystal cavity, 1AC06, impacted 
by field emission after the previous BCP treatment was 
rinsed with chloroform. Field emission was also cured 
(Fig. 6). 

 

Fig. 6: RF tests at 1.4 K. Removal of field emitters on 
1AC06 cavity after chloroform rinsing.  

 

The chloroform that was used was of average quality 
(stored in metallic can). It gives however satisfactory 
results. Nevertheless, after extensive use of the solvent, 
field emission appears after the rinsing of cavities. The 
concerned volume was evaporated and many impurities 
were found afterwards (Fig. 7). These impurities will be 
analyzed to determine if they principally come from the 
process or result from the solvent itself.  

 

 
Fig. 7: Impurities are found in the chloroform used for 
several cavity rinsings. 

OUTLOOK AND CONCLUSION 
RF tests on single-cell cavities indicate that electro-

polishing at low-voltage makes it possible to reach 
satisfactory gradients. Some resulting advantages should 
be put forward: higher lifetime of the electrolyte, easy 
control of the EP, no need for heat exchanger during 
process. Ongoing results tend to prove that LV-EP is 
liable to decrease the forming of impurities during the 
process. Characteristics of LV-EP make this process 
especially suited to the possible electrochemical treatment 
of large proton cavities. Replicas of the inner surface have 
been made after LV-EP for profilometry measurements. If 
rougher surface after LV-EP is confirmed, voltage and 
surface finish would not influence superconductive 
properties of the surface. The only drawback of LV-EP is 
the decreased removal rate achieved. Studies are on going 
in order to find a counterbalance (use of vertical EP, of 
higher stirring and temperature of the electrolyte, of 
higher HF concentrations). Furthermore, chloroform 
rinsing has been successfully tested out on 1-cell cavities 
as a cure to remove field emission. 
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DEVELOPMENT AND DESIGN OF A RF-MEASUREMENT MACHINE FOR 
THE EUROPEAN XFEL CAVITY FABRICATION 

J. Iversen*, Th. Buettner, A. Goessel, D. Klinke, G. Kreps, W.-D. Moeller, C. Mueller 
DESY, 22603 Hamburg, Germany 

 
Abstract 

Radio frequency measurements on parts and 
subassemblies of superconducting cavities during its 
fabrication are a proper method of quality management 
and quality assurance. During the fabrication of 1.3 GHz 
cavities for FLASH, a simple device was used for 
measuring the half cells, dumb-bells and end groups. 
Because of the long test duration the device is not 
applicable for mass production of 800 cavities. A semi-
automated RF measurement machine was designed and 
built. This machine performs an easy load of the parts, 
consistent RF contacts, automated RF measurements and 
documentation. We describe the functionality of the RF-
measurement machine and performance of the prototype 
during fabrication of 40 cavities for FLASH. 

MOTIVATION 
The standard half-cell forming method for the 

production of 1.3GHz niobium cavities is deep drawing. 
Precise optical 3D-measurements done on deep drawn 
half-cells have shown that a shape accuracy of 0.4 mm is 
the realistic achievable tolerance for fine grain niobium. 

Furthermore the final shape of the cavity cells is 
coming to an undefined condition because the cavity is 
completed with the equator welding seams. After the cell 
is welded at the equator it will be deformed again because 
of the high temperature during welding and the stress 
relaxation. The correct shape has to be determined by a 
frequency measurement. 

DESY developed a so-called “trimming procedure” to 
compensate the deviation of the theoretical RF-shape [1]. 
This procedure was used as a quality management tool 
which guarantees the expected length and resonance 
frequency of the finished 9-cell cavity. 

For the execution of the frequency measurement a 
simple device (Fig.: 1) was built and used for the 
fabrication of 72 cavities for FLASH. 

The fabrication of 800 cavities for XFEL and 
consequently a strong increasing amount of about 30000 
RF measurements requires new arrangements concerning 
ergonomic and economic aspects. 

These arguments gave us the motivation to develop and 
design a RF-measurement machine which will be 
described in the following. 

The RF-measurement machine was named 
“HAZEMEMA” as an abbreviation for the German word 
Halbzellenmessmaschine (engl. half cell measurement 
machine). 

 
Figure 1: Simple RF-measurement device with clamped 

dumb-bell. 

PRINCIPLES OF THE RF-
MEASUREMENT ON DIFFERENT PARTS 
Length and frequency control 

The shape error of half cells, welding shrinkage at the 
equator and iris change the frequency. The tuning of the 
whole cavity to a flat field profile at the right frequency 
by deformation of cells in longitudinal direction results in 
additional errors in length. To achieve both: the right 
frequency and the right length - the equator of every 
dumb-bell and end group are trimmed before the equators 
of a 9-cell cavity will be EB-welded. 

For the RF-measurement on half cells or dumb-bells the 
parts are placed between two contact plates (Fig.: 1+3). In 
the centre of each plate is a small antenna connected to 
the Network Analyzer (NWA). The resonance frequency 
in the test setup is compared to the calculated frequency. 
An overlength at the equator and iris are included in the 
calculation. The dumb-bell has two resonant frequencies 
of 0-mode and π–mode. Equator trimming is calculated 
from the deviation of the π–mode frequency and includes 
the plan of cavity tuning after welding. The contact plates 
are made from niobium to avoid pollution of the test 
objects before welding. A good RF contact, especially at 
the equator, is crucial for the frequency measurement. 
Therefore clamps are used to press the equator against the 
contact plate. At the same time a deformation of the cell 
has to be avoided. The quality factor of the resonance is 
used to check the contact between the test objects and the 
contact plate. 

Asymmetry of the dumb-bells is measured by 
comparing the frequency change from perturbation bead 
placed through the holes in the contact plates (Fig.: 3). 

These quality control steps are applied next: 
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• Frequency measurement of half cells to check the 
shape and reproducibility of deep drawing procedure.  

• Frequency measurement of end half cell units to 
check before and after reshaping. 

• Frequency measurement of dumb-bells and end 
groups to calculate the trimming value. 

• Frequency measurement of dumb-bells and end 
groups after equator trimming as a check before the 
cavity welding and to sort the positions of dumb-
bells in the cavity. 

Frequency Measurement of Half Cells and Dumb-
Bells 

There are three different contact plates for the 
measurement of all existing test objects. The contact 
plates are designed in a way that avoids deformation of 
the plates during pressing to the half cell. The clamping 
forces are limited for the equator to ≤1000N and for the 
iris to ≤100N (effective force value at the part). 

Frequency Measurement of End Half Cells, End 
Half Cell Units and End Groups 

The shape of the end half cell is differs from to the 
shape of a normal half cell. The frequency of end half cell 
elongated with a “cut off tube” should be equal to the 
frequency of π–mode. An additional cut off tube has to be 
used for the frequency measurement of the end half unit 
(Fig.: 2). 

CONCEPTUAL CONFIGURATION 
The minimum requirements of the machine concept 

which should be realized during development and design 
were defined before starting the project. The RF 
measurement machine has to be a portable, robust and 
compact test stand for its application near to the 
fabrication areas e.g. workshop. It should be mostly 
equipped with industrial mechanical parts, hardware and 
software; “One-man” operation must be possible. 

Because of the high amount of measurements for a 
mass production of 800 cavities for XFEL the test 
duration must be extremely reduced compared to the old, 
simple device. 

It requires a high grade of automation that none experts 
can operate HAZEMEMA too. 

DEVELOPMENT 
In 2006 we started with the development and design of 

a prototype of HAZEMEMA. After completing the 
technical drawings, the fabrication and ordering of parts, 
assembly and first commissioning took ca. 10 months. 
Mid of 2007 the first HAZMEMA was completed and 
ready for use. 

Since then HAZMEMA was used during the fabrication 
of 41 cavities for FLASH.  

Because the machine fulfilled all requirements and 
because of the good experiences in using HAZEMEMA 
two more machines were ordered in 2008. DESY will 

provide the manufacturer of the European XFEL cavities 
with these machines. 

DESIGN 
General 

The general requirements are based on the conceptual 
configuration and on the use of the existing contact plate 
system (Fig.: 3) from the old manually operated device. 

Mechanical Design 
The mechanical design was done by using the 3D-CAD 

system “Solide Edge”. A simulation of the motion-
sequences was done to avoid collision damages while 
clamping movements. RF-measurement on six different 
parts and subgroups (Fig.: 2) of the 1.3GHz 9-cell cavity 
must be realized. 

 

 
Figure 2: Measurable parts of the 1.3GHz 9-cell cavity 

Clamping and Contact Plate System 
It was a special task to realize full automated clamping 

of the test objects with appropriate electrical contact but 
without deforming the test objects as well as the contact 
plates too. A deformation during RF-measurement must 
be avoided because that gives an unacceptable error of the 
frequency measurement. The problem was generally 
solved by using well defined clamping forces and 
applying the force at the right position. 

Covering of the RF-volume is done with niobium discs 
which were multiple slotted in the contact area (Fig.: 5) to 
ensure good electrical contact in the case that the equator 
surface is not planar. The contact plate is supported by a 
spring system to avoid deformation from its own weight. 
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Figure 3: Covered dumb-bell in clamped position 

 

 
Figure 4: Detail view of the contact area 

 

 
Figure 5: The top view of the contact plate showing 107 
slots in the equator area for sufficient electrical contact. 

Pneumatic System 
The first design of the pneumatic circuit/concept and 

the main linear actuator was done by FESTO using 
standard components of the FESTO product line. 

During assembly and testing of the prototype we 
redesigned the pneumatics for a better handling and for 
safer pneumatic movements. 

Safety Interlock 
At this machine high forces and clamping speed 

develop when niobium test objects are pressed. 

Therefore it is necessary to minimize squeezing 
dangers for the operator. For this reason a safety interlock 
was manufactured by DESY. This system was built 
according to all valid European regulations, like VDE, 
EN, and CE-guidelines. 

All electrical parts are established and proven. These 
were supplied by well-known manufacturers. 

System Controller 
The system / machine controller consist of the 

following parts: 
• The main controller is a PC, running GNU Linux OS 

(Ubuntu). 
• The slave controllers are two PLCs (Programmable 

Logic Controllers) from FESTO, here it is called 
analog and digital PLC, because we separated the IO 
channels in these categories. 

• A motor controller from Phytron. 
• The NWA, measuring the resonance frequency and 

quality factor (Q). 
• The safety controllers, which observe the closed 

cabinet (Fig. 6) during the measurement and also cut 
the power if the emergency-off button is pressed. 

The Phytron motor controller takes care of the 
initialisation of the movable upper clamping system (Fig.: 
6), its position, speed, acceleration and of stopping the 
movement in the right place. The initialisation is done 
only once, when the plate is driven to the home switch. 
After this, the main controller sends only the command 
where the plate should drive to. Because of different test 
object dimensions, we usually do not stop at a predefined 
position, the virtual target is the maximal drivable range 
of the plate and the stop command will be generated by a 
sensor signal (light barriers or force detectors) which will 
be selected by the digital PLC. 

The analog PLC is running in remote-IO mode only. 
That means all IO channels (0/4..20mA) are accessed by 
the main controller directly via Ethernet. The sensors are 
pressure detectors and position transmitters, used on all 
pneumatic cylinders, where the plunger usually will not 
reach its final limit. These are all clamp cylinders and cell 
movers, which will center the object before it is clamped. 
The clamp cylinders are fed with air pressure. Pressure 
and flow can be adjusted; therefore the analog outputs of 
this PLC are used. For safety reasons the power of this 
PLC actors will be cut, if the cabinet (Fig.: 6) is open or 
the measurement procedure for an object is finished. 

The digital PLC is running in PLC-controller-mode, 
which permits full remote-IO access in parallel. For this 
mode, the IO address needs to be configured by hand, in 
order to be compatible with the remote-IO mode. All 
digital sensors (except the motor home position and the 
safety switches) are connected to this PLC. These are 
mainly: 
• Position switches from pneumatic cylinders. 
• Force detectors. 
• Some status bits from the safety unit. 
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The pneumatic valves directly build in the PLC unit 
(for the object positioning and the electrical field 
disturbance). The load voltage of this PLC will be 
switched off only by the emergency trip system (not by 
opening the cabinet). The reason to run this PLC as PLC 
controller is to select only some of the "end switch" 
sensors for the motor controller. In parallel, also the 
machine status, shown as a traffic light, now will be 
managed by the logic in this PLC, which makes it 
independent from the main running program. 

The main controlling program is designed in LabView, 
running on GNU Linux OS (Ubuntu). This computer 
contains two network interfaces; one is used to connect 
the machine to the outer world, where it takes the IP 
numbers via DHCP and will be accessible via ssh (for 
maintenance) and http (to access the measured data). The 
second network interface is used as local machine 
network for the PLCs and the NWA. The computer itself 
acts as DHCP server for the network devices and uses 
Easy-IP (UDP protocol from FESTO) for the PLCs, VISA 
for the data access and VNC for the maintenance of the 
NWA. The motor controller is connected on a RS232 
interface. 

The LabView program is separated in state driven sub 
groups for: 
• The cell (object) positioning system; which enables 

the cell barriers and moves the cell against it. 
• The table clamping system; adjusting force and 

speed of the clamps and checking that the active 
clamp is finally no longer moving (thereby the 
resonance frequency in the object should be stable). 

• The plate clamping system; this is a copy of the table 
type. 

• The electrical field disturbance; controlling a plastic 
stick in the table and in the movable contact plates. 

• The linear actuator system: controls the motor, 
enables end switches (e.g., light barriers) and checks 
the type of the mounted contact-plate. 

• The auxiliary part; where the main air and power will 
be observed. 

• The NWA part: it finds the resonances in a far 
frequency range, reduces the span and finally 
measures each resonance frequency and Q value. 

To use the machine in a normal fabrication process, 
some data exchange is needed. In the moment it is 
possible to use scp (secure copy) or a memory stick in 
order to transfer the object names and parameters to the 
machine and to get the measurement results back from it. 
For the final version it is planned to use a local web 
server to access the measured data (and maybe also to 
upload the object names and parameters). Thus the 
operator only needs to select the right object, which is 
inserted for the measurement. Alternatively it is always 
possible to enter the data by hand prior to measurement, 
and to read it conventionally from the screen. 

EXPERIENCES DURING CAVITY 
FABRICATION 

General 
The prototype machine was used for the DESY cavity 

production groups 6, 8 and 9. All in all 41 cavities were 
fabricated by using HAZEMEMA. More than 1600 RF-
measurements were done. 

Test Duration and “One-Man” Operation 
HAZEMEMA was used without restriction of any kind 

by one operator. The test duration could be considerably 
decreased compared to the manual operation (see Tab. 1). 

Table 1: Test duration 

Test object Decreased test 
duration 

Realized test 
duration (min) 

Half cell 67% 1 

Dumb-bell 80% 2 

End half cell unit 67% 1 

End group 67% 1 

IMPROVEMENTS 
After commissioning and first use of the prototype 

machine some reasonable improvements were done. 
• In the recent clamping system the clamps (Fig.: 3) 

were equipped with a soft ring to avoid damages on 
the niobium test objects. Due to the fact that this ring 
absorbed too much of the clamping forces, we 
removed it. 

• Because of unexpected high loss of clamping force 
due to the chosen design it was not always sufficient 
to apply adequate electrical contact. Therefore we 
optimized the set of levels (Fig.: 3) and together with 
a redesign of the pneumatic system the theoretical 
value of the clamping forces was increased by about 
20% without deforming the cells. 

EC CONFORMITY OPERATION 
Because the RF-measurement machine will be placed 

on the market (delivered to the cavity fabrication 
companies by DESY) it has to comply with essential 
health and safety requirements and has to be designed, 
built and documented in accordance to the Machinery 
Directive 2006/42/EC of the European Community (EC). 
The so called “conformity assessment procedures” are 
mainly consisting of the execution and documentation of 
risk assessment, creating a user manual and declaration of 
“CE conformity” formally. (CE = Conformité 
Européenne). At the end of the procedure each machine 
gets a unique serial number and can be “CE certified” by 
marking it with the official label (Fig.:7). 

 
Figure 7: Official label for CE marking 
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Figure 6: Prototype RF-measurement machine (called HAZEMEMA) 

 

SUMMARY AND OUTLOOK 
All conceptual requirements during development, 

design, programming, commissioning and using could be 
fulfilled.  

The very successful use of HAZEMEMA during cavity 
fabrication for FLASH at industry proved a significant 
reduction of measurement time. It could be shown that 
operation by a non expert is possible. These facts show 
that it is absolutely necessary to use such a machine for 
the fabrication of 800 cavities for the European XFEL 
too. 

Therefore two more machines are under fabrication. 
The conformity assessment procedures will be completed 
in a couple of weeks. 
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EXPERIENCES ON IMPROVED CAVITY PREPARATION CYCLES WITH 
A VISION ON INDUSTRIALIZATION OF THE XFEL CAVITY 

PREPARATION 

 B.v.d.Horst, A.Matheisen, B.Petersen, M.Schmökel, N.Steinhau Kühl,  H.Weitkämper            
DESY Hamburg, Hamburg, Germany

Abstract 
Within the last decade the production and preparation 

of superconducting resonators became more and more 
stable at DESY. Two cycles for the final surface 
preparation, the final surface removal by electro polishing 
(EP) and the final surface removal by a short buffered 
chemical polishing (BCP flash) are the baseline of cavity 
surface preparation at DESY. Basing on the positive 
development overtime and in view of industrialization of 
the processes for the XFEL project, a proposal for a 
reduced number of work steps was presented on the SRF 
2007 workshop in Beijing [1]. Two parallel preparation 
lines, the final EP and BCP flash line, are tested on 15 
cavities, for each line since. The cavities were produced 
by two different suppliers and randomly distributed to the 
preparation lines. In addition two industrial suppliers 
started industrialized electro polishing facilities for the 
main surface removal by electro polishing (main EP.) We 
present the cavity test results for the two preparation 
cycles. 

INTRODUCTION 
For the European XFEL project [2] more than 800 

superconducting (sc) resonators will be delivered to 
DESY by industry. In addition to the manufacturing of the 
cavity bodies, the industrial companies will supply the 
cavities ready for RF acceptance tests at 2K, including the 
complete surface treatment, the individual cavity helium 
vessels and RF probes.  

In a first step of industrialization the main surface 
material removal by electro polishing was transferred to 
industry [3]. In 2007 a proposal for a reduction of 
preparation steps to reduce preparation cost without 
loosing performance of the resonators was presented at 
the SRF 2007 workshop. This proposal was made for the 
short chemical etching of about 10 µm by buffered 
chemical polishing (BCP flash). The baseline of reduced 
preparation steps was transferred to the final surface 
removal of 40 µm by electro polishing (EP) (final EP) 
sequence (Table 1) as well. 30 super- conducting 
resonators, delivered by two industrial companies have 
undergone the main EP in two different industrialized EP 
facilities. The applicability of the proposed optimized 
preparation step is tested on these resonators. 

PREPARATION STEPS 
As a base line of the optimized XFEL preparation 

sequence proposal for the dedicated treatments, both for 
BCP flash and final EP, the Helium vessels are welded on 

at the earliest state possible. The 120°C bake out [Fig. 1] 
as well as the vertical RF test at 2 K are done with 
cavities already installed into their helium vessels [Fig 1].  

 

Figure 1:                                                                         Left side: Cavity equipped with helium tank and
 all accessories  installed  to  the  vertical  test  insert.            
Right  side:  Cavity  dressed  with  helium tank installed to  
120°C baking apparatus before vertical RF measurement. 

 
 Table 1: General Preparation Steps for Optimized Process

Flow  

BCP flash Final EP 
Main EP in Industry 

Cavity outside surface removal @ DESY by BCP 
Ethanol rinse 

800°C annealing and H2 degassing @ DESY 
Installation of FMS End EP (40µm) 

Tank welding Ethanol rinse 
Prepare  for clean room 6 times HPR 

Removal FMS Installation of FMS 
BCP Flash  ( 10 µm) Tank welding 

 Prepare for clean room 
 Removal of FMS 

Assembly of  probes in clean room ISO 4 
( HOM / Pick UP / fixed high Q Antenna) 

Ethanol rinse* 
6 times HPR 

120°C annealing 
* Ethanol rinse removed from preparation steps for BCP flash  

 
For the final EP sequence, no additional surface 

preparation, other than six times high pressure rinsing 
(HPR) is applied after the Helium tank is welded on. The 

Proceedings of SRF2009, Berlin, Germany THPPO072

09 Cavity preparation and production

791



field measurement system (FMS) [4] is installed right 
after the final electro polishing [Table 1] and remains 
inside the resonator until the accessories like HOM 
probes and RF input antenna are installed.  

MAIN EP IN INDUSTRY 
The main EP is transferred to industry before start of the 

preparation test sequences. During main EP 110µm 
Niobium are removed for the final EP sequence and 
140µm for the BCP flash.  To avoid the HPR preparation 

step in industry, the main EP cycle was modified, 
compared to the former preparation cycle at DESY [R5]. 
For transport to DESY and storage, the cavities are filled 
with water of a conductance below < 0.14 µS/cm. in 
between main EP and the final rinse including HPR.  
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Figure 3: Comparison of maximum acceleration gradient 
and removal of material during main EP treatment in 
industry.  
 

For storage times of less then one week after the main 
EP no significant influence on resonator performance is 
observed. (Fig.2). One company makes use of applying 
constant voltage, the second company of constant current 

for EP process steering. No differences in cavity 
performance of resonators are observed between this two 
process steering.  

A comparison of the data like gradient yield on removal 
of Niobium during main EP at industrial EP facilities 
(Fig.3) and the main EP at DESY  does not show 
significant differences [6;7]. 
 

RF  RESONATORS 

Cavities Available for Test 
Beside the preparation sequences, the main EP in 

industry had to be tested in parallel. Thirty cavities from 
production lot number six, fabricated by two different 
suppliers were available for the test sequence. In a first 
batch a random distributed set of two times ten 
resonators, five from suppliers one (CVS1) and five from 
supplier two (CVS2) was chosen and sent to the 
industrial EP facility (A+B) for main EP treatments 
(Table 2). 
 
Table 2: Distribution of Resonators for Main EP in
Industry   

 
During the test of these first twenty resonators, three 

cavities showed low maximum gradient. Two of these 
cavities were removed from their helium vessels and 
further investigated. As a result these cavities were 
limited at equator welds or bad spots close to the equator. 
One cavity showed a Q switch, not related to preparation 
sequence. One cavity showed a leakage to the helium 
reservoir during test and the re-test is not finished yet. 
These resonators are excluded from the analysis relevant 
for the proof of preparation sequences.  

Due to strong heating of the HOM coupler antennas 
three cavities were limited in the first power rise. For 
these cavities additional HPR was applied after the 
removal of the HOM probes and the tests were repeated. 
The final test results for these cavities were included in 
the statistics of the different preparation sequences.  
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 Figure 2:  Correlation of storage  time  of cavities in Ultra 
Pure Water and acceptance gradient @ first RF test.  

Batch No 1 Main EP @ 
Company A  

Main EP @ 
Company B  

2 * CVS1 2 * CVS1 For final EP (110 µm 
removal) 

3 * CVS2 3 * CVS2 

3 * CVS1 3 * CVS1 For BCP flash ( 140µm 
removal) 

2 * CVS2 2 * CVS2 

Batch No  2   

For final EP (110 µm 
removal) 

4*CVS1 4*  CVS2 

For BCP flash ( 140µm 
removal) 

---- 2* CVS1 
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Accessory, Couplers and Antennas 
To minimize preparation steps following the vertical 

acceptance test, all accessories like higher order mode 
pick up antennas (HOM), RF signal pick up probe (RFP) 
and a high Q power coupler antenna (POW) should be 
installed already and tested during the vertical test at 2K. 
A variable high quality antenna (hQ), which is presently 
in use for the tests does not allow transportation over long 
distances. As a consequence, new designs of fixed hQ 
antennas and HOM coupler probes were installed and 
tested [8]. 

For the vertical acceptance test for the XFEL it is 
foreseen to test the cavities in continuous mode operation 
(CW) at 2 K. The HOM probe design in use so far is 
designed for pulsed mode operation and capable to run in 
pulsed mode operation. An improved design of HOM 
probes for CW operation is under investigation [8] and 
was tested in our test sequences as well.  Some resonators 
were limited in performance by these antennas. An 
optimization of the design, the preparation antennas for 
test and the test procedure of fully equipped cavities is on 
going. 

RF TEST RESULTS  
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Figure 4: Test results of cavities prepared for test according
 to

 
the  “BCP  flash”  treatments  cycle.  [Blue: maximum 

acceleration gradient Eacc / Red:  acceptance gradient for 
FLASH  Eacpt] 

To limit the dark current level of the FLASH 
accelerator, cavities to be installed in to FLASH should 
not exceed radiation level (Acceptance gradient = Eacpt) 
of <= 1*E-2 mGy/min in the vertical test step up at 
DESY. The statistical proof of the proposed sequences 
bases on the test result of twenty four resonators.  

Cavities passing the final EP sequence show average 
maximum acceleration gradient of Eacc max = 29 MV/m 
and acceptance gradient of Eacpt = 26,1MV/m in the first 
RF test after preparation. A spread of maximum gradient 
from 20.6 up to 34,3 MV/m is observed (Fig.5).For the 
BCP flash cycle the average gradient of Eacc max = 27,7 
MV/m and an average value of acceptance gradient of 
Eacpt =  26,4 MV/m is calculated (Fig 4). The maximum 
acceleration gradients of this preparation spread from 
20,5 up to 36,7 MV/m. 

SUMMARY  
Test results of cavities, undergoing the main EP in 

industrial company facilities, show no differences to the 
once treated in the EP DESY facilities. The process of 
industrial main EP is running stable and reproducible. For 
the optimized cavity preparation the helium tank is 
installed at a very early state of preparation. The vertical 
RF test as well as 120°C baking is done on cavities 
dressed with tank and ready for module installation. The 
RF test results show that the cavity preparation proposed 
results in the same statistical distribution of cavity 
performance as it was found before. It is shown that the 
average gradients of cavities undergoing surface 
preparation on either way, final EP or BCP flash, can 
serve for the XFEL project. More investigations have to 
be made for the integration of accessories installed during 
vertical acceptance test. 
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Figure 5 :  Test results of  cavities prepared for test according 
to the final EP treatments cycle.[Blue: maximum acceleration 
gradient Eacc / Red:  acceptance gradient   Eacpt] 
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A NEW HIGH PRESSURE RINSING SYSTEM ESTABLISHED AT DESY  
A. Matheisen, K.  Escherich, R.  Bandelmann, H.  M. Zimmermann, N.  Krupka,                        

DESY, Hamburg, Germany  

Abstract 
In 2007 a new High Pressure Rinsing (HPR) system 

was developed at DESY and is operational since 2008. 
Beside implementations of improvements on high 
pressure rinsing systems lay out, one goal of the design is 
to set up a prototype high pressure rinsing stand 
applicable in industry and in an industrial production line. 
After commissioning, the new high pressure rinsing stand 
became a standard hardware in use for the cavity 
preparation processes at DESY. We report on design 
specialities and experiences gained so far in more than 
300 rinsing processes of about 2 hours length. 

INTRODUCTION 
World wide several high pressure rinsing systems 

(HPR) are operating successfully. They are in use for 
single and multi cell cavities and differ in the individual 
design. All systems share mostly the general common lay 
out, consisting of a ultra pure (UP) water plant supplying 
the HPR water, a compressor to pressurize the ultra pure 
water, a filter unit to hold back particulates, a cane 
holding the spraying nozzle and the motion system to 
guide the water jets from the nozzles towards all parts of 
the resonator surface. Most commonly piston based 
pumps are in use to set up the water pressure. These 
pumps are oil lubricated and compress the water via a 
diaphragm. This design bears the risk that there is a direct 
pass of oil to the UP water in case of failures of the 
diaphragm or seals. In addition the non linear movement 
of the pistons introduces pulsation to the water jet and can 
lead to vibrations of the spraying cane. For vibration 
reduction damping elements are introduced into the high 
pressure feed line to the cane. 

At DESY a new HPR system had to be set up to 
increase the turn around time of cavities in the on going 
cavity preparation and to have a back up system in case 
one HPR stand fails. In this new HPR system the 
experiences of the last years and improvements in the 
vision of an industrialization of the HPR process had to 
be included. 

 

HPR SYSTEM 
The new HPR system at DESY had to be added to the 

existing clean room and infrastructure. A clean room 
cabinet with ISO 4 air quality (Fig. 1) and a buffering 
UPW are added as annexes to the DESY clean room. The 
new HPR stand is accessible from the ISO 4 assembly 
area of the existing clean room. To prevent strong 
variations of the UP water system a buffer tank of 500 l 
capacity with an independent UP water system (Fig. 2) for 
stand by operation is integrated in the DESY UP water 
loop.  

 
 Figure 1: View on the new HPR cabinet.  

GENERAL PARAMETERS 
Table 1: Overview on Hardware Installed in the New DESY HPR  

HPR pump 
HPR pump type Turbine Type Sunflo® 

P3000 
Pressure 30-100 bar 
UP water volume @100bar 1,2- 6 m3 /h 
UP  water temperature: 20-80 C by pre setting on 

program start 
Spray head  Standard DESY spray head 

8 nozzles 
Turbine bearings Whole metal bearing 

lubricated by UPW 
Turbine material Stainless Steel  
Surface quality of turbine polished Ra 0,2 µm 
Motion system 
Vertical motion drive Stepping motor + spindles 

drive 
Bearings for vertical 
motion  

Linear bearing hidden 
behind separating  

Rotation drive  Stepping motor + Teflon®3 
timing belt  

Rotational  drive bearing Ceramic Stainless non 
lubricated central bearing 

HPR Cabinet 
Cabinet air quality  ISO 4 and better 
Air speed control. 0,15-0,60 m/sec variable 
Air distribution  
 

3 filter fan units  automatic 
pressure drop control 

Cabinet material   Stainless steel 
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HPR PUMP 
For pressurizing the UP water a commercial turbine 

Type Sunflo 3 ®1 is installed. The turbine with a rotation 
speed of 19000 turns per minute shows maximum 
pressure variations of <= 1 bar  at 100 bar system pressure 
and a capacity of up to 6 m3/hour (@100bar). This design 
allows supplying up to 5 HPR stands with DESY nozzle 
head installed. 

Gearbox and turbine are separated by a control space. 
The turbine and turbine body are electro polished and 
lubrication free. The turbine is equipped with whole metal 
bearing, lubricated and controlled by permanent water 
flush. Drain water from the turbine as well as abrasives 
form the bearing exit on a flush port installed. This port is 
usable for quality control of the bearing and leakage if the 
gearbox seals. 

 

 

Figure 2: Cross section of the HPR pump. 

 
The water pressure can be regulated from 30 to 100 bar 

(maximum) by a frequency driver with a setting precision 
of 1 bar. 

MOTION UNIT 
 HPR Systems, in use at DESY since 1993, is based on 

the motion of the cane from an underneath installed 
motion unit. This design bears the risk that particulates 
and abrasives from seals of the drain system enter the 
motion system and could be guided into the cavity 
interior. The new HPR design fixes the position of the 
spraying cane while the cavity performs the three 
dimensional motion. 

General Lay Out  
A central post, housed in a separate part of the cabinet, 

ventilated by the exhausting air of the HPR cabinet, takes 
all forces coming from motors, motion systems and the 
load by a cavity. Its deformation under the full load 
capacity of 150 kg is measured to be less than 0,2mm in 

respect to the parallel resonator axis. For vertical motion a 
stepping motor with gearbox and spindle drive is 
installed. The rotation of the resonators, hanging on the 
central bearing [®2] (Fig.3), is realized by a timing belt 
drive made from Teflon. The timing belt is driven by a 
stepping motor connected to the central post.  

 

Ball Bearing of the Central Cavity Fixture  
The central part of the cavity fixture, a lever arm 

motion unit, holding the resonator during rinsing. The 
lever arm is located on top of the cavity. During design 
phase a 1:1 plastic model was fabricated to study the 
influence of the fixture to the laminar flow. A ball bearing 
made of ceramic balls and stainless bearing housing 
(Fig.4) is installed in the centre of the lever arm. The 
cavity adapter, as well as the rotational driving unit is 
connected to this central ball bearing. 

 

 

Figure 3: Left: View on the cavity adapter lever arm. 
Right: Schematic of the HPR system with lever arm 
motion unit and cavity installed. 

 
To prevent abrasives form the timing belt or ball 

bearing entering the ISO 4 area, the rotating parts are 
sealed by a rotational shaft seals made from Teflon. 
 

UP Water Supply 
The New HPR pump is capable to feed up to 5 HPR 

stands in parallel. A minimum water flow of 6m3/h is 
required by the turbine in order not to go into cavitations, 
 

  

Figure 4: Left: View on the ceramic central ball bearing 
Right: 1/1 plastic model of the cavity adapter lever arm.  
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even if the actual set up at DESY only consumes 1to 1.5 
m3 /h. The DESY UP water plant allows feeding up to a 
maximum of 20 l / minute of UPW. To suppress strong 
flow variations in the existing UPR plant at start up of the 
new HPR a separate UPW supply is installed. It is feed 
continuously from the main UPW plant. The HPR UPW 
system buffers the turbine water supply in a tank of 500 l 
storage volume, levelling the non linear water 
consumption during start up and shut down of the turbine. 
In addition it allows to circulate the UPW continuously 
threw all piping and valves of the HPR system during 
stand -by operation. The water quality is controlled by on 
line TOC, resistance and temperature control sensors.  

Computer Control and Visualisation   
   The HPR stand is controlled and steered by a Siemens 
S7 PLC. For communication, display of parameters and 
manual operation the PLC can be remotely controlled by 
a PC. All system parameters as well as the actual position 
of the cavity (rotation and vertical position) are displayed 
and stored on disk. 

 

DATA  
In HP rinse treatments redone after RF measurements 

of cavities with the new HPR stand, improvements on 
field emission limits were seen (Fig. 6). The statistics of 
cavity treatments exclusively performed with the new 
HPR system since 2008, show average acceleration 
gradient of 31,8 MV/m and applicable gradients in respect 
to the maximum allowed gradient for FLASH (1*E-2 
mGy/min) of 27,5 MV/m.  

Acceleration Gradients of Resontors before and after 
 six times HPR with the new HPR (HPR2)
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Figure 6: RF test results of nine cell cavities re treated 
with the new HPR system [Red= Eacc after re treatment; 
Blue=Eacc before treatment]. 

Acceleration Gradients  of Resonator exclusively 
rinsed in the new HPR system
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Figure 7: RF test results of nine cell cavities exclusively 
HP rinsed in the new HPR system [Blue=Maximum 
acceleration gradient; Red: radiation acceptance limit 
Eacc for FLASH [0.01mGy/min]. 

CONCLUSION 
At DESY a new high pressure rinsing system was 

developed and is operational now. It is shown that the 
general design of central ceramic ball, motion units, lever 
arm and cavity adapter are applicable in class ISO 4 
conditions are not origin of particulates. A turbine in use 
as HPR pressure rings pump leads to a vibration free 
feeding of the spraying cane. In more than 300 HPR 
preparation cycles of 2 hours length the new HPR showed 
a robust and reproducible behavior. Applicable 
acceleration gradients [Eacc @1*E-2 mGy/min] of up to 
41 MV/m are reached. The new HPR system is qualified 
and became a part for the on going cavity preparation at 
DESY.  
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Figure 5: View on the control and steering panel.   
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MECHANICAL DESIGN OF AUTOMATIC  
CAVITY TUNING MACHINES 

Jan-Hendrik Thie, A. Goessel, J. Iversen, D. Klinke, W.-D. Möller, C. Müller, D. Proch             
Desy, 22603 Hamburg, Germany 

Ruben Carcagno, T. N. Khabiboulline, S. Kotelnikov, A. Makulski, J. Nogiec, R. Nehring, M. Ross        
W. Schappert  Fermilab, Batavia, IL 60510 USA 

Abstract 
Since 15 years a prototype semi automatic cavity tuning 

machine is used at DESY to tune field flatness and 
concentricity of TESLA [1] shape nine cell cavities for 
FLASH [2]. Based on this experience a further 
development work was done in a collaboration effort 
among FNAL, KEK and DESY to support the high 
throughput of series cavity productions necessary for new 
projects like the European XFEL [3], the ILC project, 
Project “X” and other SRF based future projects. Initially 
four machines were built within the collaboration at 
DESY. Two of them will be delivered and operated by the 
cavity vendors for tuning the XFEL cavities. The 
remaining two machines are delivered to FNAL for 
commissioning. One of them will be passed on to KEK. 

In the following the mechanical design and 
functionality of these machines is described. Special 
attention refers to safety aspects for the machines 
operation at industry and the fulfillment of requirements 
according to the EC directive of machinery. 

INTRODUCTION 
For a β≈1 multi-cell SRF cavity, the fields in adjacent 

cells must be π radians out of phase with each other and 
the particle must cross a cell in one-half of an RF period. 
This flat field profile is achieved when the cells are 
properly tuned relative to each other and the cavity 
frequency is equal to the design frequency (e.g., 1.3 GHz 
for XFEL cavity at 2K in vacuum). In addition, the tuned 
cavity must meet dimensional tolerances such as length, 
straightness and concentricity of cells.  

Cell-to-cell tuning is usually accomplished by slightly 
plastic deforming every cell until the desired cell 
frequency is achieved. This procedure is normally 
foreseen for every cavity after fabrication or after relevant 
preparation steps like etching or deformations caused by 
heat treatments or welding. 

Typical tuning methods [4] are based on special tooling 
to obtain plastic deformation of every cell manually by an 
expert operator. This is a very time-consuming procedure. 
It is not adequate for cavity series productions needed for 
SRF-based projects like the XFEL. 

An alternative method is shown by the semi automated 
prototype tuning machine which is used at DESY since 
several years. The function of the machine is based on 
three independent vice units to squeeze or stretch a cell 
while keeping the cavity straight.  

The major principle of this machine is the basis for a 
new series of high level automation tuning machines 
developed within the collaboration of FNAL, KEK and 
DESY.  

The new machines are expected to significantly reduce 
the duration time of the tuning procedure, also they have 
to be operable by non RF-experts. 

The use of the machines is not limited to laboratories 
and institutes. It is foreseen to operate them at industry.  

Among the collaboration all four machines were 
mechanically designed and fabricated by DESY including 
all actuators and sensors for the new automation concepts 
based on the yielded experience.  

FNAL is providing four complete improved  control 
sets with electronic racks, operating stations and 
measurement techniques including all hard- and software. 
The totally renewed Software including calculation 
algorithms by FNAL is an important contribution to the 
aimed objectives. 

OVERALL CONCEPT 
The main component of the new entire tuning machines 

(Fig.:1) is the Tuning Frame (TF) which accommodates 
all mechanics, such as vice units, sensors and actuators 
needed for plastic deformation of cavity cells. After 
several optimizations the “frame” became an aluminum 
alloy cast plate. 

All components of the tuning machines are mounted to 
the 5.20m long Base-Frame (BF). It consists of several 
aluminum alloy extruder profiles. This guaranties high 
modularity and decreases the weight of machines. 

A major component for feedback in tuning procedure is 
the Eccentricity Measurement Device (EMD). With 11 
linear distance generators and two laser sensors it not only 
gives information on concentricity of single cells to cavity 
axes, it also displays length of cavity and perpendicularity 
of reference planes, of end flanges and beam tube flanges.  

The measurement of field flatness is done with a Bead-
Pull-System (BPS). Due to the total length of the BF and 
to reduce the oscillation of the bead, the system is not a 
string loop, but a string pulled from a reservoir. The 
Network-Analyzer (NWA) is connected to the cavity via 
RF-cables in a cable guiding system. 

A completely new designed device of the machines is 
the Cavity Alignment Tool (CAT). It gives the possibility 
to measure (qualitatively) the direction of cavity 
deformation compared to its straightness during the 
tuning procedure. 

Proceedings of SRF2009, Berlin, Germany THPPO074

09 Cavity preparation and production

797



 
Figure 1: Entire Cavity Tuning machine with the machine 
housing. The door at the cavity insert position is open. 

During all steps of the tuning procedure the cavity is 
kept and moved by a Cavity Train (CT) with several 
supports and lift units which bring the cavity into a 
defined position for eccentricity measurement.  

 For safety reasons the entire machine is secured by a 
machine housing with safety gates. To implement this, the 
tuning procedure needs to be optimized to a minimum of 
hand operation to decrease the number of entries  

TUNING FRAME 
The TF (Fig.:2) is designed modularly. All assemblies 

including electronic enclosures are mounted to an 
aluminum alloy cast base plate. The plate itself only 
captures the weight of subassemblies. The entire design is 
done in a way that no counter forces are applied to base 
plate.

 
Figure 2: The picture shows the Tuning Frame with the 
base plate and the three vice units. On the cable channel 
the emergency switch is assembled. 

This design allows assembling and disassembling the 
whole TF from the machine. Thus, easy assembly and 
disassembly and therefore easy transport is possible. In 
addition the open structure of TF allows easy 
maintenance. 

The tuning frame consists of three equal vice units, 
arranged in a 120°angle. Each vice unit has two tuning 
arms mounted on a rotary axis. Via a stepper motor and 
two gearboxes the distance between the arms can be 
changed for squeezing or stretching cavity cells. The 
tuning force can reach 90kN per vice unit. Both arms are 
free to move around the rotary axis. They are kept in 
place by low pre-stressing spring cradles. 

 
Figure 3: Tuning jaw with exchange part and proximity 
switches. 

Fitted to the tuning arms are special tuning jaws 
(Fig.:3) with two proximity sensors and in two cases 
additional sensors for exchange parts. These exchange 
parts are removed or added for tuning end-cells or normal 
cells of XFEL cavities. They are necessary or allow 
tuning of end cells where e.g. room for the HOM couplers 
or main coupler port flange is needed without changing 
complete jaws. The jaws are, restricted to an angle of a 
few degrees, free to move around their fixing stud. The 
complete vice units are moved towards the cavity with 
linear actuators. A system of protective shields and 
connection rings to end cells, such as the proximity 
switches of jaws, accomplish seeking of vice units to 
cavity in a way the cavity stays free to move a little. 

Altogether the cell which will be tuned in the frame is 
free to move in every axis during plastic deformation. 
There is no reaction force additionally brought to the cell. 
Actually the G-forces are kept by special supports (Fig.:5) 
of cavity train. By this practice it is possible to deform 
different areas of a cell deviant and thus to tune a cavity 
straight. 

BASE FRAME 
To keep the machines modular during development 

phases and to allow several numbers of shipments and 
commissioning at different locations, all components of 
the entire tuning machines are mounted to a base-frame 
consisting of several aluminum alloy extruder profiles. 
Compared with the prototype machine developed 15 years 
earlier, the total weight was decreased by 70%. 

The machine design is divided into two major 
assemblies:  

• The tuning frame (TF) with all needed 
actuators and electronic enclosures. 
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• The Base Frame including EMD, cavity train 
and bead pull system. 

ECCENTRICITY MEASUREMENT 
DEVICE 

In the entire tuning process, a feedback of mechanical 
properties like length and straightness of cavity and 
concentricity of the cells is very useful to achieve a good 
tuning result. 

All measured mechanical values of the cavity are 
referred to reference planes of the cavity on the 
connection end flanges. Furthermore these reference 
planes are used to align the weld ring and bellow of the 
helium vessel to the cavity. The cavity alignment in the 
module cavity string is also performed with the help of 
these reference planes. 

 
Figure 4: Eccentricity Measurement Device, showing the 
rotatable arm with the distance generators. 

In the eccentricity measurement device (Fig.:4) the 
cavity is brought into a given measurement position by 
two lift units. This is done automatically without 
additional manual operation. The lift units (Fig.:5) are self 
adjusting and compensate length tolerances of cavity. 
They contact the cavity at the reference planes. 
Concurrent, the cell supports with adjustable spring lifters 
of cavity train compensate the sagging of cavity caused 
by its own weight and other forces. 

The whole measurement procedure is accomplished by 
nine distance generators, two flange transmitters and two 
laser sensors. 

The cell distance generators are aligned to the middle 
of each cell by an automated mechanical system. The 
middle locations of equator diameters are measured with 
high resolution potentiometric linear distance generators. 
A similar system with identical sensors is used to acquire 
the locations of centers from the beam tube flanges. 

The length and perpendicularity of reference plane is 
calculated by triangulation of different distance values 
measured with a precision laser distance detector. 
In order to assure a precise measurement, the EMD has to 
be calibrated by a dummy cavity from time to time. 
(Fig.:5). It was fabricated with very low tolerances in the 

range of ±0.01mm. The real values of length, cell 
diameters and location, concentricity and perpendicularity 
of reference planes were surveyed by a special 3D 
measurement device. The deviations in the calibration are 
respected in the calculation algorithms used by the tuning 
software to enhance the accuracy of cavity 
measurements.

 
Figure 5: Lift units and CT supports with the lift units at 
the left, contacting the reference plane. A dummy cavity 
is used to calibrate the eccentricity measurement device. 

In usually known measurement devices the sensors are 
fixed and the cavity is rotated around the beam axes on 
reference planes. In the realized EMD here, for the new 
tuning machines a measurement bar with all distance 
generators rotates, guided on a high precision backlash-
free gear wheel, around the cavity. An additional new 
feature is the movement of measurement bar towards the 
cavity. It is driven automatically by a spline curve gear 
supported from high pre-stressed springs.   

BEAD PULL SYSTEM 
The obvious difference between normal BP-Systems 

and the developed one is the way the string is kept. 
Normally the string performs a loop. In such systems the 
tension of string is originated by a spring between the 
ends of string. Because of the string length the possible 
oscillation of the bead in lateral and perpendicular 
direction generated by the elasticity of string is very high. 
Besides, the sagging of string based on a length greater 
then 5 meters might be a problem. 

To solve these difficulties and to decrease the manually 
effort the string is kept open. Once in the tuning 
procedure the string is pulled from a reservoir (Fig.:6) 
which at the same time tenses or retards the string to an 
actuator wheel on the opposite site. The very long bead 
movement of about 5m is translated into a short 1m 
vertical movement of the weight by a gear (see Fig.: 7). 
This guaranties also a constant string tension. 

The field flatness measurement is done several times 
during the tuning procedure at different cavity locations. 
Therefore it is necessary to know the position of the bead 
and also the position of the cavity to identify relative 
position of bead in a certain cavity cell. This acquisition is 
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done by several step encoders of actuators and positioning 
systems. 

 
Figure 6: BPS string reservoir with sensor unit 

 
Figure 7: BPS String reservoir left and motor unit right 

The initial bead position detection before the 
measurement starts is done by a system of two inductive 
sensors, able to detect the very small stainless steel bead 
(Tube: 0.2mm dia. /10mm length). 

CAVITY ALIGNMENT TOOL 
Beyond field flatness and concentricity the length and 

perpendicularity of cavity is a major item for cavity string 
assembly and thus for cavity tuning.  

For series cavity tuning machines a tool to observe the 
cavity straightness during the tuning procedure of a single 
cell is needed. In our case a laser beam is sent from short 
side beam tube flange to a mirror mounted at long side 
beam tube flange of cavity. Both, mirror and laser are 
easily to adjust during the installation to cavity. The 
reflected laser beam is sent to an elliptical target fixed to a 
45° notched tube, comparable to a periscope (Fig.8). The 
target is evaluated by a small industrial camera system.  

Through digital image processing and a calculation 
algorithm additional deforming distances of single vice 
units are calculated and the tuning process is concurrently 
observed.  

SAEFTEY CONCEPT 
Because the cavity vendors will be supplied with the 

tuning machines by DESY the machines have to comply 
with essential health and safety requirements and have to 
be designed, built and documented in accordance to the 
Machinery Directive 2006/42/EC of the European 
Community (EC). The so called “conformity assessment 

procedures” are mainly consisting of the execution and 
documentation of risk assessment, creating a user manual 
and declaration of “CE conformity” formally. (CE = 
Conformité Européenne). At the end of the procedure 
each machine gets a unique serial number and can be “CE 
certified” by marking it with the official 
label.

 
Figure 8: Cavity Alignment Tool, laser spot on target. 

SUMMARY 
Despite the large number of new requirements to 

mechanical design, electronic architecture, software 
framework and safety reasons an efficient series of new 
tuning machines was successfully developed in a 
collaboration between FNAL, KEK and DESY.  

The testing and commissioning period of machines is in 
progress. With the cavity series production start of 800 
cavities for the European XFEL in spring 2010 the 
machines will have to demonstrate their capability. 
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Abstract

CERN has designed and prepared new facilities for the
surface treatment and niobium sputter coating of the HIE-
ISOLDE superconducting cavities. We describe here the
design choices, as well as the results of the first surface
treatments and test coatings.

INTRODUCTION

For the post-accelerator of radioactive ion beams at
CERN a major upgrade will take place in the next 4-5
years. The upgrade consists of boosting the energy of the
machine from 3MeV/u up to 10 MeV/u with beams of a
mass-to-charge ratio of 2.5<A/q<4.5.

In order to match the higher energy requirement a modu-
lar superconducting linac based on quarter wave resonators
(QWRs) is planned to be installed downstream the present
normal conducting linac. Part of the present normal con-
ducting linac will be replaced by new superconducting cav-
ities in order to allow the full energy variability between
1.2 and 10 MeV/u [4]. The new accelerator is based on two
gap independently phased 101.28MHz Nb sputtered super-
conducting Quarter Wave Resonators (QWRs). Two cav-
ity geometries, ”low” and ”high” β, have been selected for
covering the whole energy range.

An R&D program has started at CERN in 2008. The ba-
sic technological choice for the HIE-ISOLDE cavities lies
in the use of the Nb/Cu technology and more details about
this choice are given elsewhere in this Proceedings [2]. In
this paper we will describe the first surface treatment of the
copper QWR prototype, the coating facility and the two
sputtering configurations tested up to now.

SURFACE TREATMENTS

The chosen QWR cavities production sequence com-
prises the following steps:

• Machining and electron beam (EB) welding [2].
• Warm RF test for frequency measurement.
• Chemical polishing (SUBU) and passivation.
• Low pressure ultrapure water rinsing.
• Coating.
• Low pressure ultrapure water rinsing.
• RF warm and cold test (TRIUMF, later on at CERN)

[7].

∗ giulia.lanza@cern.ch

Surface treatments play a fundamental role in cavity perfor-
mances. With improvements in fabrication and ultra clean-
liness techniques, the limitation on superconducting cavity
performance now seems to be the surface state generated
by the etching process.

Figure 1: The three tanks in line for the QWR chemical
polishing.

Surface preparation prior to coating will be carried out
by SUBU chemical etching. This polishing agent (SUBU)
is a mixture of sulfamic acid (H3NO3S, 5g/l), hydrogen
peroxide (H2O2, 5% vol), n-butanol (5% vol) and ammo-
nium citrate (1g/l) and the working temperature is around
72◦C. The SUBU is preceded and followed by washing
with a diluite solution of sulfamic acid [6].

The effectiveness of the SUBU was tested on the EB
welding between two copper plates. After 20 μm removal
the surface presents an average roughness Ra of 0.8 μm. It
is an acceptable value, as verified several times at CERN
with EB welding of the β0 = 1 elliptical resonators.

A closed circuit system with dedicated tubes and a pump
has been built for the cavity treatment. Three tanks in line
are made of stainless steel and polypropylene for respec-
tively the SUBU (thermo controlled tank), the passivation
and the final rinsing (Fig.1). The acid enters the cavity
through four tubes and it flows out from the top and the
beam aperture. Simulations of the fluid velocity of the
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Figure 2: Scheme of the pumping system System.

SUBU, injected into the cavity by four tubes, have shown
that the velocity of the fluid close to the bottom wall of the
cavity is uniform: the values obtained vary between 0.04
m/s and 0.06 m/s. They correspond to a Reynolds number
lower than the limit for turbolent flow.

The first chemical treatment was tested on copper plates
placed into the dummy stainless steel cavity. The whole
procedure was tested and, after a visual inspection of the
samples, the treatment procedure was approved. The first
copper cavity was chemically treated. The whole proce-
dure took about two hours. The cavity low pressure rinsing
was performed in a class 100 clean room with ultrapure wa-
ter at 6 bar. One copper cavity is now stored in a class 10
clean room and it is ready to be coated.

NEW FACILITY FOR QWR COATING

The history of Nb/Cu QWR resonators starts at LNL
INFN for the super-conducting linac ALPI for heavy ions,
operating since 1994. At the moment 52 quarter wave
Nb/Cu resonators are mounted and the success of the
development of higher β cavities opened the possibility to
apply the sputtering technique to the medium β section as
well [1].

The construction of a high β cavity prototype started at
CERN in the middle of 2008 and the copper body which
makes the substrate for the niobium sputtering was com-
pleted in April 2009. CERN has designed and prepared
new facilities for the surface treatment and niobium sputter
coating of the HIE-ISOLDE superconducting cavities.
The LNL experience has been the starting point for the
cavity design, the development of the bias diode sputtering
configuration and the design of the coating chamber.

Figure 3: QWR Sputtering System.

The coating chamber is pumped by a turbomolecular
pump and a primary pump and it is connected by a by-pass
to a Residual Gas Analyzer (RGA) system (Fig. 2). Since
the chamber is 600mm diameter wide, it is sealed with
two viton o-rings. This fact limits the heating temperature
during baking but after a two days baking the base pressure
is around 5·10−9 mbar in the coating chamber.

The cathode-grids structure and the cavity are assembled
inside a class 10 clean room and placed into the vacuum
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Figure 4: Mounting Sequence: inside a class 10 clean room the cathode and the grids are assembled and closed into the
vacuum chamber.

chamber. The closed chamber is then connected to the
pumping system outside the clean room. Due to the low
height of the clean room, the chamber is modular (Fig. 3)
and the whole system is mounted in several step, as shown
in Fig. 4. Cathodes and grids are easily demountable as
coating is foreseen for both high β and low β cavities.

Bias Diode Sputtering

On the basis of the LNL experience with heavy ion cav-
ities for LINAC ALPI, the technology for niobium on cop-
per QWRs was started developing the DC Bias Diode Sput-
tering technique: the cylindrical cathode is surrounded by
an external and an internal grid. The cathode is biased neg-
atively, the grids are grounded and the cavity is slightly
negative (around 80 V) in order to assure a soft resputter-
ing of the growing film.

The main problem was encountered as soon as the cath-
ode temperature raises: after 20-40 min the plasma disap-
peared from the outer part of the cathode. This gave rise to
a non homogeneous distribution of the plasma. As a con-
sequence a different sputtering rate was measured: after 2
hours of sputtering a thickness of 250nm was measured on
the inner antenna while there was no measurable film on
the outer wall. Even in the inner part the sputtering rate
was too low (∼2 nm/min).

Magnetron Sputtering

To overcome the problem encountered with the DC Bias
Diode Sputtering technique it was decided to test a cylin-
drical magnetron configuration.

Figure 5: The multilayer coil, 1m diameter, surround the
sputtering chamber. Calculations were run to simulate the
axial magnetic field and optimize the coil heights.

Two coating test, developed in a smaller system, con-
firmed the difference in thickness distribution between the
diode and the magnetron configurations. The magnetic
field assures an acceptable thickness on both sides of the
cathode.

Calculations were run to simulate the axial magnetic
field and optimize the coil heights. A multilayer coil of
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Table 1: Coating parameters

Parameters test8 test9 test10 test11 test13

Pressure (mbar) 0.015 0.015 0.01 0.008-0.15 0.01
Cathode I (A) 3 3 3 3 3
Coil I (A) 50 40 40 40 40
Time (min) 240 410 420 420 410

1 m diameter, was built. Its dimensions and the number of
layers were calculated in order to obtain a magnetic field
which is homogeneous, higher than 100G and parallel to
the cathode. More than six tests were run with it and the
results are shown in Figs. 8 and 9.

The main advantages of this configurations are: stable
plasma, improvements on the thickness, more homoge-
neous distribution of the plasma between the external wall
and the internal antenna.

Figure 6: A sample holder, with a shape that follow the cav-
ity walls, is placed inside the stainless steel cavity. Quartz
samples are positioned along the sampleholder, on repre-
sentative places of the cavity.

RESULTS

During the first part of the R&D program the tests are
performed with a stainless steel cavity with a shape simi-
lar to the QWR. A sample holder, which follows the cav-
ity walls, is placed inside the stainless steel cavity. Quartz
samples are positioned along the sampleholder, on repre-
sentative places of the cavity [7]. For the sake of simplicity
the cavity is divided into four areas: external wall (Ae and
Be samples in Fig. 6), inner conductor (Ai and Bi), bot-
tom part where the inner conductor is welded to the cavity
outer wall (Ab and Bb) and central part on the top of the

inner conductor (C).

Figure 7: The plasma was characterized measuring the cur-
rent as a function of the voltage for different coil currents
and pressures. In this graphs the curves are recorded at
1.5·10−2 mbar: this pressure assures a uniform plasma dis-
tribution around the cathode.

To find suitable coating settings the plasma at different
pressures and coil currents was characterized as shown in
Fig. 7. Then some points of the I-V curves were selected
and tested. The resistive properties (Residual Resistivity
Ration RRR) of niobium on quartz samples were then mea-
sured and their dependence upon various coating parame-
ters was estimated.

Figure 8: Niobium film thickness versus the position along
the cavity wall (Figure 6).
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The main aim is to obtain a homogeneous distribution
of the film thickness along the cavity walls. Certain con-
ditions of gas pressure, cathode current and coil current al-
low to obtain a good ratio between the film thickness on
the external wall and on the inner conductor. Due to ge-
ometrical factors, this ratio cannot not be lower than four.
Even if the magnetron sputtering guarantee a constant outer
plasma, the thickness of the film on the bottom part is still
low compared to the inner antenna. The problem of the
coating on the bottom part of the cavity is magnified due to
the fact that the magnetic field in that area is perpendicular
to the cathode surface.

Several solutions for balancing the film thickness are un-
der test. Solutions to modify the magnetic field shape or the
cathode structure are under development.

Figure 9: Niobium film thickness versus the position along
the cavity wall (Figure 6).

CONCLUSIONS

An R&D program to design and prepare new facili-
ties for the surface treatment and the niobium coating of
the HIE-ISOLDE superconducting cavities has started at
CERN in 2008. Up to now the first copper QWR prototype
was chemically treated and it is ready to be coated.

The DC Bias Diode Sputtering and the Magnetron Sput-
tering configurations were tested and niobium on quartz
samples were characterized with thickness and RRR mea-
surements. The sputtering conditions have still to be opti-
mized to obtain a homogeneous coating. Solutions to mod-
ify the cathode structure and to balance the film thickness
are under development.
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Abstract 
Fermi National Accelerator Lab (Fermilab) is 

continuing to improve SRF cavity processing 
infrastructure.  A single-cell 3.9 GHz electropolishing 
(EP) tool was designed and built at Fermilab and then 
installed and commissioned at an industrial partner. This 
tool was used to process a single-cell 3.9 GHz cavity that 
reached an impressive accelerating gradient of 30 MV/m 
with a quality factor of 5x109.  A single-cell 1.3 GHz 
cavity was also electropolished at the same industrial 
vendor using the vendor’s vertical full-immersion 
technique. On their first and only attempt with a single-
cell 1.3 GHz cavity 30 MV/m was attained with a quality 
factor of 1x1010.  First tumbling results show interior 
finish quality visibly better than was obtained by standard 
EP procedures at the ANL/FNAL processing facility.  
Details of these results are also discussed. 

INTRODUCTION 
The manufacture of niobium superconducting radio 

frequency (SRF) cavities incorporates forming steps that 
cause damage approximately 120 μm into the interior 
surface [1].  The cavities are also electron beam welded, 
which produces weld beads on the interior surface of the 
cavity. Both are detrimental to cavity performance.  
Electropolishing and tumbling are two processing 
techniques that remove the damage layer and reduce the 

contour of the weld bead.  
Neither tumbling nor electropolishing have been 

applied to SRF cavities on a scale required for 
construction of a large facility.  Recent developments 
therefore address two additional issues: To better 
understand the science beneath these processes and 
remove processing pitfalls, Fermilab is currently building 
a single-cell cavity processing facility, and we report on 
its status here. To improve the capabilities of industry, 
cooperative research with one vendor near to Fermilab is 
also described.  

EQUIPMENT & FACILITIES 
Fermilab currently has single-cell and 9-cell cavity 

processing capabilities at Argonne National Lab, 
including electropolishing (EP), high pressure rinse 
(HPR), and ultrasonic washing / degreasing.  The scope of 
the Argonne facility is more in line with cavity 
production, in that established processing parameters 
remain fixed for most work.  

 

Single-cell Cavity Processing Facility 
The single-cell Cavity Processing Facility at Fermilab, 

shown in Figure 1, is designed to allow flexibility to vary 
processes and obtain understanding while also carrying 
out work safely.  The emphases of this facility will be 

 
Figure 1: Cartoon of single-cell Cavity Processing Facility at Fermilab. (A) Electropolishing tool and cabinet (B) 
Chemical storage area (C) Scrubber and acid neutralizer (D) Clean room with high pressure rinse (E) Tumbling and 
ultrasonic degreasing areas not shown. 
____________________________________________ 
#ccooper@fnal.gov 

(A) 

(B) 

(E) 

(C)

 

(D) 

(A) 
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material R&D and process R&D, both on single-cell 1.3 
GHz niobium SRF cavities [2].  The facility will include 
tumbling, EP, ultrasonic degreasing, and HPR.   Tumbling 
is currently in place and has started operations for single-
cell 1.3 GHz cavities.  Improvements to tumble 9 cell 1.3 
GHz cavities will be completed in 2009.  The clean room 
is in place and it is expected that the HPR tool will be 
operational in 2009.  The HPR tool design is based on the 
Cornell and Argonne designs with modifications to isolate 
the cavity during drying from particle generation in other 
areas of the clean room.  This should permit evaluation of 
simultaneous rinse and assembly activities. The EP tool 
design is based largely on the 3.9 GHz tool to be 
described shortly in this paper.  Presently, parts are being 
built, with assembly of the EP tool expected to complete 
in the first quarter of 2010. 

 

Tumbling at Fermilab 
The tumbler is shown in Figure 2. The tumbler is 

capable of tumbling two single-cell or two 9-cell cavities 
at a time. The tumbler rotates at 115 RPM with a 42 cm 
moment arm. The gear ratio between the main drive and 
the barrel rotation point is currently 1:1. The 1:1 gear 
ratio dictates that the cavity does not spin around its own 
axis of rotation (similar to a Ferris wheel).  The ability to 
change the gear ratio to 2:1 is currently being added to the 
tumbler.  With the 2:1 gear ratio the cavity will rotate 2 
times around its own axis per revolution of the tumbler.  
The design of this tumbler is based off of work done at 
KEK [3]. 

3.9 GHz Single-cell EP Tool 
The single-cell 3.9 GHz electropolishing tool [4] is 

shown in Figure 3. This tool was designed and built at 
Fermilab.  It is currently operated in a hood at Able 
Electropolishing. The basic design is similar to other 
horizontal EP tools seen at Jefferson Lab, Argonne Lab, 
or KEK with some modifications made in the end-groups 
to minimize trapped fluid [5,6].  This EP tool also has the 
capability for thermocouples to me mounted on the cavity 

in up to 6 locations.  The tool is fully automated with 
pneumatic valves and pumps to allow for remote 
operation by way of a touch screen human machine 
interface. All wetted flow paths are made of appropriate 
fluoropolymers, with the exception of the aluminium 
cathode and the high density polyethylene acid and water 
bathes.  A counter current plastic shell and tube heat 
exchanger was originally used to remove heat from the 
acid.  This heat exchanger did not remove enough heat so 
it was removed and replaced by an aluminium tube in the 
acid bath which successfully maintains the acid 
temperature.  The cathode is 1000 series aluminium and 
runs through the center of the cavity. 

CAVITY PROCESSING  
The progress made on two single-cell 3.9 GHz cavities 

and two single-cell 1.3 GHz cavities will be discussed 
here. The two 3.9 Ghz cavities will be called Cavity 1 and 
2. The two 1.3 GHz cavities will be called Cavity 3 
(tumbled) and 4 (vertical EP). 

 

Single-cell 3.9 GHz Cavities 
Cavities 1 and 2 were made from fine-grained cavity-

grade 3.0 mm thick sheet. The cavities were formed at 
Fermilab and electron beam welded at Sciaky Inc. Prior to 
electropolishing the cavities were ultrasonically degreased 
for one hour with warm (60 ºC) Micro 90 cleaning 
solution (Cole-Palmer EW-18100) and then rinsed with 
ultrapure water. Bulk EP was done to remove 
approximately 150 μm of material. After bulk EP the 
cavities were thoroughly rinsed to remove acid and then 
heat treated under vacuum at 800 ºC.  Both cavities 
showed strong hydrogen peaks by residual gas analysis 
(SPECTRA VacScan model LM6-I).  This demonstrates 
that the EP process is driving hydrogen into the bulk 
niobium.  After heat treatment the cavities underwent a 
“light” EP removing 20 μm of material. After the “light” 
EP the cavities were stored in ultrapure water until they 

 
Figure 2: Picture of tumbling machine at Fermilab. 

 
Figure 3: Picture of single-cell 3.9 GHz tool at Able 
Electropolishing. 
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were rinsed, high pressure rinsed, and prepared for 
cryogenic performance testing.  

The EP of cavities 1 and 2 was done in the EP tool 
shown in Figure 3.  The EP mixture was a 9:1 mixture of 
98% concentrated sulphuric acid and 50% concentrated 
hydrofluoric acid. The flow rate of the acid was as slow 
as possible without the pump stalling out. The flow rate 
was roughly 3 L min-1. The acid flows through the 
cathode and exits into the cavity through a hole in the 
cathode. The hole in the cathode is aligned with the cavity 
equator and is pointing directly up.  The cathode is 
wrapped in a perforated Teflon sheet to prevent hydrogen 
bubbles from hitting the cavity. 

The bulk and first “light” EP of Cavity 1 was done at 
40 ºC due to an error in the data acquisition system that 
was subsequently fixed. The bulk and “light” EP of 
Cavity 2 and the second “light” EP of Cavity 1 were run 
at 30 ºC or below.  Cavity 1 received a second 800 ºC 
bake and subsequent “light” EP to help recover the 
quality factor of the cavity. 

The current draw for the processing of cavities 1 and 2 
was unexpectedly high, at typically 30 amps but as high 
as 40 amps. The surface area of these cavities is 372 cm2 
so current densities were in the range of 800 to 1080 
A m-2. To reduce the current draw and concomitant 
temperature rise at the beam tubes, the cathode was 
partially masked with Teflon tape.  This was done before 
the 2nd “light” EP of Cavity 1. The current draw after 
masking the cathode was only 20 amps. The current flow 
at the cavity cell is most likely still the same since no 
masking was done near the cell. 

 

Tumbled Single-cell 1.3 GHz Cavity  
Cavity 3 was processed in the Fermilab tumbler at 115 

RPM with these general conditions:  The media was filled 
to 50% volume of the cavity and enough water was used 
to just cover the media.  The exact ratio differed for each 
media, but typically there was on the order of 2.0 kg of 
media to 1.0 kg of water.  Domestic water was used. In 
addition approximately 0.2 kg of soap (TS Compound 
made by Mass Finishing Inc.) was used to help prevent 
the media from sticking to the cavity wall. 

A 5 step sequence was used.  The cavity was first filled 
with water and soap, followed by the media.  This 
sequence was used to help prevent the iris from getting 
nicked by media falling into an empty cavity. Between 
tumbling runs the media was rinsed out with domestic 
water.  Tumbling was then performed to remove between 
80 and 120 μm of niobium from the inside of the cavity. 
After tumbling the cavity was ultrasonically degreased at 
60 ºC for one hour.  The cavity was then EPed at Argonne 
to remove approximately 40 μm of material.   The 
temperature of the EP solution remained at 30 ºC or 
below.  The cavity was then high pressured rinsed at 
Argonne and shipped to Fermilab for cold testing. 

 
 

Vertical EP of a Single-cell 1.3 GHz Cavity 
Cavity 4 was EPed at the industrial vendor Able 

Electropolishing.  The cavity was EPed in the vertical 
position while being fully immersed in the acid bath.  The 
sealing surfaces on the end flanges were masked.  The 
acid bath was the typical mixture of 9 parts concentrated 
sulphuric acid to 1 part of 50% concentrated hydrofluoric 
acid.  Other processing information was withheld by the 
vendor. 

After Cavity 4 was EPed, it was ultrasonically 
degreased and high pressure rinsed at Argonne.  No 
further processing was done before it was cold tested at 
Fermilab; in particular, the typical high temperature 
vacuum bake to de-gas hydrogen and a “light” EP were 
not applied. 

CAVITY RESULTS 

Record Gradient in 3.9 GHz Single-cell Cavities 
  The accelerating gradients EAcc and quality factors Q0 of 
cavities 1 and 2 are shown in Figure 4.  During the first 
cold test of cavity 1, Q0 versus EAcc was severely limited, 
partly due to an unintended rise in the EP temperature to 
40 ºC.  This most likely caused a rougher surface than 
desired and a large amount of hydrogen to be driven into 
the bulk niobium. There was possibly a slight helium leak 
in the first test which could have caused the unusual trend 
seen.  Subsequently, cavity 1 was given an 800 ºC high-
vacuum heat treatment and a 20 μm “light” EP.  The 
second cold test gave a much better quality factor.  This 
was expected as the high temperature bake out removed a 
large amount of hydrogen as seen by residual gas 
analysis.  Unfortunately the maximum accelerating 
gradient did not improve above 23 MV/m.  The 
expectation of large in the cavity interior makes tumbling 
attractive for future work.  
  Cavity 2 was tested 4 times. Figure 4 shows the 2nd  

 

 
Figure 4: Accelerating gradient vs. quality factor 
results for Cavities 1 and 2. 
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through 4th tests only since equipment issues limited the  
1st test.  The second test yielded an EAcc of 30 MV/m 
(terminated due to power limit) while the 3rd and 4th tests 
reached 28 MV/m (terminated due to quench). These 
values are higher than have been achieved before and 
higher than previously thought possible [7,8].  
Importantly, the cavity shape factor yields a ratio of 
equatorial field BE to EAcc of 5.86 mT per (MV/m), 
implying that BE reached 175 mT in test 2.  Further, this 
result was not improved by final baking, since the 48 
hour, 120 ºC bake between the 2nd and 3rd test actually 
appeared to have decreased the performance.   
   Previous 3.9 GHz cavities were processed using 
buffered chemical polishing (BCP) which yields a 
rougher surface that EP.  It is believed that this is the 
reason that record accelerating gradients were seen in 
Cavity 2.  Analyses of cavity 2’s surface have not been 
attempted yet. 

Vertical EP 1.3 GHz Single-cell Cavity  
Results from the 1.3 GHz cavity that was 

electropolished at Able Electropolishing by a full 
immersion vertical technique are shown in Figure 5.  The 
Quality Factor was good, especially when the fact that the 
cavity did not receive any baking is considered [9]. There 
is high field and mid field Q slope which makes the cavity 
a good candidate for a low temperature baking treatment 
in future work. 

Although the maximum accelerating gradient reached 
30 MV/m, radiation began to increase at only 24 MV/m.  
It is believed that this is due to field emitters caused by a 
lack of adequate temperature control during the first half 
of the electropolishing.  Later analyses revealed a rough 
surface and a white haze on the portion of the cavity that 
would have been facing up (upon which bubbles would 
nucleate).  Better temperature control was established 
during the second half of the EP, and later analyses 
showed that the corresponding finish of the opposite half 
of the cavity looked smooth with no blemishes.  

 
A witness coupon was electropolished at the same time as 
the cavity. Figure 6 shows a 1 mm by 1 mm surface that 
was analyzed with a KLA-Tencor P-16 Surface 

Profilometer. The average surface roughness (Ra) is 0.32 
+/- 0.11 μm. Average roughness values of 0.1 μm are 
representative of high-quality EP. The Rz (maximum peak 
to valley height) was on the order of 2.5 μm. This is very 
bad for EP.  One very interesting part of this image is the 
apparent hydrogen bubble track on the peak in the middle 
of the sample.  If there are in fact hydrogen bubble tracks 
inside of the cavity it would also help explain the 
relatively poor accelerating gradient achieved. 

 

Tumbled 1.3 GHz Single-cell Cavities  
Figure 7 shows an image of Cavity 4 after the final 

tumbling process. The surface was mirror like and had a 

 
Figure 5: Accelerating gradient vs. quality factor results 
for cavities 3 and 2. 

Figure 6: 3-D image of witness coupon showing bubble 
track. 

 
Figure 7: Image of single-cell 1.3 GHz cavity and its 
mirror-smooth inner surface after tumbling. 
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superior looking finish when compared to chemical 
polishing techniques.  In fact, electropolishing at the 
ANL/FNAL facility degraded the surface by visual 
inspection.  As mentioned earlier the cavity did not rotate 
around its own axis during tumbling.  One side effect of 
this is that the total tumbling time was approximately 50 
hours, which is 4 times longer than has been seen 
elsewhere [3].  On the other hand, very little heat was 
evolved during tumbling—the cavity got slightly warm to 
the touch, whereas other tumbling processes have yielded 
cavities to hot to handle without gloves [3]. This could 
help in preventing hydrogen from being driven into the 
cavity.  Work has been done in the past on using hydrogen 
free solutions to try to prevent hydrogen absorption 
during tumbling [3] to combat this effect.  Here, tap water 
was simply used.  

  As discussed earlier, tumbling can be used to produce 
smoother surfaces that wet chemistry can.  However, 
perhaps the main reason that tumbling is used for SRF 
cavities is that it removes defects associated with the 
equator weld bead.  The weld bead is a very irregular area 
and the welding process in general can create bad defects 
such as sputter and pits.  Figure 8 shows pictures taken 
with an optical inspection system at Fermilab. Figure 
8(A) is the weld bead in the as received cavity.  Figure 
8(B) is the weld bead after the first tumbling process only.  
After the first tumbling step there is no visible sign of the 
weld bead remaining.  The first tumbling step is a cutting 
media that is designed to remove material quickly.  The 
first tumbling media actually makes the average surface 
roughness worse.  The subsequent 4 tumbling steps 
recover and greatly improve the average surface 
roughness.  This cavity is currently waiting for cold 
testing and results will be published when available. 

SUMMARY 
Fermilab is currently increasing its infrastructure for 

processing and materials R&D.  Fermilab has recently 
added the ability to tumble cavities and soon will be 

adding additional on-site capability for 1.3 GHz single-
cell electropolishing and high pressure rinsing. Tumbling 
was done on a single-cell 1.3 GHz cavity completely 
removing the weld bead and producing a mirror like 
finish.  Two 3.9 GHz cavities were electropolished in a 
Fermilab tool and one of them reached 30 MV/m, 
significantly higher than the 25 MV/m previous highest 
accelerating gradient seen in 3.9 GHz cavities given 
buffered chemical polishing.  This demonstrates that the 
effectiveness of electropolishing carries over to 3.9 GHz 
cavities.   Able Electropolishing used a vertical full 
immersion technique of their own to electropolish a 
single-cell 1.3 GHz cavity.  That cavity reached an 
accelerating gradient of 30 MV/m and had a Q0 of 1.0 x 
1010. 
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Figure 8: Image of single-cell 1.3 GHz cavity equator 
weld (A) before and (B) after tumbling. 
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UPDATE ON QUALITY CONTROL OF ELECTRO POLISHING ACID 

N. Steinhau-Kühl, A. Matheisen, DESY, Hamburg, Germany 
C. Hartmann , T.Eidtner, B.Henkel, HENKEL Lohnelektropolitur GmbH, 

Neustadt Glewe, Germany 

Abstract 
Electro-polishing has become one of the leading 

surface preparation processes to reach high gradients in 
superconducting cavities. For industrialization and for 
reproducible results in the electro-polishing process a 
study on acid quality control and quality management was 
launched under the scope of the European investigations 
under the CARE. First results of this acid management 
studies were presented at the TTC meeting 2006 and the 
JRI-SRF summary reports 2008 A second study with 
experimental results on the quality control methods 
proposed was launched where the different methods and 
instrumentations for acid quality control are studied in 
detail. We present the results of this following up 
investigations made on acid quality control for the 
electro-polishing mixture applied at DESY. 

INTRODUCTION 
Since start up of electro polishing (EP) at DESY and 

during the start up of industrial electro polishing [1] it is 
found that variations of the acid components result in 
variation of the polishing process. The consumption 
(Aging) or the evaporation of the hydro fluidic 
component during the mixing process is origin of 
variation of the mixture [2] 

Acid mixture variations of about 5 % of the basic 
mixture [3] prescription result in process variations of 
material removal per time unit (μm/min) and hence in 
process duration. For industrial application this variation 
and the need of an associated subsequent cavity treatment 
is not acceptable. To set up an acid quality management 
for the EP acid, an industrial study was started. Basing on 
this analysis of analytical methods [4] a second part of the 
study is launched, where the applicability of the methods 
is studied. In order to evaluate the potential of each 
analysis method a calibration acid mixture as well as 
defined variations of this mixture and resetting sample 
from industrial production are in use [Table 1].  

In a fist step the reproducibility of the methods is 
studied on the reference mixture (Sample 1 to 3). To 
investigate the sensitivity of the methods, they are applied 
on composition with well defined variations in the 
amount of Hydro Fluoride (HF) and variations in the 
mixing process where the temperature of the acid during 
mixing is kept stable in different regimes (sample 1to 10) 

 

Table 1: specification of the acid mixtures in use for 
evaluation of analysis methods 

Sample 
Nr. 

Notes min. 
temp. 

max. 
temp. 

remarks 

1 Cold 14 21  
2 Cold 12 19  
3 Cold 12 20  
4 -10% HF 11 19  
5 -20% HF 11 18  
6 +10% HF 10 18  
7 +20% HF 9 18  
8 Warm 20 45 fume evap. 
9 Warm 21 47 fume evap. 
10 Warm 20 48 fume evap. 
11 Used   (main EP)  
12 Used   (main EP) 
13 Used   (main EP) 
14 Used + silicon oil   (main EP) 
15 Used + silicon oil   (main EP) 
16 Used + silicon oil   (main EP) 
17 Warm 19 46 fume evap. 
18 Warm 18 47 fume evap. 
19 Used (2main ep)     
20 Cold + polish 9 19  
21 Cold + sulfur 8 18   

ICP-OES AND TOC MEASUREMENTS 
Inductively coupled plasma optical emission 

spectrometry (ICP-OES), is a commonly in use analytical 
technique used for the detection of trace metals. It is a 
type of emission spectroscopy that makes use of the 
inductively coupled plasma to produce excited atoms and 
ions that emit electromagnetic radiation at wavelengths 
characteristic of a particular element. 

Total organic carbon (TOC) is the amount of carbon 
bound in an organic compound which can be oxidized and 
measured. 

Measurements on Different Acid Sample 
Mixtures 

For all sample mixtures the amount of metallic 
impurities and the TOC value are determined. It is found, 
that the metallic contaminations of the mixtures which are 
made form pure basic components (pro analysis) do not 
vary (Table 2). For used acids which have been in contact 
with softeners imbedded in PVC tubes or contaminated 
with silicon oil, increased TOC value are measured. 
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Evaluation of the Methods 
ICP-OES is a suitable analysis method to analyze 

impurities in very small quantities (ppm). Several, mostly 
metallic elements can be analyzed in the same run. One 
major draw back is that the chemical compounds can’t be 
analyzed directly, they will be cracked into elements by 
the plasma (4000-5000 K). A high dilution is necessary 
and can only be done in well equipped laboratories. 

TOC is suitable to investigate organic impurities like 
softener from material in use for pipes of the installations 
or organic oils.  A high dilution of the acid is necessary 
and the measurements can only verify that there are 
oxidizable substances. This method does not allow 
determining the kind of impurities. 
Both analysis methods are limited in applicability on the 
quality control of the EP acid, but allow as statically 
analysis of the basic components in use and the purity of 
the process.  

FTIR-ATR (FOURIER TRANSFORM 
INFRARED SPECTROSCOPY 

ATTENUATED TOTAL REFLECTANCE) 
Attenuated total reflectance (ATR) is a sampling 

technique used in conjunction with infrared spectroscopy 
which enables samples to be examined directly in the 
solid or liquid state without further preparation ATR uses 
a property of total internal reflection called the evanescent 
wave. A beam of infrared light is passed through the ATR 
crystal in such a way that it reflects at least once off the 
internal surface in contact with the sample. This reflection 
forms the evanescent wave which extends into the 
sample, typically by a few micrometers. This beam is 
collected by a detector as it exits the crystal. This 
evanescent effect works best if the crystal is made of an 
optical material with a higher refractive index than the 
sample being studied. 

Allocation of the Chemicals 
In order to assign the peaks to the chemical compound, 

a calibration of the wave length is made by pure and well 
knows chemical compounds (Fig.1). A problem 
introduces by adding components is shifting the peaks by 
changing the acid composition. 

Figure 1: Measurement to allocate the chemicals. 

Reproducibility of the FTIR-ATR Method 
For the FTIR-TAR probe in use the peak height 

reproducibility in the absorption unit (absu) range from 
1,42 to 1,50 (absu) of ± 0,012 (<1%) is found for the three 
samples of identical composition (Fig.2). For sample 1 
the HF peak is determined at 1,5 absu. An increase of HF 
by 10 percent shifts this peak to 1,483 absu, the increase 
of 10 % of HF show that peak 1,530 absu. 
 

 
Figure 2: Reproducibility measurement for three different 
samples. Bottom 1/ 4.25 magnification. 

Measurements of the Sample Mixtures 

Only in the case of a deviation of the hydrofluoric acid 
concentration of more than 10% reproducible variation in 
signal height is found (Fig.3). A distinction between cold 
and warm mixed acid was not possible within the 
sensitivity range of the probe.  

Evaluation of the Method 
The advantage of this analysis method is the easy 
handling and the fast response of data in undiluted 

Table 2: Results of the ICP-OES and TOC Measurement 
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electrolytes on the place of application. A measurement is 
performed in fewer 30 seconds. The sensitivity for acid 
component variation is limited an only strong variation 
can be found by this method. 

 
Figure 3: Sensitivity of the FTIR to variation of HF 
concentration.  

ITP (ISOTACHOPHORESIS)  
Isotachophoresis is a technique in analytical chemistry 

used to separate charged particles. It is an advancement of 
the electrophoresis. It is a separation technique using a 
discontinuous electrical field to create sharp boundaries 
between the sample constituents. After applying an 
electric potential a low electrical field is created in the 
leading electrolyte and a high electrical field in the 
terminating electrolyte. 

Measurements on the Samples

 

Figure 4: results of the ITP (isotachophoresis); x scale 
Run time signal (sec); y scale voltage applied (V). 

 
For calibration the individual components are added to 

the electrolyte and the different run times zones can be 
determined. (Fig.5). The samples analysis shows that this 
methods results in high separation of the components 
(Tab.3) reproducibility in a range of less then 3% In the 
measurements made variations of the HF content is 
measured (Samples 1-3; 8-10), but these numbers do not 
allow to determine the origin of the shift 

Evaluation of the Method 
The ITP analysis allows differentiating components 

precisely. With this method show variations for 
composition changes (sample 4-7) and a temperature 
dependency for the mixing process (1-3; 8-10). These 
data do not allow distinguishing, whether the variation 

results from the mixing process or an error in 
composition. 

Table 3: Results of ITP Measurements 

 

SUMMARY 
In a first study for setting up an acid management and 

control for the EP mixtures in use at DESY, several 
analysis methods were examined in order to find a 
suitable method applicable in an industrial production as 
well. In this second part of the acid management study the 
most promising methods were examined in detail. A 
special attention is set on the applicability of the methods 
in an industrial application where the quality control 
should be made with fast response time in order not to 
have too high temporary storage further.  
The methods investigated here on different niobium 
electro polishing electrolytes showed that all methods are 
insensitive to small changes in the composition of the 
electrolyte. During the polishing processes at DESY it 
was found that the process and plant parameters are 
correlated to the temperatures at which the acid is mixed. 
No significant difference between cold produced 
electrolyte (below 20°C) and warm produced electrolyte 
(above 45°C) is found in this study with the methods 
analysed here. The most promising method for industrial 
application, the FTIR ATR method can be applied locally 
in the field with easy handling and does not need dilution 
of the acid. The sensitivity is limited and no difference for 
fabrication errors with 10 % deviation of concentrations is 
found here. The need high dilution determines the 
accuracy of some of the methods. None examined 
analysis methods is without reservation suitable for 
quality control. 
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S0 TIGHT LOOP STUDIES ON ICHIRO 9-CELL CAVITIES 
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Abstract 
S0 tight loop studies were done on ICHIRO 9-cell 

cavity #5 at Jlab and KEK. This cavity has no end group 
on beam tube. Cavity processes and vertical tests were 
repeated several times. The maximum gradients have 
achieved 36.5MV/m at Jlab, and 33.7MV/m at KEK so 
far. Now we are struggling with the puzzle why the 
results of singles do not work well on 9-cell cavities. 

INTRODUCTION 
We have continued high gradient R&D of KEK low 

loss shape (ICHIRO shape) using both of single and 9-cell 
cavities at KEK [1]. We have succecefully demonstrated 
the principle proof of 50MV/m with ICHIRO single cell 
cavities [2]. The both centre and end cell shapes of 
ICHIRO has no problem on RF design for 50MV/m [3]. 
In those studies, we established the high yield surface 
preparation recipe [4]. But when we applyed the recipe on 
9cell cavities, it did not work well. The gradient of 9-cell 
still limited less than 36.5MV/m. 

SURFACE PREPARATION RECIPE 
Current best recipe for ICHIRO single cells consists of 

centrifugal barrel polishing (CBP, ~100μm), light 
chemical polishing (CP, 10μm), annealing (750C*3hrs), 
electropolishing (EP, 80+20μm), flash EP (3μm, fresh 
acid, no circulation), ethanol rinsing, wiping with 
degreaser, HPR, and baking (120C*48hrs). This recipe 

garantees 45MV/m: 46.7±1.9MV/m with singles [3, 4]. 
Figure 1 shows some photos of processes. 

ICHIRO 9CELL CAVITIES 
We have taken 2 steps in the development of ICHIRO 

9-cell cavities. The step-1 focused on the proof of 
50MV/m with 9-cell using bare 9-cell cavities, which had 
no end group on beam tubes. The step-2 aims the actual 
ILC. We fabricated full 9-cell cavities which had full end 
group on beam tubes [5]. Old ICHIRO had problems on 
end group, so we re-designed it for new-ICHIRO and 
fabricated [6]. In this paper, we reported the results of 
new-ICHIRO 9-cell bare cavity (Figure 2).  

S0 TIHGT LOOP STUDY ON ICHIRO 
We sent ICHIRO 9-cell #5 to Jlab as S0 tight loop study. 

In S0 study, cavities will be exchanged and tested at each 
laboratory. We can cross check the cavity performance, 
the yield and also compare the facilities. Jlab facility has 
been refined by so many mass-production experiences: 
CEBAF, CEBAF up-grade, SNS. On the other hand, our 
facility has not so many experiences. It is good chance to 
see our facilities how work. ICHIRO#5 was processed 
and tested 7times at Jlab. 3times were included EP, others 
were not, just rinsing or re-evacuation. KEK staffs went 
and joined the activities of ICHIRO#5 at Jlab. After that 
ICHIRO#5 was sent back to KEK. We also did tight loop 

Figure 2: new ICHIRO 9-cell #5, bare cavity for step-1 

Figure 1: Cavity processes at KEK 
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test at KEK. Figure 3 shows the best results of ICHIRO#5 
at Jlab and KEK. The maximum gradient 36.5MV/m had 
achieved at Jlab, and 33.7MV/m at KEK so far. Figure 4 
shows the statistics of VT but the results contains trivial 
mistakes are removed.  The maximum and the average 
gradient between Jlab and KEK were not so different. We 
confirmed our facilities were not so bad. 

PUZZLE OF 9-CELL 
In the S0 study at KEK, we applied the well established 

recipe from single cell studies to the 9-cell cavities. But 
the gradient still limited less than 34MV/m at KEK. We 
considered what differences are there between 9-cell and 
single.  Table 1 at last page shows our concerns for the 
performance. Blue columns have understood with enough 
statistics. Yellows need more statistics. Greens are under 
testing. Some concerns are common to 9cell and single, 
some are special to 9-cell as the field flatness. We should 
solve this “Puzzle” one by one to achieve high gradient 
and high yield with 9-cell cavities. Details of sulphur 
contaminations and the field flatness are reported another 
papers in this proceedings [7, 8].  

Hint of the Puzzle 
The 9-cell performance sometimes limited by triggered 

field emission (FE) by multipacting (MP). Figure 5 shows 

an example results. We considered the mechanisms of this 
as follows. Some electrons emitted by MP were 
accelerated by a multi cell and got high energy. The 
impact of these electrons on surface might cause a local 
heating resulting to quench or trigger FE. One should 
remain FE electron get more energy in 9-cell cavities. We 
got some hint from the tight loop test of rinsing for 9-cell. 
When we make retest, if the cavity has been done EP and 
baked already, we don’t need to bake it again after HPR. 
It is well demonstrated with single cell cavities. So when 
we started the tight loop test, cavity wasn’t bake at first. 
In that case, triggered FE happened. We suspected about 
the residual gas in the cavity, short baking for degassing 
was done after the rinsing. FE was not triggered by MP 
(Figure 6). We considered that one of sources of triggered 
FE might be the residual gas in the cavity. In addition to 
short baking, we also modified the cooling method. If we 
cool down the cavity without care, the bottom cell is 
cooled quickly. The adsorption gas is concentrated very 
much at bottom. This condensed gas might cause MP and 
easily trigger FE. So we improved the cooling method 
and made uniform cooling from top to bottom. The 
temperature difference is less than 6K now. The 
processing time seems to be shorten by this way. But still 
it is not enough to cure triggered FE perfectly. 
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Figure 4: Summary of S0-studies on ICHIRO#5. 
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Figure 3: The best results of S0-study for ICHIRO 9-
cell #5. Top: VT at Jlab, Bottom: VT at KEK 
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Evacuation During VT 
Our cavity was usually closed by metal valve during 

vertical test. Single cell has no problem with this way. 
This closed VT is very useful for how quickly ready to 
VT in a week. But for the 9-cell, the evacuation during 
VT might be an answer for the puzzle. We changed the 
way in order to reduce the residual gas. We evacuated the 
9-cell cavity by ion pump (200L/s) during VT. We 
measured ICHIRO#5 with and without evacuation. First 
we measured cavity without evacuation. The cavity was 
warmed up and connected to evacuation line. Before 
opened the cavity valve, we baked the evacuation line. 
And then, we measured the cavity with evacuation. Figure 
7 shows the results. The maximum gradient were almost 
same: 25MV/m. The results of pass-band measurements 
were also same (figure 8). Total process time was shorten 
about 10% by evacuation (figure 9). The results might 
effected by the memory of the first closed VT. We should 
measure cavity with evacuation first. We will collect 
more data about the evacuated VT. We are also 
investigating much effective evacuation method for VT. 

SUMMARY AND  
AKNOWLEDGEMENT 

We did S0 study on ICHIRO 9-cell #5 at Jlab. and KEK. 
So far, ICHIRO#5 achieved 36.5MV/m at Jlab, and 
33.7MV/m at KEK. We are now struggling with the 
puzzle of 9-cell cavities. Why the recipe of single cells 
does not work well on 9-cell? We are investigating the 
evacuation effect during VT.  

We would like to thank to Robert Rimmer, Jlab and 
KEK ILC office for collaboration of S0 study on 
ICHIRO#5.  
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Figure 7: VT results, with and without evacuation. 
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Figure 5: Gradient degradation by triggered FE 
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Figure 6: Baking effect after HPR 
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Figure 9: The total processing time with and without 
evacuation. 
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Subjects Cause Countermeasures Results, status 

EP Sulphur contaminations 
Degreasing, ethanol rinsing  
Understanding of Sulphur 
generation at EP process 

Understand of mechanism 
of sulphur generation.  
No visible sulphur after EP. 

PW (HPR) 
Low quality imperfect 
control 

Monitoring of TOC & 
Bacteria  

No problem at single cell 
results. 

Cavity cooling 
Fast cool: large ΔT > 50K 
locally gas absorption 
MP/FE 

Slow cooling 
Uniform cooling 

ΔＴ< 6K 

Shorten processing time.  

Field flatness Special to multi cell Re-pre tuning after EP 
96% in hand, 
Improved data quality. 

HPR time  Too short? (4 ~ 6hrs)  Long time HPR (~10hrs)  Not yet get clear effect.  

Evacuation speed  
Contaminations by  
pumping turbulence  

Slow evacuation Need statistics. 

HOM 
Difficulty of rinsing, 
Multipacting 

Wiping, ethanol rinse  
Achieved 48MV/m w/ 
single cell cavity.  

Closed VT  with 
metal valve 

Trigger MP/Field 
emission  

Evacuate cavity during VT VT ongoing w/ IP (200L/s). 

EBW 
Accuracy of cup 
Conditions of EBW CBP、inside EBW  Start test of EBW. 

 

Table 1: Puzzle of 9-cell cavities. Blue : statistics okay, yellow: need more statistics, green: under testing. 
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FIELD FLATNESS DEGRADATION PROBLEMS AND CURE 

F. Furuta, K. Saito 
KEK, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba 305-0801, Japan.

Abstract 
Field flatness of ICHIRO 9-cell cavities was often 

degraded <70% after vertical test (VT) though it was 
tuned >96% before surface preparations. In order to find 
which process degrades the flatness, we checked it at each 
step of procedures. We improved cavity jig and fitting 
method. Now the degradations of flatness are less than 
<1% during jig fittings, transportations, handlings, rinsing 
and vertical tests. Electropolishing (EP) still degrades 
flatness about 5%. To cure this, we tried pre-tuning again 
after EP, and then cavity was HPR rinsed and measured. 
The maximum field gradient of pi-mode achieved 
33.7MV/m. Flatness of 94% was confirmed after the VT. 
Re pre-tuning seems have no problem for cavity 
performance. The flatness of >96% is in hand now.  

INTRODUCTION 
We have continued high gradient R&D of ICHIRO 9-

cell cavities at KEK [1,2,3]. For a multi cell cavity, one of 
the important issue is field flatness. In order to measure 
correctrly accelerating gradient at VT for a multi cell 
cavity, the each cell should be has equal field strength; 
high field fltaness. Field flatness is mechanically adjusted 

by squeezing or stretching individual cells: pre-tuning. 9-
cell cavities were usually tuned more than 96% before EP. 
We sometimes had an inconsistency in measurement 
results. Figure 1 shows one example. The maximum field 
gradient at pi-mode achieved 23MV/m, but in pass-band 
measurements, each cell achieved more than 30MV/m. 
After the VT, we found the flatness was degraded from 
96% to 68%. The difference is too much even considered 
the measurement error. We have considered the 
inconsistency was due to the flatness degradation. In this 
paper, we will describe what makes degradation and how 
to cure it. 

FIELD FLATNESS 
Flatness of multi cell cavity is defined by the equation 

(1). 

 
Eci is the peak axial electric field of ith cell. Ecmax, 

(Ecmin) is the maximum (minimum) filed among N cells. 
N is a number of cell. When Eci are equal, flatness is 
100%. For ILC, field flatness of more than 96% is 
required. Flatness measurement is done by network 
analyzer using the bead-pull method [4]. Run the small 
metal bead on the cavity axis with a fixed velocity, the 
frequency shift (δf) of pi-mode with each cell are 
measured as the phase shift (δP) by a network analyzer. 
δP is in proportion to δf, δf is linearly proportional to E2. 
The equation (1) can be rewritten as equation (2) by 
replacing Eci with δPci square. We used equation (2) for 
flatness measurements. Figure 2 and 3 show our flatness 
measurement set up image and pre-tuning machine 
respectively. 

 
 

Figure 2: Image of flatness measurements,  

(1)      %100
1

1[%] minmax ×
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛
−

−=
∑ ci

cc

E
N

EE
flatnessfield

1 0 8

1 0 9

1 0 1 0

1 0 1 1

0 1 0 2 0 3 0 4 0 5 0

Q o

Q o

E a c c  [ M V / m ]

P i - m o d e  m e a s .
E a c c  m a x = 2 3 .0 5 M V /m
Q o = 6 .6 2 e 9  @ 2 K

0

1 0

2 0

3 0

4 0

5 0

1 2 3 4 5 6 7 8 9

E
ac

c 
[M

V
/m

]

#  o f  c e l l

E a c c  a v e . = 3 4 . 8 + - 2 .3 M V / m
         f r o m  p a s s - b a n d  m e a s .

 

Figure 1: VT results of ICHIRO 9-cell #5, Qo vs. 
Eacc plot (top), analysis of pass-band measurements 
(bottom). 
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DEGRADATION AND CURE 
To find out which process makes the flatness 

degradation, we checked it in each step. Table 1 shows the 
results of flatness in individual process. At the “Previous”, 
we didn’t check flatness between pre-tuning and the VT. 
We found the cavity support jig fitting degraded the 
flatness more than 60 % in the worst case. The jig made 
stress to cavity. This stress brought the cavity a 
deformation resulting in flatness degradation. We 
modified the jig to make it stress free and also improved 
the jig fitting procedures. The cavity transported with 
dressing the jig to Nomura Plating. This jig also use 
afterwards of EP: HPR, baking, evacuation and VT. At 
present, no degradation happens by the jig.  

At EP process, dressing of EP jigs has no effect on field 
flatness. Rotating cavity, put and dump water to cavity in 
vertical position also have no degradation. Only EP itself 
made degradation about 5%. No systematic degradation 
was seen in those. We are under investigation about this.  

To cure the degradation by EP, we decided to re pre-
tune cavity after EP. Usually this process is not preferred 
due to additional contaminations on the SRF surface. 
However we expect HPR rinsing can remove such 

contaminations after the re pre-tuning. This re pre-tuning 
process is the challenging. So far we take following 
procedures after the re pre-tuning, HPR, drying in the 
class 10 clean room, assembly, baking, evacuation and VT. 
So far we have not serious degradation in those processes.  

At current preparation recipe, we have replaced 
degreasing by ethanol rinsing and wiping with degreaser 
[5]. We confirmed these preparations made no flatness 
degradation.  

PILOT STUDY OF RE PRE-TUNING 
We used ICHIRO 9-cell #5 for re pre-tuning test. This 

cavity was limited 18MV/m by field emission. The 
flatness was 93% after the VT. We tuned this cavity again 
up to 97%. Then HPR (2hrs), assembly, evacuation and 
measurement were done. Unfortunately we gave the 
cavity a shock during HPR setting, the flatness was 
degraded to 94%. This re pre-tuned cavity achieved 
maximum field gradient of 33.7MV/m with Qo value of 
6.8e9 at pi-mode (Fig. 3). In the pass-band measurements, 
3rd or 7th cell were limited at 33.7MV/m, other cells 
achieved higher gradient than that (Fig. 3). The pass-band 
results showed  the field limitation of pi-mode was at 3rd, 
7th, or the both cell. After the VT, the flatness of 94% was 
confirmed.  

We got several important points from the results. First 
one is no flatness degradation happened by VT. For the 
statistics, we did the tight loop test for the flatness.  

Process Flatness [%] 

 Previous  Present  

Pre-tuning  >96% >96% 

Cavity jig fitting  30~88% >96% 

Transportation  No check >96% 

EP set-up  No check >96% 

EP+1st rinsing  No check 90~94% 

Re pre-tuning  - >96% 

Degreasing  No check 90~94% 

HPR + assemble  No check >96% 

Baking + evacuation  No check >96% 

VT  30~88% >96% 

Table 1: Flatness measurement at each process 
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Figure 3: VT results of ICHIRO 9-cell #5 after re pre-
tuning, Qo vs. Eacc plot (top), analysis for pass-band 
measurements (bottom). 

Figure 3: pre-tuning machine. 

Proceedings of SRF2009, Berlin, Germany THPPO083

09 Cavity preparation and production

819



 

 

Second is re pre-tuning did not make severe 
contaminations or damage on EP surface. It seems no 
effect on cavity performance so far. The third one is we 
got well consistency between pi-mode and pass-band 
measurement on the field limitation. To get high reliable 
data, flatness should be kept as higher as 94%.  

We make it rule for 9-cell preparation to do re pre-
tuning cavity when the flatness degrades less than 95% 
after EP.  

TIGHT LOOP TEST FOR FLATNESS  
We checked the reliability of flatness preservation by 

repeating HPR+VT without re pre-tuning. Cavity was 
tuned up to 98% at first. Then, HPR + vertical test + 
flatness measurement were repeated 5times. In these tight 
loop test, cavity jig was not disassembled. Figure 4 shows 
the results. Flatness was kept more than 96% during this 
tihgt loop. We confirmed that cavity processes of HPR 
rinsing, evacuation, thermal cycles of VT make no 
degradation on flatness. In these measurements, we also 
checkd the flatness dependence on the cavity position, 
horizontal and vertical. The degradation on cavity  
position was less than 1%.  

STATISTICS OF FLATNESS 
Figure 5 shows the statistics of flatness so far collected 

on 9-cell cavities. Left graph is the flatness comparison of 
before and after EP. It was fitted by gaussian. Before EP, 

pre-tuned flatness were about 97%. After EP, the flatness 

was 92±4%. Right one is the comparison before and after 
VT. No significant degradation were seen. Almost cavity 
were pre-tuned again after EP.  

CONCLUSIONS 
We found the flatness degradation problems during 

cavity handlings and processes. This problem affected 
data quality. One of reason for degradation was, very 
primiteve, the cavity jig stress. We modified the jig and 
solved degradation caused by jig. On the other big reason 
is EP process. EP makes flatness degradation about 5% or 
more. We have been investigating why EP process 
degrades flatness and how to prevent it. To cure this, we 
did re pre-tuning after EP. It is working well so far. Cavity 
performance has achieved about 34MV/m. Good 
consistency between pi-mode and pass-band 
measurements was obtained. This makes data quality 
higher and tells us correctry which cell limits a gradient. 
Exposing electropolished SRF surface to normal 
enviroment during pre-tuning seems to not so worse on 
performance. Other processes: transportation, rinsing, 
baking, evacuation, and VT make no degradation. 
Flatness controll of >96% is in hand now.  
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Figure 5: Comparison of flatness before (blue line) and after (red line) process. Left one is for EP, right one is for 
VT (right). 
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Figure 1：ICHIRO single cell cavities, IS: centre 

cell shape, ISE：end cell shape 

50 MV/M RECIPE FOR ICHIRO END GROUPS WITH ETHANOL RINSING 
AND WIPING 

F. Furuta*, K. Saito 
KEK, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba 305-0801, Japan.

Abstract 
 Our high yield recipe for ICHIRO centre cell singles 

did not work well on ICHIRO end single cell cavities that 
have HOM coupler and high power RF input coupler port 
on beam tube: end group. The gradients were limited 
around 18-33MVm by field emission. The limitation 
seemed to relate to the complicate end group structures. 
Sulphur contaminations generated during EP process 
seem sticky and hard to remove only by degreasing and 
HPR. We tried ethanol rinsing after EP process which can 
dissolve sulphur. We also tried wiping with degreaser to 
remove contaminations. End single cell cavity with full 
end group reached 48MV/m so far by modified recipe 
combined ethanol rinsing and wiping. 

INTRODUCTION 
We have successfully demonstrated the principle proof 

of 50MV/m with KEK Low Loss (ICHIRO) single cell 
cavities [1]. On the other side, bare ICHIRO 9-cell cavity 
was limited at 30MV/m by hard quench. Other ICHIRO 
9-cell with full end groups was limited around 20MV/m 
by field emission. We found these limitations related to 
end group [2]. End group includes HOM coupler, high 
power RF input coupler port, and transmitted RF power 
pick up port on beam tube. Multipacting (MP) in the 
HOM coupler might be a problem. We re-designed new 
ICHIRO 9-cell and new HOM coupler which has almost 
no MP barriers [3]. We also made end single cell cavities 
that have end cell shape of ICHIRO 9-cell. We focused on 
the end group problems by these single cell cavities. 

PROOF OF 50MV/M WITH END CELL 
SHAPE 

The Recipe for Centre Cell Singles  
After demonstrating the principle proof of 50MV/m, we 

have established the high reliable recipe for ICHIRO 
centre cell singles(IS cavities). The recipe consists of 
centrifugal barrel polishing(CBP, ~100μm), chemical 
polishing(10μm), annealing(750C*3hrs), electropolishing 
(EP, 80μm+20μm), flash EP(3μm, new acid, no 
circulation), HPR, and Baking(120C*48hrs). This recipe 

achieved 46.7±1.9MV/m with 6 IS cavities [4]. This 
result satisfied the ILC-ACD target (Qo>0.8e10 at 
40MV/m). In the recipe, the key is flash EP. We have 
found that the source of scattering is sulphur 
contaminations generated during EP. Some of its remains 
underneath of the SRF niobium surface as niobium 
sulphide (NbxSy) after long EP durations [2]. The 

combination of light EP(20μm) + flash EP can remove 
NbxSy most effectively. Other “rinsing” cannot. In recent 
study, we understood the mechanism of sulphur 
generation during EP and how to reduce it [5]. 

Proof of 50MV/m with End Single Cells  
We fabricated end single cell cavities(ISE cavities, 

Figure 1). ISE#3 has no end group on beam tube. ISE#4 
has end group but no antenna inside of HOM cylinder. 
ISE#5 has full end group includes HOM antenna. ISE#3 
has achieved 50MV/m with the same recipe as centre cell. 
This result showed the RF design of ICHIRO end cell 
shape has no problem for high gradient. We also applied 
the same recipe to ISE#4 and #5. The gradients were 
limited around 18~33MV/m by field emission (Figure 2, 
blue dot). Additional HPR and degreasing did not cure 
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Figure 2: Improvement by ethanol rinsing, Top: 
ISE#4, Bottom: ISE#5 
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these field emissions. We considered these field emissions 
were caused by sulphur contaminations remained at end 
group. End group has complex structures, so it might be 
difficult to remove contaminations by HPR only. We tried 
ethanol rinsing after EP which can dissolve sulphur. We 
did the additional light EP, flash EP, ethanol rinsing, 
degreasing, HPR and baking to ISE#4 and #5. The 
gradients had been improved up to 52MV/m in ISE#4. 
ISE#5, which has full end group, also improved up to 
40MV/m but still stayed the lower field compared to 
ISE#4(Figure 2, red dots). We understood the problem of 
end group relates to the difficulties of rinsing in complex 
structures. We also confirmed the great effect of ethanol 
rinsing for sulphur contaminations.  

SERIES TESTS OF ETHANOL RINSING 
We did the yield test of ethanol rinsing. The tested 

recipe consists of light EP, flash EP, ethanol rinsing, 
degreasing, HPR, and Baking. Numbers of test were 
5times for ISE#4 and 6times for ISE#5. The results are 
summarized in figure 3. 

Baking Effects on HOM  
For IS cavities, we usually bake only the cell. When 

ISE#4 achieved 52MV/m, baking was applied only for the 
cell. ISE#5 also baked only the cell. The results of 1st~3rd 
test for ISE#5 were limited at 40, 40, 31MV/m. We 
thought those results might relate to no baking for end 
group. We baked ISE#5 including end group at 4th~6th test. 
Gradients achieved 45, 34, 45MV/m. We confirmed full 
HOM also needs baking for oxygen diffusion into bulk or 

improving vacuum condition like less residual gas 
adsorption. The 9-cell cavity is baked entirely in a baking 
box, so this problem does not happen. 

High Field Q-Slope  
At the results of ISE#4, the average gradient was more 

than 45MV/m, but the scatter of 10% was twice larger 
than that of the centre cell results. Q-slope became very 
clear at more than 40MV/m. For the ISE#5, the maximum 
gradient was limited at 45MV/m. The average was lower 
than ISE#4, so Q-slope is not so clear in ISE#5. The 
difference between the results of ISE#4 and #5 might 
depend on HOM antenna. ISE#5 has HOM antenna, but 
ISE#4 doesn’t. High field Q-slope seems to be special to 
end group. HOM cylinder has dead end structure and 
HOM antenna has a part of shadow for HPR water jet, 
some sticky contaminations might remain after HPR. To 
remove such sticky contaminations, another much 
stronger rinsing might be needed. 

WIPING 
ISE#5 cavity once had very heavy field emission during 

the sulphur investigating. It could not be cured by 
additional rinsing, HPR, ethanol rinsing, or degreasing. 
We tried to cure this field emission by wiping cavity inner 
surface directly. We used very smooth cloth soaked in 
degreaser as wiper (Figure 4). We wiped whole inside of 
cavity, cell, beam tubes, HOM cylinder and antenna by 
hand. The antenna was even rubbed by teeth brash. In 
common sense, electropolished surface is very sensitive, 
so nobody favours to touch inside before VT. But we tried 
it as a pilot study. The result is shown in figure 5. 
Gradient was improved from 11MV/m to 30MV/m 
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Figure 3: Series test of ethanol rinsing. Top: ISE#4, 
Bottom: ISE#5 

 
Figure 4: Photo of wiping and cloth  
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without field emission, the limitation was quenching. 
Wiping seems effective to cure heavy field emission by 
removing sticky contaminations. Electropolished surface 
seems to be not effected by wiping. We added wiping in 
our recipe and did series test to check the yield. 

SERIES TESTS OF WIPING 
 We have been doing the yield test of wiping. The 

testing recipe consists of light EP, flash EP, ethanol 
rinsing, wiping with degreaser, HPR, and baking. The 
numbers of test were 3times for ISE#4 and 5times for 
ISE#5 so far. The results are summarized in figure 6. In 
the graph, the blue line shows the Gaussian fitting of tight 
loop results from ethanol rinsing as the comparison. 

ISE#4 showed high reproducibility of high gradient. The 
source of large scatter of ISE#4 seemed to be removed by 
wiping. ISE#5 achieved the maximum gradient of 
48MV/m. Wiping pushed up gradient from 39.2MV/m to 
42.6MV/m in average, then high field Q-slope becomes 
clear. Table 1 shows the averages of maximum gradient 
and Qo values at 40MV/m for ethanol rinsing and wiping. 
Qo values were also improved about 15% by wiping. 

High field Q-slope still remained in both of ISE#4 and #5, 
did not cured by wiping. Another mechanism should be 
there. We are investigating about it. 

SUMMARY  
We have demonstrated high gradient of 48~52MV/m 

with end single cell cavities (Figure 7). The RF design of 
ICHIRO end cell has no problem for 50MV/m. We found 
the end group problems. One is the difficulties of rinsing 
in complex structures like HOM coupler. The other is 
high filed Q-slope. We have improved our recipe and the 
yield by taking steps against sulphur contaminations. 1st 
step was ethanol rinsing that can dissolve sulphur, 2nd was 
wiping to remove sticky contaminations. We also applied 
wiping on 9-cell cavities [6]. It worked well for both of 
singles and 9-cells so far.  

Remained subjects in singles are understanding of high 
field Q-slope mechanism and the achievement of 
50MV/m with full end group cavity. 
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Figure 6: Series test of wiping. Top: ISE#4, Bottom: 
ISE#5 

Table 1: Average of Eacc max and Qo value at 40MV/m. 
EP+Ethanol+WipingEP+Ethanol

1.12±0.2142.6±3.70.97±0.1139.2±5.7ISE#5

1.37±0.2246.6±1.01.15±0.2246.5±4.5ISE#4

Qo [e10]Eacc[MV/m]Qo [e10]Eacc[MV/m]

EP+Ethanol+WipingEP+Ethanol

1.12±0.2142.6±3.70.97±0.1139.2±5.7ISE#5

1.37±0.2246.6±1.01.15±0.2246.5±4.5ISE#4

Qo [e10]Eacc[MV/m]Qo [e10]Eacc[MV/m]
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R&D FOR THE POST-EP PROCESSES OF SUPERCONDUCTING RF 
CAVITY 
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KEK, Tsukuba, Japan 

C. Antoine, S. Berry, F. Eozénou, Y. Gasser, B. Visentin, CEA, Gif-sur-Yvette, France 
P. V. Tyagi, GUAS/AS/KEK, Tsukuba, Japan 

W. Clemens, R. L. Geng, R. Manus, JLAB, Newport News, U.S.A. 
Abstract 

The Electro-Polishing (EP) process is the best 
candidate of final surface removal for the production of 
ILC cavities. Nevertheless, the broad distribution of the 
gradient caused by field emission is still a serious 
problem for the EP process. One candidate of sources for 
the field emission is the sulfur component which is 
produced during the EP process. We studied the effect of 
post-EP rinsing treatments with ethanol, detergent, and 
H2O2 in various conditions by a unique method. 
Moreover, we tried to test sponge cleaning as a new post-
EP process. This article describes the results of series tests 
of these post-EP processes. 

INTRODUCTION 
In the activities of Global Design Effort (GDE) to study 

the construction of International Linear Collider (ILC), 
the acceptant gradient of produced Superconducting RF 
(SRF) 9-cell cavities was determined to be 35 MV/m in 
vertical test [1]. The yield rate of the cavity beyond this 
threshold should be more than 90% to minimize the cost 
of ILC. However, even if choosing one qualified vendor, 
the current yield rate of produced cavities is only 45%.  

In the standard recipe of ILC cavity treatment, the 
Electro-Polishing (EP) is the final process to remove the 
inner surface of the cavity. But the following post-EP 
rinse-processes; ultrasonic Ultra-Pure Water (UPW) rinse, 
ethanol-rinse, detergent-rinse and High Pressure Rinse 
(HPR) seem not to be enough to remove residual particles 
on the inner surface of cavity. This causes the field 
emission of cavities and also the resultant broad 
distribution of gradient. One candidate of field emitters 
produced in the EP process is the sulfur component. We 
found sulfur powder on the cathode-bag which is 
covering the cathode-rod in the EP facility at KEK. We 
collected the sulfur powder by a unique method and 
utilized it to test the effect of various post-EP processes. 
In addition, we are studying sponge-wipe cleaning as a 
new post-EP process. The plan of R&D for the sponge-
wipe process is also described in this article. 

EP FACILITY AT STF/KEK 
We have constructed an EP facility in the 

Superconducting RF Test Facility (STF) at KEK in 2008. 
The EP facility has been used for the EP process of SRF 
9-cell cavities for more than one year. The picture of the 
EP facility at STF/KEK is shown in figure 1. During the 

EP process, EP acid is pumped up from the reservoir tank 
of EP acid and flows through inside the 9-cell cavity and 
back to the reservoir tank again. In order to apply the 
voltage to the cavity, an aluminum cathode-rod is inserted 
through the cavity. When the voltage is applied between 
the cathode-rod and anode (cavity), hydrogen gas is 
produced on the surface of cathode-rod. The gas is 
collected by Teflon-mesh cathode-bag, which is covering 
the cathode-rod and is open to the both beam-pipe ends of 
cavity for the hydrogen gas to be exhausted. The cross-
section of cavity, cathode-rod and cathode-bag are 
illustrated on the left-hand side of figure 2. 

 

Figure 1: Pictures of the EP facility at STF/KEK. There 
is an EP bed on the 2nd floor and the reservoir tank of 
EP acid is on the 1st floor.  

 

 

Figure 2: Left-hand side: The cross-section of cavity to 
illustrate the cathode-rod and the cathode-bag. Right-
hand side: Pictures of the cathode-bag and the 
yellowish-white powder on it. 

 

After some EP processes of 9-cell cavities during the 
commissioning of the EP facility from 30th June to 1st July 
in 2008, we found yellowish-white powder on the 
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cathode-bag. The pictures of the cathode-bag and the 
powder on it are shown on the right-hand side of figure 2. 
The powder is mainly found at the position corresponding 
to the iris between cell#4 and cell#5 of 9-cell cavity. 

ANALYSIS OF POWDER BY XRF AND X-
RAY DIFFRACTION 

The yellowish-white powder on the cathode-bag was 
collected by rinsing the cathode-bag with ethanol. The 
ethanol and powder were analyzed by X-ray fluorescence 
(XRF) analyzer. The result is shown in figure 3. The main 
component of powder was found to be sulfur (86%). 

 

Figure 3: The analysis of ethanol and powder by X-Ray 
Fluorescence (XRF) analyzer. The main component of 
powder was found to be sulfur (86%). The rest of 
components were O (11%), Al (2%) and Cl (1%).  

 
 

Figure 4: The analysis of ethanol and powder by X-Ray 
diffraction analyzer. Upper chart is for the powder and 
the lower chart is for the crystallized standard sulfur-
sample.  

 
In addition to the XRF analysis, we analyzed the powder 
by X-ray diffraction analyzer. The result is shown in 
figure 4, where the X-ray diffraction chart of the powder 
can be compared with that of the crystallized standard 
sulfur-sample. As seen in figure 4, the specific peaks in 
the chart of the powder coincide very well with the peaks 
of the standard sulfur-sample in the form of crystal. This 

shows that the sulfur component of the powder is also in 
the form of crystal. 

ANALYSIS OF POWDER BY SEM AND 
EDS 

In order to analyze the property of sulfur powder, we 
tried to collect the sulfur powder by setting detachable 
Teflon-mesh sheets on the cathode-bag as shown in figure 
5. After some EP processes of 9-cell cavities had been 
performed at STF/KEK with these detachable Teflon-
mesh sheets, we detached the Teflon-mesh sheets and 
observed them by a microscope. We found that a lot of 
particles are collected on the surface of Teflon-mesh 
fibers as shown on the right-had side of figure 5. 

 

Figure 5: Left-hand side: The cross-section of cavity 
during EP process. Over the cathode-bag, detachable 
Teflon-mesh sheets were set in order to collect sulfur 
powder. Right-hand side: The picture of a detachable 
Teflon-mesh sheet by a microscope. Many particles of 
powder are seen as white dots on the surface of Teflon-
mesh fibers. 

 
 

 

Figure 6: Images of particles on the detachable Teflon-
mesh sheet by SEM.  

 
 

The detachable Teflon-mesh sheet was observed by a 
Secondary Electron Microscope (SEM) too. Some images 
by SEM are shown in figure 6. As seen in the figure, the 
size of particles in the powder is ranging from sub-micron 
to a few 10’s microns. 
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Figure 7: The results of EDS analysis for a particle on 
the surface of Teflon-mesh fiber. Lower left is EDS 
analysis on a particle and upper left is EDS analysis off 
the particle. The main component observed on the 
particle was sulfur. On the other hand, the main 
components observed off the particle were C and F 
which are the components of Teflon fiber.  

 
 
In order to confirm if the particles observed by SEM 

has sulfur component, we analyzed the components of a 
particle by Energy Dispersive X-ray Spectrometry (EDS). 
The results are shown in figure 7. The main component 
observed on a particle was sulfur. On the other hand, the 
main components observed off particles were C and F 
which are the components of Teflon fiber. 

We also tried to observe sulfur particles on the inner 
surface of cavity after EP process. Details of this study are 
found elsewhere [2]. 

RINSE TESTS WITH POWDER ON 
TEFLON-MESH SHEETS 

In order to test the effect of post-EP rinse processes in 
various conditions, we utilized the detachable Teflon-
mesh sheets with sulfur powder. We emphasize here that 
the sulfur powder on the detachable Teflon-mesh sheets 
were produced in the EP processes of real 9-cell cavities 
at STF/KEK. If the powder is removed from the sheets in 
a particular rinsing condition, the condition might be 
expected to be effective for the rinse of 9-cell cavity too, 
though there is a difference between Teflon-mesh sheet 
and niobium. The rinse conditions we tested are listed in 
figure 8. Two detergents, i.e. LION SUNWASH FM-20 
and FM-550, ethanol, and H2O2 were used as solution. 
The parameters of condition were concentration, 
temperature, rinsing duration, and mechanical vibration 
methods, i.e. vibration at a few Hz or ultrasonic vibration. 

Some examples of the test results are shown in figure 9. 
We first rinsed the Teflon-mesh sheet in Ultra-Pure Water 
(UPW) with ultrasonic vibration, but this rinsing method 
had almost no effect to remove the powder from the sheet. 
On the other hand, we found that ethanol-rinse with 
ultrasonic vibration and detergent-rinse (FM-20 with the 
concentration of > 2%, FM-550 with the concentration of 
>10%) with ultrasonic vibration perfectly remove the 

powder from the sheets, where the detailed parameters are 
described in figure 8. 

 

Figure 8: Upper: Various rinsing conditions of the tests. 
Lower left: Teflon-mesh sheets dipped in various 
solutions. Lower right: Rinse with ultrasonic vibration. 

 
 

 

Figure 9: Some examples of test results. UPW rinse 
with ultrasonic vibration had almost no effect to 
remove sulfur particles on the Teflon-mesh sheet. 
Ethanol-rinse with ultrasonic vibration and FM-550 
(>10%) with ultrasonic vibration removed all of sulfur 
particles on the Teflon-mesh sheet. 

 

 

Figure 10: Summary of the rinse tests. A circle mark 
means all sulfur particles were removed in the 
condition. A cross mark means most of sulfur particles 
remained after rinse in the condition. A triangle mark 
means some particles were removed in the condition. 
See figure 8 for the detailed parameters of conditions.  
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The results of rinse tests in various conditions are 

summarized in figure 10. An interesting result is that 
ethanol-rinse with mechanical vibration at a few Hz has 
much less effect than with ultrasonic vibration. H2O2 rinse 
with ultrasonic vibration was found to be not effective to 
remove the sulfur powder from the Teflon-mesh sheet. 

R&D FOR SPONGE-WIPE PROCESS 
We are studying sponge-wipe process as a new post-EP 

process to remove field emitters on the inner surface of 
cavity. We already fabricated a proto-type sponge-wipe 
tool for TESLA-shape single-cell cavity. The drawings 
and pictures of the proto-type sponge-wipe tool are shown 
in figure 11. Pieces of sponge are attached on the four 
blades which have extendable structure. The structure is 
inserted into a single-cell cavity and four blades are 
extended like umbrella, and the structure can be rotated 
by a handle to wipe the inner surface of cavity. Detailed 
description of the proto-type sponge-wipe tool and the 
first fitting test with a single-cell cavity can be found 
elsewhere [3]. 

Figure 11: Left-had side: the drawings of the proto-type 
sponge-wipe tool. Right-had side: The pictures of the 
proto-type sponge-wipe tool. 

 
 
In the first fitting test of the proto-type sponge-wipe 

tool, we found that a lot of particles are emitted from 
sponge material and these particles remain inside the 
cavity after the sponge-wipe process. We thought that 
bonding force between sponge-particles and cavity 
surface might be very weak and these sponge-particles 
might be easily removed by HPR. In order to confirm if 
the sponge-particles can be removed by HPR and also the 
sponge-wipe process itself is harmless to a SRF cavity, 
we made a plan of experiments in collaboration between 
KEK and CEA/Saclay. In this plan, we selected a 
TESLA-shape single-cell cavity (D1DE1) which reached 
the gradient of 40 MV/m in last vertical test at 
CEA/Saclay in October 2008. If the sponge-wipe and 
HPR are performed on the cavity and the gradient of the 
cavity is kept at 40 MV/m in following vertical test, we 
could conclude that the sponge-wipe process itself might 

be harmless to the performance of SRF cavity. The cavity 
(D1DE1) was shipped from CEA/Saclay to KEK in July 
2009. The sponge-wipe experiment of cavity was done in 
August 2009. However, during the sponge-wipe process, 
the central rod of the sponge-wipe tool was disassembled 
inside the cavity due to bad design of sponge-wipe 
structure. In the result, the iris part of the cavity (D1DE1) 
was scratched by one of the four blades of sponge-wipe 
tool. The cavity (D1DE1) was shipped back to 
CEA/Saclay to cure the scratch at the iris by Buffered 
Chemical Polishing (BCP). Also the design of sponge-
wipe tool was re-examined and modification was applied 
to the proto-type sponge-wipe tool. We have the plan to 
cure the cavity and confirm the performance of cavity 
(D1DE1) by vertical test at CEA/Saclay. We will repeat 
the experiment with the cavity again. 

In addition, we have the plan to test the proto-type 
sponge-wipe tool with the cavity which is suffered from 
field emission. We already selected the cavity candidate 
(C1-21) in collaboration between KEK and CEA/Saclay. 
The last vertical test of the single-cell cavity (C1-21) is 
shown in figure 12. In this plan, we will perform a 
sponge-wipe on the cavity (C1-21) at KEK and perform a 
vertical test of the cavity at CEA/Saclay to see the effect 
of sponge-wipe process. 

Figure 12: Left-hand side: The result of last vertical 
test for the single-cell cavity (C1-21) at CEA/Saclay. 
The Q0 vs. Eacc plot shows that the performance of the 
cavity is limited by field emission above the gradient 
of 10 MV/m. Right-hand side: The picture of vertical 
test stand for a single-cell cavity at CEA/Saclay. 

  

CONCLUSIONS 
In the commissioning of new EP facility at STF/KKE in 
2008, we found white-yellowish powder on the cathode-
bag which is covering the EP cathode-rod. The XRF 
analysis of the powder showed that the main component 
of powder is sulfur (86%) and the analysis by X-ray 
diffraction analyzer showed that the sulfur powder is in 
crystal form. We collected the powder with detachable 
Teflon-mesh sheets on the cathode-bag during EP process 
at STF/KEK, and observed the detachable Teflon-mesh 
sheets by SEM and EDS. As the results, we found that the 
size of particles in the powder is ranging from sub-micron 
to a few 10’s microns, and the main component of the 
particle in powder was confirmed to be sulfur. The 
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detachable Teflon-mesh sheets with powder were utilized 
to test various post-EP rinsing methods. The results of 
tests showed that ethanol-rinse with ultrasonic vibration, 
detergent rinse (FM-20 with > 2% and FM-550 with > 
10%) with ultrasonic vibration are effective to remove the 
powder from the sheets. On the other hand, ethanol-rinse 
with mechanical vibration at a few Hz, detergent-rinse 
(FM-550 with < 10 %) with ultrasonic vibration, and 
H2O2 rinse (10%) with ultrasonic vibration were not 
enough to remove the powder from the sheets. 
We are studying sponge-wipe process as a new post-EP 
process and already fabricated a proto-type sponge-wipe 
tool for TESLA-shape single-cell cavity. We newly started 
the activity of sponge-wipe study in collaboration 
between KEK and CEA/Saclay. In the activity we 
performed sponge-wipe process on a single-cell cavity 
having a good performance in last vertical test. This test 
was intended to confirm if the sponge-wipe process itself 
is harmless to the performance of SRF cavity. However, 
the wipe test failed due to bad design of sponge-wipe tool. 
The design was modified according to the re-examination 
of the design and the modification was applied to the 
sponge-wipe tool. We have the plan to perform sponge-
wipe test with a single-cell cavity with a good 

performance again, and moreover, a single-cell cavity 
suffered from field emission. In the latter test, we might 
be able to study the effect of the proto-type sponge-wipe 
tool against field emission in the near future. 
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Abstract

In this article, two subjects would be described. the
first subject is on the production of stains on the surface
of Nb sample plates in Electro-polishing (EP) process and
the second subject is on the development of defects/pits in
the EP process on the surface of a Nb sample plate. Re-
cently, some 9-cell cavities were treated with new EP acid
at KEK and the performance of these cavities were limited
by heavy field emissions. On the inside surface of these
cavities, brown stains were observed. We made an effort
to reproduce the brown stains on Nb sample plates with an
EP setup in laboratory with varying the concentration of
Nibium in the EP acid. We found that the brown stains
would appear only when processed with new EP acid. In
the second subject, we made artificial pits on the surface
of a Nb-sample plate and observed the development of the
pits after each step of 30um-EP process where 120um was
removed in total by the EP process. This article describes
these series EP-tests with Nb sample plates at KEK.
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HORIZONTAL HIGH PRESSURE WATER RINSING FOR KEKB 
SUPERCONDUCTING CAVITY  

S.Takano, S.Mitsunobu, Y.Morita, M.Nishiwaki and A.Kabe  
KEK, Oho 1-1, Tsukuba, Ibaraki, Japan

Abstract 
Usually, high pressure water rinsing of superconducting 

cavity is performed at vertical position to vent water and 
dusts smoothly. In KEKB cavities, there is a possibility 
that the cavities are contaminated with dust particles. To 
remove those contaminants at online tunnel, although the 
baking should be avoided because of many indium joints, 
horizontal high pressure water rinsing (HHPR) would be 
useful. We have tested HHPR using KEKB proto type 
niobium SC cavity with 60 bar ultra pure water and an 
aspirator pumping system. Even without any baking, the 
cavity cleaned with HHPR achieved an accelerating field 
of 10 MV/m in a vertical cold test. The performance was 
similar to one before HHPR.  

INTRODUCTION 
B-Factory at KEK (KEKB) has been operated about ten 

years since 1999 with 8 superconducting cavities for the 
high energy ring (HER). The KEKB HER has been 
operated with the maximum current of 1.4 A and the 
maximum HOM power of 13 kW. These values are higher 
than the designed parameters. Therefore a coupling 
constant of high power coupler has been changed several 
times to correspond to higher current and power. At the 
time, the degradation of the performances of cavity such 
as Eacc and Q values occurred possibly due to particle 
contaminations. In the current operating conditions of 
KEKB, those degradations of performances are 
acceptable. In the future project of super-KEKB 
(SKEKB) which is planned to operate with further higher 

beam current more than 2 A, the degradation will have to 
be removed in order to operate with those cavities. In 
consideration of the long term operation of SKEKB, a 
performance recovery system will be demanded to 
remove the particle contaminants from the cavity surface. 

The KEKB cavity can take out from the cryostat 
without disassembling welding joints however it takes 
long time and needs to exchange many metallic gaskets 
and indium joints. A horizontal high pressure water 
rinsing (HHPR) system is useful to clean the cavity inside 
without disassembling the cavity seals. In that case, 
however, the baking with high temperature should be 
avoided to protect the indium joints.  

We have started to study of the ultra-pure water HHPR 
system equipped with a long rotatable nozzle and a 
pumping out nozzle for water. In this report, we describe 
the trial HHPR and the result of vertical test of the rinsed 
cavity without baking. 

HORIZONTAL HIGH PRESSURE 
RINSING SYSTEM 

The conceptual design of the HHPR system is shown in 
Fig.1. The ultra-pure water was pressurised by a 
reciprocating pump to 60 bar and filtered by a fine filter 
of 0.5 μm. The nozzle has 6 holes made every 60 degrees 
at the end. Rotation of the nozzle of 60 degrees in five 
seconds about the cavity centre axis can sweep all angler 
position. The nozzle was moved along the cavity axis 
manually. The moving steps were 10 mm for the beam 
pipe area and 5 mm for the cavity cell area in 15 seconds.

 

 

Figure 1: Conceptual design of horizontal high pressure water rinsing system. 
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The water trapped in the cell was pumped out by the 
aspirator pump which can handle water and air mixture. 
The total rinsing time was about 20 min. Fig. 2 shows the 
nozzle of HHPR and Fig. 3 shows magnified part of the 
nozzle. The nozzle was made of SUS 410 that is hardened  

 

Figure 2: Long nozzle for HHPR guided by rails. 
 

 

Figure 3: Nozzle head of  HHPR. 

 

Figure 4: HHPR test at KEKB clean room. 

 
by martensitic transformation. The HHPR was carried out 
in the KEKB clean room as shown in Fig. 4 using a 

prototype test cavity which was electro polished and 
baked in advance. Before and after the HHPR, the nozzle 
holes were observed by a digital microscope. They had no 
crack and deformation during HHPR. 

After HHPR, the cavity was evacuated at a vertical test 
stand. Therefore residual water flowed down to a LBP 
flange for this time. Certain amount of water should be 
evacuated by only scroll type vacuum pump (Varian Co.) 
which has ability to evacuate water, taking about one over 
night. After that a turbo molecular pump (TMP) was 
started and the pressure of cavity was of the order of 10-4 
Pa with the scroll pump and TMP. And the pressure of 
cavity reached 7×10-6 Pa with an ion pump even without 
any baking.  

VERTICAL TEST AND DISCUSSION 
The vertical test was carried out for the cavity. The 

cavity was cooled by liquid nitrogen from room 
temperature to about 100 K and kept 100 K for one night 
as precooling. And then the cavity was further cooled by 
liquid helium from 100 K to 4.2 K within 1 hour. The 
liquid helium was filled over the cavity top. The RF input 
coupler set at top position should be immersed in liquid 
helium to avoid discharge in the cavity.   

The measured Q-Eacc curve is shown in Fig. 5. The 
maximum field reached 10 MV/m almost same as the 
previous experiment. After reaching 10 MV/m, the field 
decreased to 6 MV/m as shown as open circle of Fig. 5. 
This was expected some discharges happened inside the 
cavity due to liquid helium level was reduced below input 
coupler position. It is a reason that we tried to increase the 
field, although the low liquid helium level was measured 
with a superconductor level sensor.  

The results that the field reached 10 MV/m without any 
baking after HHPR and the cavity could be evacuated 
with the oil free roughing pump with long pumping time 
are encouraging facts for our KEKB cavities.  
  

 

Figure 5: Q-Eacc curve measured after HHPR 
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CONCLUSION 
KEKB prototype Nb cavity which was baked once after 

the electro polishing was cleaned with HHPR as a trial. 
The maximum electric field of the cavity reached 10 
MV/m without baking. We are planning further 
experiment fully assembled cavity with a high power 
coupler and indium joints. This type of HHPR system 
might be useful for SRF cavities of Super KEKB, and 
also for many same type cavities of synchrotron light 
sources.  
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Nb/SUS JOINT OF HELIUM VESSEL BASE PLATE  
FOR SRF CAVITY DRESSING

＊

 

K. Saito  and F.Furuta, KEK, 1-1 Oho, Tsukuba-shi Ibaraki-ken, Japan 

Abstract 
Different material joint is a key issue for dressing of the 

SRF cavity. So far the baseline design of ILC is to use 
titanium helium vessel, however, it will make very 
complicate procedure from high vessel regulation code 
point of view. If material is changed to stainless steel from 
the titanium at the place close to cavity, the regulation 
control should be much more relaxed. We have developed 
the joint method niobium and stainless steel applying HIP 
technology, and demonstrated it to work fine in the 
STF0.5 experiment. The result is presented in this paper. 

 
MATERIAL OF THE MODULE-

INTEGRATION 

Material Configuration of the ILC Base Line 
Cold-Mass 

 A conceptual design of the ILC cryomodule is shown 
in Fig.1. Eight cavities will be hung by a helium gas 
return pipe with 300mm diameter. In the baseline design, 
the used materials are: 1) niobium for cavity, 2) niobium-
titanium alloy (NbTi) for cavity beam pipe flange, 3) 
titanium (Ti) for helium vessel, 4) titanium (Ti) for 2K 
helium liquid supply line, 5) stainless steel 

(SUS316L@JIS and others) for Helium gas return pipe. 
Titanium has similar thermal expansion coefficient with 

niobium and a light material. Titanium is easy to welding 
to niobium by electron beam welding (EBW).  

However, titanium is very difficult to weld with 
stainless steel. Fig.2 illustrates the material configuration 
on the ILC baseline test facility, which is under 
construction at STF in KEK. In this configuration, a 
material transformer from titanium to stainless steel is 
needed somewhere between the gas return pipe and 2K 

Nb Al Fe 

 
Figure 2: Materials for cryomodule integration. 

 

Figure 1: ILC cryomodule. 

* kenji.saito@kek.jp 
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helium liquid supply line. Flange connection is one 
possible way but cold leak is worried at the sealing for the 
future ILC machine. Thermal cycles of the machine and 
long-term operation more likely produce the cold leak. 
When it happens, people will get panic in such a huge 
machine. So usually welding is preferred than flange 
connection, but reliable welding technology has not been 
developed yet for Ti/stainless steel. 

Titanium is quite new material to use at cryogenic 
temperature and expensive. From safety point of view, 
one must not use inexperienced new material so much for 
such a huge machine like ILC. High-pressure safety 
regulation is another issue, which every country has his 
own. Titanium is not allowed at the temperature below 
4.2K in the Japanese regulation so far. We would need 
special permission from the government, which is quite 
similar to niobium. This process is very much time 
consuming and more likely disturbs the construction 
schedule so much. This regulation controls different 
material joints either. As seen in Fig.1, in the baseline 
scheme high-pressure regulation concerns niobium and 
titanium themselves, in addition different material joints 
niobium/titanium and titanium/stainless. It is too much. Of 
course we hope the regulation could be more comfortable 
for the international construction with ILC but it is still a 
big issue to be considered.  

Proposal of Stainless Steel Helium Vessel 
If chosen the stainless steel helium vessel, this situation 

can be more relaxed. Stainless steel is a well-established 
material at cryogenic temperature. Already LHC has used 
it for their superconducting magnet helium liquid tank at 
2K in such a huge circumference of 27km. As seen in 
Fig.2, the concerned issues are only two: niobium itself 
and Nb/SUS joint. The treatment of the high-pressure 
vessel safety regulation should become very much relaxed.  

However, there is a reason why they did not choose 
stainless steel. The thermal expansion coefficient of 
stainless steel is larger a factor 3 than that of niobium. 
When niobium cavity is cooled down, helium vessel 
shrinks more than the cavity. So one has to be careful for 
the cavity not to have stress from the helium vessel and 
not to be detuned in the worst case. Usually helium vessel 
has a bellow and a mechanical tuner. This thermal stress 
effect could be controlled by the tuner operation during 
the cool down [1]. 

The other reason is we have not yet reliable welding 
method between niobium and stainless steel. Explosive 
bonding is a candidate technology but very difficult to 
apply pipes. Brazing has been to use in Jlab but it still 
weak to convince the high-pressure regulation. One has to 
control well the solder follow into the gaps in this 
technology. Here proposed Nb/SUS joint by HIP can 
produce perfect contact between the different material 
surfaces directly or through an insulator. If successfully 
developed the reliable Nb/SUS joint method, it will bring 
lots of benefit on cryogenics and change the situation so 
much. 

 
DEVELOPMENT OF NB/SUS JOINT 

TECHNOLOGY 
 

Here our proposed method is much reliable about the 
different material bonding and much more suitable for 
mass-production like ILC. 

Nb/SUS joint by HIP 
   We have developed Nb/SUS joint using hot iso-static 
pressing (HIP) technology [2]. Fig.3 shows an example 
how to make the helium base-plate by this technology. We 
prepare four tubes: a innermost steel tube to protect 
niobium tube from Argon gas exposure during HIP 
process, a niobium tube, a copper tube as insulator, and 
outermost thick stainless tube. We put these four tubes 
together. End caps are welded at the both ends of this 
four-folded tube. The body is evacuated with baking 
around 250OC. After the evacuation, it is finally chipped 
the pipe off and the gaps between tubes are kept under 
vacuum. One can use electron beam welding for the 
canning. 

The body is put in a furnace and pressurized by heated 
Argon gas. The furnace is held for several hours at a 
pressure about 1000-2000kg/cm2 and at a temperature 
800-1000OC. Niobium and stainless steel don’t bond each 
other, but copper has a good bonding property with the 
both. In this duration, the copper becomes very soft and 
moves any gaps between the niobium tube and the 

 
 

Figure 3: HIP bonding method. 

Figure 4: A machined roughly helium base-plate (left). The 
picture zoomed around the insulated copper area (right). 
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stainless steel tube. Thus one can obtain a very firmly 
bonded Nb/SUS joint. After cooling the furnace, one takes 
out the body and slices it at any size, which he wants. 

Making the helium base-plate, we sliced it off about 
25mm long and remove off the inside steel using lathe and 
take off some parts up to the niobium appears, which is a 
part of cavity beam pipe. One example is shown in Fig.4.  

For a mass-production, one can put many bodies in a 
big HIP furnace, which is already under commercial 
service in several HIP companies. So this technology is 
very suitable for the mass-production.  

Cold Leak Check  
   After machining the sliced part roughly, we make cold 
leak test first on the Nb/SUS bonding area. The method is 
very similar to that by M.G.Rao.at JLAB [3]. Our cold 
leak test system is illustrated in Fig.5. An example of cold 
tested base-plate is presented in Fig.6. In this case two 
pieces are tested at the same time (Fig.6 left). Our concern 
is the copper area. The chamber is TIG welded to the 
evacuation line at the top pipe (see Fig.6 right). The body 
is hanged cryo-stand and inserted into cryostat. Liquid 
He-II fills the inside of the cylinder. As seen Fig.5, we 
have a high sensitive residual gas analyser (RGA) on the 
top plate of the cryostat, which detects He partial pressure.  

After confirmed leak tight during pumping down from 
760 to ~10 torr, we close the gate valve located at top 

plate of the cryostat and stay for 3 hour at ~10 torr. Then 
we warm up the body room temperature for one night by 
heating. Next morning we open the gate valve and 
measure the collected helium gas in the closed line. This 
is an integrated method. The sensitivity is 1000 times 
higher than the usual leak checking method. 

Welding of the Base-Plates 
After we confirmed the leak, we machine the pieces to 

complete the correct size and weld on the end group by 
EBW. Fig.7 shows after welding the base-plate on end 

half caps. Beam pipes are EBW welded on the both 
helium base-plates and completed the end groups. Further 
more, these end groups are welded on the dumbbells and a 
9-cell cavity is completed.  

Cavity Dressing 
   Helium vessel is finally dressed on the cavity, which is 

made of stainless steel as seen in Fig.8. TIg welding is 
used in this dressing. After that it is installed into STF 
Cryomodule. 
 

TEST IN THE STF0.5 PROGRAM 

STF0.5 Program 
Two groups are developing cavity package at KEK: 

STF baseline and ILC alternative. So far entrance of the 
STF tunnel is too small to bring in a full ILC module. The 
original program of STF was that each group install 4 
cavities for each half cryomodule (Module #A and #B), 

Q-mass
PC

TMP RPgauge

Test peace

L.He

Gate valve

Metal valve

Leak detector

Q-mass
PC

TMP RPgauge

Test peace

L.He

Gate valve

Metal valve

Leak detector

 
Figure 5: High sensitive cold leak test system at KEK  

 
 

Figure 6: An example of cold leak tested base-plates. 
The left is welded pieces; the right after TIG welded 
pieces on the cold leak test line. 

 
Figure 7: The welded base-plate on end group. 

 
Figure 8: The cavity dressed helium vessel. 

Nb/SUS joint 

SUS 

Nb 

Nb 

Nb/SUS joint 

.
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which can install 4 cavities maximum, then combine into 
one full module in the STF tunnel, then make high power 
test at 2K. However, both groups delayed the schedule 
and KEK decided to test one cavity package each first:  

Wrong Suspicious of the Vacuum Leaking Point 
Once, we connected both cryomodule in the STF tunnel 

but a vacuum leak was found around our cold mass. They 
suspected first our Nb/SUS joint at the helium base-plate. 
Really the leaking place was closed to the joint, however 
to point out the leaking place exactly was difficult. Finally 
we took out our cavity package from the module and 
made leak check in detail. However, any vacuum was 
found in our cavity package. During this leak test, we 
made thermal shocks 4 times by liquid nitrogen and the 
cavity package was still leak tight. Finally we reassembled 
the package into the cryomodule. Meanwhile the baseline 
group successfully finished high power test for their one 
cavity package at STF. Following their test, we also 
successfully test our cavity package.   

Successful Demonstration of the Leak Tightness 
Our STP0.5 test started from end of January 2008 and 

finished end of March 20008. Our helium vessel made of 
stainless steel shrinks 3.2mm from room temperature to 
4.2K while the cavity shrinks only 1mm. We have to take 
careful cooling down from room temperature to about 
4.2K not to load too much stress on the cavity. First at 
250K, we operated the motor tuning system and made pre-
load on the helium vessel, which adjusted the helium 
vessel length longer by 0.5mm expanding the bellows. 
The similar processes took place at 200K, 145K, and 84K. 
Totally the helium vessel length was prolonged by 4mm 
longer in this cooling down. We believe this careful 
cooling down process contributed to our successful 
STF0.5 experiment result. 

During the high power tests, we never observed cold 
vacuum leak or vacuum leak in the horizontal cryostat 
vacuum chamber. After warming up the cryomodule, we 
never see the vacuum problem. We have successfully 
demonstrated the cold leak tightness on the Nb/SUS 
jointed helium base-plates. 
 

SUMMARY 
 

In this paper we proposed to use stainless steel for the 
helium vessel of the ILC cavity, which will make the 
system more reliable safety point of view and relaxes the 
time-consuming high-pressure regulation process.  

To use the Stainless steel, we have to develop reliable 
Nb/SUS joint. We explained how to make such a joint by 
using HIP technology. Finally we have demonstrated in 
the STF0.5 experiment that our Nb/SUS joint works fine.  
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PAL COMMISSION RESEARCH ON LL 9-CELL CAVITY AND RESULTS

K. Saito, F. Furuta, KEK, Ibaraki

Abstract

KEK has contracted a commission research from PAL
on LL 9-cell cavity in 2007-2009. In this research program,
we have fabricated a L-band 9-cell cavity with LL shape
and made the S0 tight loop study. In this paper, the fabrica-
tion and the test result will be presented.

CONTRIBUTION NOT
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SULFUR GENERATION MECHANISM DURING ELECTROPOLISHING
WITH NIOBIUM CAVITIES

K. Saito, F. Furuta, KEK, Ibaraki

Abstract

Electropolishing is well known to have surfer contami-
nation on niobium cavities. So far many efforts have been
done in order to remove the contamination in the SRF com-
munity: H2O2 rinsing, Degreasing and Ethanol rinsing so
on. Nobody understands the surfer generation mechanism,
however recently we have found it. By the understating, we
have taken a cure for our EP and no surfer has happened by
naked eye inspection. In this pare we will present about the
surfer generation mechanism and the cure.

CONTRIBUTION NOT
RECEIVED
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EVOLUTION OF THE DEFECTS ON THE NIOBIUM SURFACE DURING 
BCP AND EP TREATMENTS 

P. Michelato, L. Monaco, INFN Milano - LASA, Segrate, Italy

Abstract 
In the cavity production process some defects may 

appear on the niobium surface, after the chemical and/or 
electrochemical processes, mainly in the region close to 
the equatorial weld and in the HAZ (Heat Affected Zone). 
We have produced defects on the Nb surface, with 
geometrical characteristics similar to the defects that may 
be produced during the mechanical machining of the 
cavity cells. We have investigated the evolution of these 
defects, during the usual chemical and electrochemical 
surface preparation stages. 

INTRODUCTION 
The realization of the new large accelerator facilities, 

such as XFEL and ILC, forces a mass production of SC 
cavities with a reduced risk of presence of defects. 
Nevertheless some defects may appear on the cavity 
surface that may affect seriously the cavity performances 
[1,2,3,4]. Defects found on the Nb cavity surface, at the 
end of the production process, may be generated by the 
evolution during the etching process of defects already 
existing on the surface or produced during the mechanical 
fabrication of the cavity. 

Therefore we produced artificial pits, bumps, scratches, 
cuts and holes, with different geometrical characteristics 
(depth, size, height, etc.), on Nb samples. After an optical 
inspection using a Leica DMRME metallographic 
microscope with IC (Interference Contrast), samples have 
been etched using procedures similar to the ones foreseen 
for the XFEL cavities production (BCP + EP + final EP 
/BCP). After each step of the etching procedure, the 
evolution of the defects has been analyzed and the results 
are reported in this paper [5,6].  

EXPERIMENTAL SET UP 

EP Experimental Set Up 
A parallel plate electrolytic cell was set up (Fig. 1). 

 
Figure 1: EP experimental set up. 

Two vertical electrodes (front surface about 35 cm2) 
with an electrode distance of 40 mm have been used. One 
electrode is pure Al (99.5 %) while the other one is the Nb 
plate to be treated. The EP solution (1 litre HF: H2SO4 
1:9) is contained in a PTFE beaker kept at the desired 
temperature by immersion in a water basin cooled by ice. 
A magnetic stirrer agitates the acid during the EP (Fig. 2). 

Figure 2: EP process: Electrical connections, electrodes  
(Nb and Al) and temperature sensors are visible.  

The operative temperature is maintained between 20°C 
and 35°C: reaching this temperature the process is 
stopped waiting for acid to cool. Cell voltage and current 
are recorded at 1 Hz, together with the acid temperature. 
All measurements described in this paper have been done 
at constant voltage (17 V). 

Typical behaviour of the EP process is shown in Fig 3. 
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Figure 3: Typical behavior of the voltage, current and 
temperature during the EP process.  

The ratio between the amount of Nb dissolved in the 
process and the charge passed through the cell gives 
information about the electrochemical reaction in the EP 
cell. Data of our processes are shown in Fig. 4. The 
angular coefficient of the curve indicates what kind of 
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oxidation reaction is under way in the electrolytic cell. 
Data are in accordance with the formation of the Nb2O5  
(2 electrons for each Oxygen atom, Oxygen/Nb ratio 2/5) 
as shown in Fig. 4. 
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Figure 4: Behaviour of the dissolved Nb vs. the charge 
through the cell for 5 EPs. Blue dots are the experimental 
data, the pink line is the Nb2O5 theoretical value. 

BCP Experimental Set Up 
The BCP experimental set up (Fig. 5) use the same ice 

cooled basin and PTFE beaker as the EP one. Samples are 
suspended in the BCP solution (1:1:2, HF, HNO3, H3PO4) 
while a magnetic stirrer ensures the acid agitation. 

Figure 5: BCP experimental set up.  

SAMPLE PREPARATION 

Niobium Samples Preparation 
Two kinds of Nb samples have been used: with and 

without e-beam weld. All samples have been etched with 
BCP 1:1:2 for 20 μm after the cutting and machining.  

The Nb samples to be e-beam welded (RRR 300) have 
been firstly machined, in the welding area, to the FLASH 
1.3 GHz equatorial area thickness. Later, these samples 
have been welded using the same parameters as for the 

equatorial e-beam weld of 1.3 GHz cavities. Nb samples 
without welds come from RRR 150 material. 

Just before the artificial production of defects, all 
samples were etched with BCP (6 μm) to simulate the 
surface refreshment treatments (typ. 3 μm each) that are 
applied in the cavity production before welds. 

Artificial Defects Production 
We have produced a large number of controlled defects, 

with different shapes and dimensions, to observe their 
evolution during the BCP and EP treatments (see Fig. 6). 

50μm

RN  

50μm

SN  

100μm

S  

100μm

DH

50μm

C  

100μm

C  

Figure 6: Typical defects produced on Nb samples. On the 
bottom, defects obtained with cutter used in compression 
(left) and scratching the surface (right). 

The defect shapes have been chosen similar to the ones 
found during optical inspection of cavities [7,8,9]. Three 
different families of defect have been identified: pits, 
bumps, scratches (linear marks). Table 1 summarizes the 
main characteristics of the produced defects. 

 

Table 1: Artificially Produced Defects 

tool shape size (μm) depth (μm) 

RN round Φ = 130÷300 10÷50 

SN round Φ = 30÷180 20÷240 

S round Φ = 500÷700 280÷400 

DH rhomboid 
d1 = 330÷630 

d2 = 270÷380 
40÷150 

C linear width = 20÷60 30÷20 

RN: Round Needle SN: Sharp Needle S: Screw 
DH: Drill Head C: Cutter 

Constant voltage 
process: 17 V 
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Our work has been focalized mainly on pits and 
scratches. These defects can be due to different processes: 
mechanical machining or half-cell deep drawing. These 
defects have been produced with different tools (round 
and sharp head needles, cutter), changing either the 
pressure exerted on the Nb surface by the tool or the way 
they are used (i.e. the cutter has been used both scratching 
and cutting).  

EP and BCP Treatments of Samples after the 

After the defects production and before any etching, 
images of samples have been taken using a flat scanner 
(2400 dpi), in order to have a full sample image with 
good resolution. These scans are used as a reference map 
for the distribution of the defects on the sample surface.  

Tab 2 summarizes the different etching treatments on 
the four Nb samples.  

 

Table 2: List of Treatments on the Different Nb Samples. 
Samples D2, D3 and P1 are e-beam welded.

Sample Step 1 Step 2 Step 3 Step 4 

D2 
BCP 

6.5 μm 

EP 

50.8 μm 

EP 

71.4 μm 
-- 

S3 
BCP 

6.2 μm 

EP 

21.9 μm 

EP 

50.1 μm 

BCP 

13.2 μm 

D3 
BCP 

6.4 μm 

BCP 

6.0 μm 
-- -- 

P1 
BCP 

2.4 μm 

BCP 

50.0 μm 
-- -- 

 

After inspection with the optical microscope, samples 
have been etched with EP and/or BCP.  

The removal values reported in Table 2 for the EP 
treatment are the mean values of the EP process all over 
the sample surface: during the EP process, samples were 
partially electropolished also on the back side. 
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Figure 7: Diameter evolution vs. Nb thickness removal of 
RN pits.  

After desired thickness removal, the treatment was 
stopped and samples were weighted. Images of the 
defects have then been acquired and used to study the 
defects evolution during the etching process.  

ANALYSIS AND EVOLUTION OF THE 
ARTIFICIAL PRODUCED DEFECTS 

Pits Evolution 
We have firstly analyzed the evolution of Round 

Needle (RN) and Sharp Needle (SN) pits, produced on 
sample D2 and S3. We have observed the shape changes 
and measured the diameters and depths of the pits 
analyzing images acquired by the microscope. The 
diameter and depth changes measured for the RN pits, 
after each steps of the treatments, are shown respectively 
in Fig. 7 and 8.  

In Fig. 7, we clearly observe an increase of the pit 
diameters with the material removal, more enhanced for 
defects with initial larger diameter. 
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Figure 8: Depth evolution vs. Nb thickness removal of RN 
pits. 

Fig. 8 reports the depth evolution of the pits. The pit 
depth decreases, as expected, but initial holes do not 
disappear even when the thickness of the removed 
material is larger, more than one order of magnitude, than 
their depth. 

This is better highlighted in Fig. 9 where the evolution 
of two specific pits is reported. The schematic evolution 
of the two RN pit (#20 and #32) shapes, after 128.7 μm of 
Nb removal, is shown. Both pits change during the 
decrease of the surface thickness induced by the 
treatment. At the end of the etching process, the two pits 
have nearly the same depth, despite different initial 
values, and larger diameter than at the beginning. Fig. 9 
also reports the microscope images of the RN pits under 
investigation before any treatment and after the last EP. 
These images clearly show that after the EP process, the 
diameter of the two pits are larger than at the beginning 
and the depth of the deeper pit is largely reduced.  

Artificial Defects Production 
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pit 20

Φ= 136 μm
d = 8 μm 

Φ= 153 μm
d = 6 μm 

pit 32

Φ= 220 μm
d = 22 μm 

Φ= 267 μm
d = 6 μm 

Nb removal : 
128.7 μm

 
50μm

RN  

50μm

RN  
50μm

RN  

50μm

RN  
Figure 9: RN pits geometry changes during etching. 

 

The same analysis of the evolution of depth and 
diameter has been done on SN pits. Fig. 10 and 11 report 
respectively the two summary plots of the behavior of the 
SN pit diameters and depths vs. the Nb thickness removal. 
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Figure 10: Diameter evolution vs. Nb thickness removal 
for SN pits. 

The diameter evolution, as reported in Fig. 10, of SN 
pits show a larger increase with respect to the RN pits. 

Concerning the depth change, reported in Fig. 11, the 
evolution is similar to the RN pits. 

In Fig. 12 we show the evolution of two selected pits 
during the surface treatment (pit #10 and pit #30).  

Also in this case we observe that, beside a large Nb 
thickness removal, the two SN pits are not removed. Also 
for SN pits a “hole”, with a depth seven times smaller 

than the Nb thickness removed, still remains visible on 
the sample surface (pit #10).  

0

50

100

150

200

250

300

0 30 60 90 120 150

S
N

 p
it

 d
ep

th
 (μ

m
)

Nb thickness removal (mm)

8 (D2) 10 (D2) 13 (D2)

14 (D2) 30 (D2) A (S3)

BCP EP

 
Figure 11: Depth evolution vs. Nb thickness removal for 
SN pits. 

Also SN pits with depth larger than the thickness 
removal (pit #30) show a depth reduction lower than the 
total removed thickness. Images in Fig.12 show the 
increase in diameter due to the etching process. 

pit 10

Φ= 33 μm
d = 17 μm 

pit 30

Φ= 136 μm
d = 150 μm 

Φ= 253 μm
d = 110 μm 

Nb removal : 
128.7 μm

Φ= 102μm
d = 4 μm 

 
50μm

SN  

50μm

SN  
50μm

SN  

50μm

SN  
Figure 12: SN pits changes during etching for two 
different geometries.  

Other Artificial Defects Evolution 
In Fig. 13 the rhomboid defect (DH) and the linear 

defect (C) evolution during the various steps of the 
surface etching are shown.  

DH defects have been produced compressing the 
surface with a small drill head (φ = 1.2mm). The main 
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effects on DH defect are the edge rounding while the 
enlargement is less pronounced. 

The C defects have been produced punching a cutter 
blade on the sample surface. The effect of the etching is 
an enlargement of the width more than a factor two.  

100μm

DH  

50μm

C  
100μm

DH  

50μm

C  
100μm

DH  

50μm

C  
100μm

DH  

50μm

C  
100μm

DH  

50μm

C  
Figure 13: DH and C defects (sample S3) evolution 
during the surface etching. From the top: Before any 
treatment, BCP 6.2 μm, EP 21.9 μm, EP 50.1 μm, and 
final BCP 13.2 μm.  

Not Artificially Created Defects Produced During 
the arious tching teps 

Other defects appeared on the samples surfaces during 
the various etching processes but the ones that we have 
artificially produced.  

In particular we have observed the formation of many 
circular defects during short BCP treatments (few 
microns) on a fresh Nb surface. They are well visible in 
the weld area and quite visible also all over the sample. 
They can be due to the presence of localized area with 
higher reactivity or to some gas bubbles attached to the 
Nb surface. These defects mostly disappear after long EP 

or BCP treatments. Fig. 14 shows the typical sample 
surface after short BCP and after 50 μm BCP.  

100μm

weld  

100μm

weld  
Figure 14: Typical image of circular defects on the weld 
after BCP treatments (left BCP 6 μm, right BCP 50 μm). 

Anyhow an extremely light trace of these defects is 
sometimes still visible using the IC microscope also after 
long EP treatments (> 100 μm).  

The same short time BCP process applied on an 
electropolished surface, for simulating the “flash BCP” 
etching after a long EP treatment, does not produce such 
defects. 

CONCLUSIONS 
The full etching procedures foreseen for the Nb cavity 

production do not completely remove defects from the 
surface. Also defects with dimensions less than one order 
of magnitude with respect to the etched material are still 
visible.  

The typical behaviour of defects is an increase of their 
diameter, more evident for sharp needle pits.  

No different evolution has been observed on defects 
produced on the welds, on the HAZ and in the bulk. 

For these reasons extremely care should be used during 
the Nb sheet quality control, the sheet handling, the deep 
drawing and the mechanical machining, as in the handling 
of partially assembled parts (dumbbells, end groups).  
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XFEL THIRD HARMONIC SUPERCONDUCTING CAVITY PROTOTYPES: 
FABRICATION AND PROCESSING EXPERIENCE  

P. Pierini , A. Bosotti, P. Michelato, L. Monaco, R. Paparella, D. Sertore, 
INFN Milano - LASA, 20090 Segrate, MI, Italy 

E. Vogel, DESY, 22603 Hamburg, Germany.

Abstract 
Three superconducting 3.9 GHz cavity prototypes have 

been fabricated for the XFEL linac injector, with minor 
modifications to the RF structures built at FNAL for the 
FLASH linac. This paper describes the production 
procedures and the RF preparation experience, the 
chemical processing and the plans for the vertical test at 
INFN Milano for the characterization of the structure. 

INTRODUCTION 
The European XFEL linac injector includes a third 

harmonic (3.9 GHz) accelerating section in order to 
generate the high quality electron beam required for the 
short wavelength FEL operation. The third harmonic 
section is required for the linearization of the beam phase 
space before the longitudinal bunch compression 
performed to increase the peak current for lasing [1]. 

A short module of four 3.9 GHz cavities, ACC39, 
designed and contributed by FNAL to DESY, will be put 
into operation during 2010 in the FLASH FEL facility as 
a proof of principle of the concept. A number of cavities 
have been successfully fabricated and tested at FNAL, 
exceeding the required performances [2]. 

The cavity design for the XFEL third harmonic section 
has been derived from the FNAL design, with the 
minimal modifications described in ref. [3] to adapt to the 
slightly different XFEL modules environment. 

The main components of the XFEL third harmonic 
system will be procured jointly by INFN and DESY as in-
kind contributions to the European XFEL Project. 

PRODUCTION OF CAVITY PROTOTYPES 
In order to prepare for the realization of the European 

XFEL third harmonic system, a small preseries of three 
cavities has been tendered by DESY (under the 
supervision of INFN personnel) to one of the companies 
qualified for the XFEL cavity production. The vendor is 
responsible for the fabrication and surface processing, up 
to the final assembly for the vertical tests at INFN. 

Cavity Mockups 
For the development of the initial fabrication 

procedures and to assist in the commissioning of the 
necessary tooling for these new structures at the company 
(for fabrication, welding, field flatness tuning and surface 
processing) first a simplified copper RF mockup (with no 
auxiliary ports) and later a complete Niobium mockup 
(using non RF-grade material, from discarded sheets after 
scanning) have been produced. Their RF properties have 
been extensively characterized at warm. 

The mockups have been used to determine the 
frequency sensitivity parameters (for trimming and 
tuning) and the weld shrinkages necessary to define the 
structure fabrication procedure in order to meet the 
correct frequency and length of the final structure. 
Furthermore, they proved useful in the development of all 
software tools for the RF measurements and field flatness 
adjustment procedures. 

 

 

Figure 1: Components of the Nb mockup during 
intermediate fabrication steps. 

Cavity Prototypes 
Three structures have then been fabricated on the basis 

of the experience gathered from the mockups, after some 
further small adjustment performed during the analysis of 
all produced subcomponents (half-cell, dumb-bells) [4]. 
After fabrication, it was decided to perform a frequency 
adjustment and field flatness tuning prior to the BCP 
etching of the cavity. During this operation the cavity 
length was adjusted within a mm from its nominal value, 
and the field flatness raised to a value above 95%. In 
order to reach the correct length the cavities have been 
tuned to a frequency slightly higher (by 3 MHz) than 
originally estimated by our original assumptions. The 
further frequency adjustment to recover this offset will be 
therefore performed by correspondingly increasing the 
etch removal by approximately 100 μm. 

 

 

Figure 2: The field flatness tuning machine. 
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Table 1 summarizes the achieved cavity frequencies 
and lengths after the field flatness tuning. 

Table 1: Cavity Frequencies and Lengths. 

 Frequency  
MHz 

Length 
mm 

3HZ01 3903.523 506.70 (+0.7) 

3HZ02 3903.516 506.85 (+0.9) 

3HZ03 3902.176 506.35 (+0.4) 

 
It is to be noted that at this stage the only unknown 

coefficient yet to be determined is the frequency 
sensitivity to the surface etching. The FNAL production 
experienced a sensitivity of 40 kHz/μm, but since 
different acid flow parameters related to a different setup 
could result in variations of this value, an experimental 
verification was performed. 

 

 

Figure 3: One of the completed prototype structures. 

COMMISSIONING  
OF THE ETCHING FACILITY 

The cavity etching facility has been designed, installed 
and commissioned under the vendor responsibility. The 
system has a closed BCP circuit, equipped with an heat 
exchanger to keep the acid temperature below 15°C 
during the whole chemical process. The cavity is mounted 
vertically, the forced acid flow enters the cavity from the 
bottom beam pipe port. Flanged pipes guide the output 
flow at each opening (HOMs, pickup, coupler ports). 

The niobium mockup has been then used for the system 
commissioning and to determine the cavity sensitivity 
coefficient to etching. The mockup cavity went through 
five steps of etching with a total material removal of 
250 μm. After each etching stage the cavity was 
dismounted and rinsed, and its frequency was monitored. 

The system is shown in Figures 4 and 5. 
Material removal has been measured by cavity weight 

reduction, and cross-checked with on-line niobium 
samples. 

 

 

Figure 4: The cavity in the BCP etch cabinet (left) and 
detail of the online sample (right). 

 

Figure 5: The etch cabinet. 

Fitting the frequency change with the material removal 
we obtain a sensitivity factor for chemical etching of 
37 kHz/μm, in line with the reported FNAL experience. 
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Using this removal coefficient, and accounting for the 
change in frequency due to the thermal shrinkage, 
vacuum effects and tuner action, the nominal removal rate 
to reach the desired operating frequency at cold is shown 
in Table 2.  

 

Table 2: Cavity Starting Frequencies and Estimated 
emoval for orrect perating Frequency 

 Frequency  
MHz 

Removal 
μm 

3HZ01 3903.523 ~300 

3HZ02 3903.516 ~300 

3HZ03 3902.176 ~260 

 
The values from Table 2 exceed the initially foreseen 

150+30 μm removal of the cavity surface layer, but pose 
no problem to the cavity stiffness, due to the thickness of 
the starting sheets (2.8 mm) used in the production. 

RF CHARACTERIZATION 
Each cavity has been tuned after fabrication to the 

proper length and with a field flatness better than 95%. 
The software-assisted tuning procedure, which involves 
the plastic deformation of each individual cell of the 
structure, requires few (3-4) iterations to converge. 

After the etching of the niobium mockup the field 
flatness has been checked again, and it was found to be 
reduced to approximately 50% (red dashed curve in 
Figure 7). After two further tuning cycles the field 
flatness was easily restored to 95% in two tuning iteration 
(blue continuous curve in Figure 7). 
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Figure 7: Field flatness deterioration after BCP etching 
(dashed red curve) and its restoration after tuning 
(continuous blue curve). 

The analysis of the bandwidth variation before and after 
the etching provides indications of the different removal 
rates at the equators and at the irises, related to the 
different acid flows in the two regions. 

By using either the frequency sensitivity coefficients of 
the 0 and π modes of the halfcells derived from RF 
simulations, or performing Slater calculations assuming a 
linear removal rate between the iris and the equator, we 
obtained preliminary indications that the removal rate at 
the iris is approximately twice the rate at the equator, and 
that the average thickness removal is approximately 30% 
higher than the minimum removal rate obtained at the 
cavity equators. 

Figure 8 shows the appreciable modification of the 
passband before and after the BCP etch, with a 10% 
increase of the coupling coefficient due to the higher 
removal rate at the irises. 
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Figure 8: Evolution of the fundamental passband with the 
main BCP etching. 

A high pressure rinsing (HPR) cabinet is being 
completed at the vendor cavity processing facility. The 
HPR has been developed on the basis of the FNAL 
process parameters for the production of the FLASH 
3.9 GHz accelerating cavities. Since the HPR station is 
not yet operational, the niobium mockup has been rinsed 
after chemistry in a tank with standard pure water at 
1 MOhm cm. 

VISUAL INSPECTION  
OF THE CAVITY SURFACES 

Using a commercial rigid boroscope system and a 
laboratory-developed illuminating system based on white 
LEDs each cavity has been fully inspected after 
fabrication. A complete map of all iris and equatorial 
welds has been stored for later comparison of the surfaces 
after the BCP operations. The niobium mockup has been 
inspected again afther the main BCP etching. 

Figure 9 shows an example of the optical inspection of 
the full equatorial weld seam of the mockup before and 
after the chemical treatment. The whole 360° azymuthal 
region is shown as a single continuous strip, in the same 
magnification scale. The visibility of the welding seam 
and the heat affected zone (HAZ) region at its sides are 
clearly enhanced by the etching of the damaged surface 
layer at the equator. 

The irregular width of the HAZ is due to welding 
parameters being tuned during the mockup fabrication. 

R C O
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Figure 9: Inspection of an equatorial weld of the niobium mockup before (top) and after (bottom) the BCP etching.

At the iris a smoother surface is achieved as well. 
Several patterns that were tagged as suspect “defects” 
during the inspection after fabrication were no longer 
visible after the chemical etching, as shown in Figure 10. 
 

 

 
Figure 10: Iris inspection before (top) and after (bottom) 
the BCP etching. Bright patterns that could be interpreted 
as bumps in the welding area were no longer visible. 

VERTICAL TEST FACILITY AT LASA 
The existing large vertical cryostat available at the 

LASA laboratory of INFN in Milano, originally 
developed for the testing of 500 MHz cavities, is being 
modified for testing the 3.9 GHz XFEL cavities. 

The vertical insert has been completely modified in 
order to provide variable antenna coupling from the 
bottom of the cavity. A room temperature linear actuator 
moves the cavity in its frame within a 50 mm range (with  
precision of 8 μm/half motor step), while the antenna is 
fixed to the bottom plate of the insert. 

The modified insert is shown in Figure 11, and is 
currently under procurement phase. A reduction of the 
large volume outer vessel to limit the required LHe 
inventory for tests has been realized using high-density 
closed-cell polyethylene foam sheets. 

 

 
Figure 11: The modified insert for the testing of the 
XFEL 3.9 GHz cavities at INFN Milano. 
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The variable antenna scheme provides optimal coupling 
to minimize reflected power. 

The current subcooling pumping system available at the 
laboratory is able to guarantee stable 2 K operation of the 
test facility up to approximately 13 W of dissipated 
power. 

A small, 10 m2, ISO4 clean room for assembling and 
disassembling the cavity antennas, with a High Pressure 
Rinsing system, complete the available infrastructure at 
the laboratory.  

Cryogenic commissioning of the upgraded facility will 
be performed soon. The assembly and test infrastructure 
will be qualified for operation using a 1.3 GHz single cell 
cavity of known performances from DESY. 

CONCLUSIONS 
We have reported here the fabrication experience of the 

prototype 3.9 GHz cavities for the third harmonic system 
of the XFEL injector. The cavities have been fabricated 
by a qualified vendor, which is also responsible for the 
treatments after fabrication and for the final surface 
preparation up to the testing stage at the vertical testing 
facility, which is currently under preparation at INFN 
LASA. 
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SUPERCONDUCTING TWIN QUARTER WAVE RESONATOR FOR 
ACCELERATION OF LOW VELOCITY HEAVY IONS 

H. Kabumoto, S. Takeuchi, M. Matsuda, N. Ishizaki, Y. Otokawa,

Japan Atomic Energy Agency (JAEA), Tokai, Ibaraki, Japan 

Abstract
We have designed and fabricated a superconducting twin 

quarter wave resonator (Twin-QWR) for the acceleration 

of low velocity heavy ions. The resonator has 2 inner 

conductors and 3 acceleration gaps which give a resonant 

frequency of 129.8 MHz and an optimum beam velocity 

of 6 % of the light velocity. Each inner conductor 

resonates like in a coaxial quarter-wave line resonator. 

The resonator was designed to have a separatable 

structure so that we could treat the inner conductor part 

fully made of high purity niobium apart from the outer 

conductor made of niobium and copper. We obtained the 

quality factor Q0 of 9 10
8
 at 4.2 K at a low electric field, 

and the acceleration field gradient Eacc of 5.8 MV/m at an 

RF power input of 4 W. 

INTRODUCTION
The tandem accelerator of Japan Atomic Energy 

Agency (JAEA-Tandem accelerator) was built for basic 

science researches with heavy ions, such as nuclear 

physic, nuclear chemistry, atomic/molecular physics, solid 

state physics and material science. This is a 20UR 

Pelletron of a maximum voltage of 20 MV. Its steady 

operation for research began in 1982. Its superconducting 

linac was built as a booster in 1994 to advance these 

studies [1]. Since 2005, we have been operating an ISOL-

based radioactive nuclear beam facility called Tokai 

Radioactive Ion Accelerator Complex (TRIAC) [2]. 

The superconducting booster consists of 40 

acceleration resonators and 10 cryostats [3-5]. Every 

resonator is a coaxial quarter wave resonator (QWR) of 

which frequency is 129.8 MHz, and optimum beam 

velocity is 10 % of the light velocity. The acceleration 

field gradients are about 5 MV/m at 4.2 K at an RF power 

input of 4 W on average. The RF power dissipation of 4 

W for each resonator is determined from the cooling 

capacity of the helium refrigerator. The acceleration field 

gradient of 5 MV/m corresponds to an acceleration 

voltage of 0.75 MV for each resonator, and total 

acceleration voltage is 30 MV. 

 We have been considering a plan of re-accelerating the 

radioactive ion beams from the TRIAC to an energy of 5-

8 MeV/u by superconducting booster. In order to inject 

the beams into superconducting booster, we need a pre-

booster which is capable of acceleration from 1.1 MeV/u 

to 2.0 MeV/u. The present Twin-QWR was designed for 

such a pre-booster. 

DESIGN AND FABRICATION 
Outline

Figure 1 shows a cutaway view of the Twin-QWR. It has 

2 drift tubes and 3 acceleration gaps. The resonant 

frequency is 129.8 MHz, which is the same for existing 

QWRs in the superconducting booster. The optimum 

beam velocity opt (=vopt/c) is 0.06. There has been once 

the work of building one like this Twin-QWR by J. 

Delayen and J. Mercerean at Caltec, aiming at high 

velocity heavy ions [6-7]. Aiming at this low beta of 0.06 

with Twin-QWR structure is a challenge that needs 

careful consideration in the design because the resonator 

is vertically very long compared to the acceleration gaps. 

The inner conductor part, which includes two inner 

conductors terminated with drift tube and the top end 

plate, is made of pure niobium, and it is directly cooled 

with liquid helium. The outer conductor is made from 

explosively bonded niobium-copper composite plates, and 

the niobium surface is cooled with help of thermal 

conduction via thick copper layer. The top part of the 

outer conductor is cylindrical, the cross section in the 

middle part gradually changes to oval as it goes lower and 

the bottom part has flat surfaces perpendicular to the 

beam axis so that axially symmetric accelerating fields 

are generated in the resonator. 

Figure 1: Cutaway view of Twin-QWR. 
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Niobium contact-ring 
The inner conductor part and outer conductor are 

connected by sandwiching a superconducting contact-ring 

made of pure niobium. A schematic drawing of the 

superconducting niobium contact-ring is shown in figure 

2. This contact-ring has sharp knife-edges which can be 

firmly stuck into the niobium surfaces of the top end plate 

and cut end of niobium outer conductor by bolting these 

parts together so that superconducting current flows 

across the niobium contact-ring at the least surface 

resistance [8]. There are grooves for putting indium wires 

for thermal conduction. 

The main reason for having such a separatable structure 

is to give the purely-niobium made inner conductor part a 

heat-treatment at a temperature higher than 600  in case 

the niobium is polluted with hydrogen heavily, because 

the degradation of the resonator Q is very serious in that 

case [9]. But, such a heat-treatment is not applicable to 

the outer conductor part made from niobium-copper 

composite plates. And such pollution to the outer 

conductor dose not affect very much on the resonator Q, 

because the current density on the wall is much less than 

that on the inner conductor walls. 

Designing
We fabricated a normal conducting model resonator 

with aluminum, and carried out a bead perturbation  

measurement. We also calculated electromagnetic field in 

the Twin-QWR using MAFIA. Figure 3 shows the 

electric field profiles measured and calculated along the 

beam axis at the acceleration field gradient Eacc of 1 

MV/m. 

The calculated resonant frequency agree with measured 

one in the accuracy of 0.5-0.8 %, and the calculated 

profiles of electromagnetic fields also agree with 

measured ones. The lowest resonant frequency obtained 

in the measurement is 128.49 MHz, in which case there is 

no electric field in the center acceleration gap, call it 

symmetric phase mode. The second one is 129.34 MHz, 

in which case there are a strong field in the center 

acceleration gap and opposite fields in the both side gaps, 

call it anti-symmetric phase mode, and this is the mode 

for acceleration. The measured frequency separation 

between two modes is about 0.86 MHz, which is enough 

for stable operation. Table 1 presents the main parameters 

of the present Twin-QWR obtained from the 

measurement and calculation. 

Figure 4 shows the transit time factors of Twin-QWR 

and QWR as a function of beam velocity. The optimum 

beam velocity opt of Twin-QWR is 0.06, and opt of 

QWR is 0.10. The beams accelerated by the TRIAC have 

the velocity of about 0.048 c (=1.1 MeV/u), and Twin-

QWR can accelerate such beams efficiently. 

Frequency stability 
In the design of the inner conductor part, it is important 

to hinder frequency instability. The frequency instability 

is mainly caused by a deformation of the top end plate by 

a helium pressure change in this case of Twin-QWR. The 

pressure of liquid helium deviates about 0.005 MPa at 

maximum under a turbulent condition in our refrigerator. 

The 2 inner conductors largely swing, compared to a 

single center conductor in a QWR, and it results in large 

electric capacity changes or large frequency deviations. 

For this reason, the top end plate needs to be screwed to 

the upper flange of the resonator just above the upper 

inner conductors as is shown in figure 2. 

Figure 2: Schematic drawing of the niobium contact-ring.

Figure 3: Electric field profiles which are measured and 

calculated along the beam axis at Eacc = 1 MV/m. 

Figure 4: Transit time factors of Twin-QWR and QWR as 

a function of beam velocity. 
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Frequency instability is also caused by mechanical 

vibrations due to vacuum pumps, helium gas, and other 

mechanical vibration. The thickness of inner conductors 

in the upper half section is 4.5 mm, and it is larger than 

that of lower one of 2.5 mm. The drift tube is designed as 

light as possible for suppressing the amplitude of 

mechanical vibration. With such a structure, the 

calculated mechanical eigenfrequency of the inner 

conductor was 82 Hz, which seems to be high enough for 

stable operation. 

Fabrication and Assembling 
Figure 5 shows the fabricated main parts and assembled 

the resonator. The resonator mainly consists of (a) inner 

conductor part, (b) superconducting niobium contact-ring, 

(c) outer conductor. The (d) open side of the resonator 

was finally closed with bottom end plate, and under that 

an RF coupler and RF pick-up were set up. 

The inner conductor part and contact-ring were made of 

high purity niobium which Residual Resistance Ratio 

(RRR) was 180-220. The outer conductor and bottom end 

plate were made from explosively bonded niobium-

copper composite plates. The outer conductor has a so 

complicated shape that we chose a pair of well suited 

combinations for electron beam welding after bending 

several plates into the shape of a half part of the outer 

conductor by machine. 

Surface treatments were done after mechanical 

processing. We did an 80-100 m electro-polishing for 

the contact-ring. High purity niobium absorbs hydrogen 

in the process of electro-polishing, and it causes 

degradation of resonator Q-values. We gave 600  1.5 

hours heat treatment to inner conductor and contact-ring 

for the purpose of outgassing hydrogen. 

After these treatments, the inner conductor part and 

outer conductor were joined together with 

superconducting niobium contact-ring, and bolted all 

together by the force on about 3-4 10
5
 N (estimated).  

The niobium layer of the outer conductor was so thin 

(2.5 mm) that we needed to set the contact-ring accurately. 

High Pressure Water Jet Rinsing 
After that, we did a high pressure water jet rinsing 

(HPWR). A very clean surface is necessary in 

superconducting resonator. Even a small contamination

causes an electron field emission which limits the 

acceleration field gradient [10]. Our high pressure water 

jet rinsing procedure was as follows.  

 First, we rinsed the resonators using methanol for the 

purpose of washing contaminations, like oil and other 

chemical pollutions. Then, we did high pressure water jet 

rinsing for 2-3 hours. The water was pressurized to 7-8 

MPa by mechanical compressor, and sprayed on the 

surface of the niobium. After HPWR, we rinsed the 

resonator again using methanol for the purpose of quick 

drying. Finally, we carried out mild baking at 120  for 2 

days in high vacuum. 

In the test case of using ultra-pure water of 18 M cm, 

the surface of niobium was anodized a little probably due 

to a generation of plasma or electrostatic current. We 

could prevent this anodizing using CO2-dissolved water 

which electric resistivity was lowered to 0.03 M cm.  

Table 1: Main Parameters of Twin-QWR 

 Measurement Calculation

Optimum beam velocity opt (=v/c) 0.06 

Frequency [ MHz ] f0 129.34 128.49 

RF stored energy [ J/(MV/m)
2
 ] U0/Eacc

2
 0.039 0.037 

Peak surface electric field  Ep/Eacc 4.3 4.2 

Peak surface magnetic field [ mT/(MV/m) ] Hp/Eacc 12.5 12.3 

Acceleration gap length [ m ] Lg 0.0175,  0.035,  0.0175 

Drift tube length [ m ] LD 0.04,  0.04 

Reference acceleration length [ m ] L 0.15 

Figure 6: Schematic view of high pressure water jet 

rinsing (HPWR) and anodized niobium sample. 

Figure 5: Main resonator parts and assembled Twin-QWR.
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We carried out series tests of comparing the different 

water and mild baking with spare QWR of booster. We 

did HPWR with CO2-dissolved water (no baking) at 

first. The resonator Q0-values at 4.2 K at low electric field 

was 7.9 10
8
. After the HPWR using 18 M cm 

ultra-pure water (no baking), the Q0-values was degraded 

a little to 5.6 10
8
. And then, we gave mild baking to 

the resonator, the Q0-values was improved to 8.1 10
8
.

The electron field emissions were occurred in every test. 

There would be a projection on the surface of this QWR. 

From such experience, we gave the HPWR using CO2-

dissolved water and mild baking to the Twin-QWR.  

RESULT OF OFF-LINE TESTS 
Resonator Performance 
We carried out off-line performance tests at the 

temperature of liquid helium (4.2 K).  In the first test, 

temperature rising was observed around the niobium 

contact-ring, and the quality factor Q0 at low electric field 

was 2 10
8
, the acceleration field gradient Eacc was 2.8 

MV/m at an RF power input of 4 W. 

We disassembled the resonator, and found that the 

contact-ring was partly dislocated by 0.4 mm and not 

completely in contact with outer conductor. We made an  

alignment holder of contact-ring to prevent dislocation, 

and assembled the resonator with a new contact-ring.  

Figure 8 shows the resonator Q0-values at 4.2 K before 

and after changing the contact-ring. Resonator Q0-values 

at low electric field was improved to  9 10
8
, and the 

acceleration field gradient Eacc was 5.8 MV/m at an RF 

power input of 4 W. The Q0-values degraded slightly 

around 6.0 MV/m without an electron field emission, and 

thermal breakdown was observed at 6.5 MV/m. 

We also measured the frequency stability against the 

helium pressure (Figure 9). The frequency shift with 

changing helium pressure was 7.1 kHz/MPa, and it was 

2.6 times as large as our QWR’s 2.7 KHz/MPa. The 

pressure of liquid helium deviates about 0.005 MPa when 

our refrigerator is very turbulent. For stable operation of 

the Twin-QWR, we will have to set the RF coupling 

stronger to get a band width of 40-50 Hz, while the 

existing QWRs have been operated within about 20 Hz. 

SUMMARY AND OUTLOOK 
A low beta superconducting resonator was developed for 

acceleration of low velocity heavy ions of 0.045< <0.10. 

What we have designed and fabricated is a twin quarter 

wave resonator (Twin-QWR). In the off-line performance 

tests, we obtained the quality factor Q0 of 9 10
8
 at 4.2 K 

at low electric field, and the acceleration field gradient 

Eacc of 5.8 MV/m at an RF power input of 4 W. A 

superconducting niobium contact-ring worked as a good 

superconducting current contact between the inner 

conductor part and outer conductor. The frequency shift 

with helium pressure was measured, and we found that 

stable beam acceleration will be secure from a sudden 

change of helium pressure by setting the RF coupling at a 

band width of 40-50 Hz. 

We have designed the present Twin-QWR as a prototype 

resonator for a pre-booster of re-accelerating the 

radioactive ion beams from the TRIAC, and it has been 

confirmed that the Twin-QWR has high performances 

enough for such a purpose. 

Figure 7: Effect of HPWR and mild baking with QWR. 

Figure 8: Resonator Q0-values at 4.2K before and after 

changing the niobium contact-ring. 

Figure 9: Frequency shift due to the helium pressure. 
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PROTOTYPING AND VERTICAL TEST FOR PEFP LOW-BETA 
ELLIPTICAL CAVITY* 

Han-Sung Kim#, Hyeok-Jung Kwon, Yong-Sub Cho, KAERI, Daejeon, Korea 
Sun An, PAL, Pohang, Korea

Abstract 
A superconducting RF cavity with a geometrical beta of 

0.42 and a resonant frequency of 700 MHz has been 
designed to accelerate a proton beam above 100 MeV for 
an extended program of Proton Engineering Frontier 
Project (PEFP). The designed cavity is an elliptical shape 
with 5 cells stiffened by double-ring structure. A design 
accelerating gradient is 8.0 MV/m at the operating 
temperature of 4.2 K and a maximum duty factor is 9 %. 
In order to confirm the fabrication procedure and check 
the RF and mechanical properties of the designed cavity, 
two niobium prototypes are under development. One is 
two-cell cavity mainly for a quick prototyping with the 
surface treatment study and the other is five-cell cavity. 
For a vertical test of the niobium cavities, test equipment 
such as a cryostat, RF amplifier and LLRF control system 
is under preparation. The status of the niobium prototype 
development and preliminary results for the vertical test 
will be presented in this paper. 

CAVITY DESIGN 
The major parameters of the PEFP SRF cavity are like 

followings [1]. 
 
- Frequency:  700 MHz 
- Operating mode: TM010 PI mode 
- Cavity shape:  Elliptical 
- Geometrical beta: 0.42 
- Number of cells: 5 per each cavity 
- Accelerating gradient: 8 MV/m 
- Epeak/Eacc:  3.71 
- Bpeak/Eacc:  7.47 mT/(MV/m) 
- R/Q:   102.3 ohm 
- Epeak:   29.68 MV/m 
- Field flatness:  better than 8.0 % 
- Cell to cell coupling: 1.41 % 
- Geometrical factor: 121.68 ohm 
- Cavity wall thickness: 4.3 mm 
- Lorentz force detuning: 0.4 Hz/(MV/m)2 
- Stiffening structure: Double ring structure 
- Effective length: 0.45 m 
- External Q of FPC: 8.0E05 ±20% 
- HOM load:  less than 2 W 
- HOM Qext requirement: less than 3.0E05 
 
For quick prototyping, we have designed a two-cell cavity 
which can be considered to be composed of three parts; 
the center cells, the fundamental power coupler (FPC) 
beam tube and the field probe beam tube. We chosed to 

attach double-ring stiffening ring around dumbbell in 
center cells to reduce Lorentz force detuning. The 
ANSYS simulation showed that the Lorentz detuning 
factor can be as high as 19.2 Hz/(MV/m)2 with a single-
ring stiffening structure, which is unacceptable. The 
diameter of the cavity is about 380 mm and total length 
including the NbTi flange is about 530 mm. The two-cell 
prototype is designed as simple as possible and there is no 
fundamental power coupler port or HOM coupler port to 
shorten the prototyping period. The main purpose of the 
two-cell prototype is to gain experience with niobium 
cavity fabrication and surface treatment. The drawing for 
the two-cell cavity is shown in Fig. 1. 
 

 
Figure 1: Drawing of the two-cell cavity. 

FABRICATION OF THE CAVITY 
The cavity fabrication mainly consists of the deep 

drawing process to make each components and the 
electron beam welding process to join them in one piece.  

Deep Drawing of the Niobium Sheet 
We made the half cells with the deep drawing process 

as shown in Fig. 2. When we stamped the first half-cell, 

 ___________________________________________  
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the raw half-cell was broken at iris region. This 
phenomenon was not observed during copper test and this 
means that the mechanical properties of the niobium are 
not similar to those of copper. A possible cause of this 
breaking is small size of the central hole size and 
relatively large thickness of the niobium sheet compared 
with other SRF cavity like ILC nine-cell cavity or high-
beta cavity. We increased the central hole size and tried 
several times to obtain the ideal half-cell shape as shown 
in Fig. 3.  
 

 
Figure 2: Deep drawing process to make a half-cell. 

 

 
Figure 3: Half-cell after deep drawing. 

 
After deep drawing, we trimmed the equator edge and 

iris edge to suitable length. Each half-cell equator is 1.0 

mm longer than the length determined by a SuperFish 
calculation and each iris region is trimmed to a suitable 
length by considering a welding shrinkage. In addition the 
grooves on the outside wall of the half-cell are machined 
for welding the stiffening rings. The beam pipe transition 
parts were also fabricated by using similar deep drawing 
process. 

Electron Beam Welding 
Two half cells are joined together to make a dumbbell 

by the electron beam welding as shown in Fig. 4. 
Following the iris parts welding, we attached the double-
ring stiffener to the dumbbell. Before each electron beam 
welding, we tested the condition of the electron beam 
current, the voltage of the welder and the rotational speed 
of the welder with the samples. The FPC beam tube and 
the field probe beam tube are also assembled with an end 
cell by the electron beam welding. The fabricated FPC 
beam tube sub-assembly and the field probe beam tube 
sub-assembly are shown in Fig. 5.  
 

 
Figure 4: Dumbbell fabrication by joining two half cells 

by using the electron beam welding. 
 

 
Figure 5: End cell sub-assembly. 
Left: FPC beam tube, Right: Field probe beam tube. 
 

The final stage of the electron beam joining process is 
to make a cavity by joining three sub-assemblies. Before 
the equator welding, we etched the surface of each part by 
using an acidic solution as shown in Fig. 6. The solution 
consists of HF, HNO3 and H3PO4 with a volume ratio of 
1:1:2. The etching time was 4 minutes and 30 seconds, 
which is equivalent to removing the surface of 10 um. 
After etching, each part was cleaned with DI water. 
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Figure 6: Etching before the electron beam welding. 

 
The electron beam conditions used for the final equator 

welding are like followings, which were fixed by testing 
the half cell with the same size, shape and material as the 
real one.  
 
- Electron beam current: 85 mA 
- Electron beam voltage: 60 kV 
- Beam power:  5.1 kW 
- Focusing:  Defocused beam 
 
With above setting, we can obtain 100% penetration with 
a good welding surface. The cavity mounted on the 
electron beam welding machine with a fixing jig is shown 
in Fig. 7. 
 

 
Figure 7: Cavity mounted on the electron beam welder. 

 

CAVITY FREQUENCY SPECTRUM AND 
FIELD FLATNESS MEASUREMENT 

Frequency Spectrum Measurement 
We measured the cavity frequency spectrum before and 

after the final equator welding as shown in Fig. 8. To 
make a good electrical contact, we used many clamps for 
measuring the resonant frequency before welding. 

 
Figure 8: Frequency measurement set-up. 

 
 

 
Figure 9: Frequency spectrum before equator welding. 

 

 
Figure 10: Frequency spectrum after equator welding. 
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The measurement results are shown in Fig. 9 and Fig. 
10 before and after welding, respectively and summarized 
in Table 1. The frequency change was about 1.5 MHz for 
both PI/2 mode and PI mode, which is reasonable 
considering that the length change is about 0.6 mm and 
the sensitivity is about 3 MHz/mm.  
 

Table 1: Frequency Measurement Results 

Mode Before 
Welding 

After 
Welding 

Frequency 
Change 

PI/2 mode 
[MHz] 687.810  689.375 1.565 

PI mode 
[MHz] 692.813 694.264 1.451 

 

Field Flatness Measurement 
The field flatness used to express how uniform the field 

profile is in an N-cell cavity is defined as following [2]; 

  cmax cmin
ff

c
1

100%
1 N

i
i

V V

V
N

η

=

−= ×
∑

.                  (1) 

Here, Vci is the accelerating voltage of the ith cell. Vcmax 
and Vcmin is the maximum and minimum cell voltage in a 
cavity, respectively. The accelerating voltage in Eq. (1) 
can be expressed as a phase shift which can be directly 
measured by using bead-pull test. 

We measured the field flatness by using a warm tuner 
as shown in Fig. 11. The measurement result without any 
tuning is shown in Fig. 12, from which we calculated the 
field flatness to be 1.8%. Considering the field flatness 
requirement of the PEFP low-beta cavity is 8.0%, the 
cavity needs no further field flatness tuning. 

VERTICAL TEST PREPARATION 
RF System 
  The RF system required for the vertical test is under 
preparation. For the basic test, we carried out the PLL 
(phase locked loop) experiment [3]. The block diagram 
for the experiment is shown in Fig. 13. The output of the 
phase comparator we used is ranging from 0 V to 2 V 
according to the phase difference from -180 degree to 0 
degree. We used a signal generator (E4432B, Agilent) as a 
VCO by using the frequency modulation function. The 
voltage offset circuit is used between the phase 
comparator and the signal generator to match the output 
of the comparator and the input of the signal generator. 
We confirmed that the setup can track the resonant 
frequency well and this setup will be used as an RF 
system for the vertical test. 

Cryostat 
  The drawing and the picture of the cryostat for the 
vertical test is shown in Fig. 14. The height is about 2550 
mm and the outer diameter is about 840 mm. 

 

 
Figure 11: Bead-pull test to measure the field flatness. 

 

 
Figure 12: Phase shift during bead-pull test. 

 

 
Figure 13: RF System setup for the vertical test. 

 

The cryostat is double-wall structure and the space 
between the inner chamber and outer chamber is filled 
with 40 layers of the super-insulation and evacuated down 
to 3E-07 Torr. The cryostat system is equipped with a 
liquid helium level monitor (LM-500, Cryomagnetics) 
and a temperature monitor (218E, Lake Shore). 

Proceedings of SRF2009, Berlin, Germany THPPO094

09 Cavity preparation and production

857



 

 

Total 10 layers of stainless steel plate of 1 mm thickness 
are adopted as thermal reflectors. The static heat loss is 
estimated to be about 5.4 W and the dynamic heat loss to 
be about 3.2 W under the condition of 17 ms RF pulse 
with 1 Hz repetition rate. With this estimation, the 
available test time is expected to be about 6 hours. 
 

 
Figure 14: Cryostat for the vertical test. 

SUMMARY 
Prototype two-cell niobium cavity has been developed 

for the SRF program in PEFP. The cavity was fabricated 
through the deep drawing process and the electron beam 
welding method. We gained some experience on the deep 
drawing of the thick niobium sheet and the electron beam 
welding conditions during the fabrication of the cavity. 
We measured the frequency spectrum and the field 
flatness. The measured field flatness was 1.8%, which is 
well below the required field flatness of 8.0%. The 
vertical test is under preparation. We tested basic PLL test 
and confirmed that the setup works well. The cryostat is 
ready to be tested. The vertical test will be performed in 
near future. 
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STUDY OF BUFFERED ELECTROPOLISHING ON NIOBIUM SHEET 

Song Jin*, Xiangyang Lu, Lin Lin, Kui Zhao 
Institute of Heavy Ion Physics, Peking University, Beijing, China

Abstract 
In this paper, research on applying buffered 

electropolishing (BEP) technology to treat the surface of 
Nb sheet was reported. Through optimization study, much 
faster polish rate and smoother surface comparing with 
conventional electropolishing treatment were got. The 
maximum mass rate could reach 4.66μm/min in our 
experiments. It was over 10 times higher than traditional 
EP. Meanwhile, the best surface mean square root (RMS) 
roughness could approach nearly 21nm. This study shows 
BEP has a great potential to replace the traditional EP 
process and become a new generation of technology for 
treating SRF cavity. 

INTRODUCTION 
Surface condition plays a critical role on 

superconducting radio frequency (SRF) cavity 
performance [1]. Since SRF cavity was born, researches 
on niobium surface treatment have not stopped to 
improve their performance. In recent years, with the 
buffered chemical polishing and then electropolishing 
gradually becoming chief means for SRF cavity treatment 
[2-4], the performances of multi-cell cavities have great 
improvement. Cavities treated by BCP could reach more 
than 25MV/m, and the others treated by EP could reach a 
reproducible accelerating field of about 30 MV/m. 
However, the accelerating field still cannot reach the 
request (35MV/m) of International Linear Collider (ILC) 
[5]. And on the other hand, polishing rate of traditional EP 
was another problem. It was only about 0.38μm/min [6]. 
So if a cavity treated by EP, more than 6 hours will cost 
on it. With the long treatment period and very expensive 
equipment, the technology of EP made the cost of SRF 
cavities added greatly. Thus, a new method for SRF 
cavity treatment called buffered electropolishing (BEP) 
was firstly proposed by Thomas Jefferson National 
Accelerator Facility (Jefferson Lab) [7, 8]. 

As part of cooperation with Jefferson Lab and the study 
on the fabrication of multi-cell niobium cavity, the 
research on BEP was also carried on at Peking University 
[9, 10]. The electrolyte of BEP was consisted of 
hydrofluoric, sulphuric and lactic acids. Niobium samples 
were used in the present stage of study for the purpose of 
decreasing the cost, safety and convenience to isolated 
parameters. The goal was to evaluate the influence of 
parameters to this process, as well as the technological 
problems involved in it. In this paper, effects of 
parameters on I-V characteristic, polishing rate and 
smoothness of surface were described. With more than 
hundred optimization experiments, the maximum of 
polishing rate 4.66μm/min was got in our experiment, 
which was more than 10 times faster than conventional 
EP. On the other hand, with over a 200×200μm area 

measurement by high resolution 3D profilometer at 
Jefferson Lab, the surface RMS roughness of BEP treated 
samples could repetitively reach around 50 nanometres. 
All of above shows this new technology had a great 
potential to become a new niobium treatment technology 
to instead of conventional EP. 

EXPERIMENTAL 

Experimental Installation 
The installation of sample BEP experiment is 

schematically shown in Fig.1. It consisted of an 
electrolytic cell composed of an aluminum cathode and a 
niobium anode (sample) immersed in a hydrofluoric, 
sulphuric and lactic acid mixture. The Nb anode and the 
pure aluminum cathode at the same area were connected 
to the electrical circuit through two alligator clamps 
which also serve as mechanical support by fixing the 
electrodes to suspend on top of a PTFE container. The 
circulating water or ice bath in the secondary containment 
was used to keep the temperature of the acid mixture 
according to different conditions. And a platinum 
resistance temperature needle protected by PTFE was 
immerged in the acid to monitor the temper during the 
reaction. Then a magnetic stirring apparatus was used 
under the secondary containment to control the velocity 
of acid mixture flow. The monitor for the rotational 
velocity of the stir bar was a self-made apparatus 
according to the principle of electromagnetic induction. It 
mainly consisted of an induction coil and an oscilloscope. 
In additional, another oscilloscope was used to measure I-
V characteristics with appropriate electric circuit. Then, 
the BEP process can be performed after sample 
preparation. 

 
Figure 1: Schematic installation of BEP for small samples. 

RESULTS AND DISCUSSION 

I-V Characteristic of BEP for Niobium Samples 
Fig. 2 shows an I-V curve for BEP of niobium sample. 

Like typical electropolishing I-V characteristic, four 
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regions corresponding to etching, periodic oscillation of 
anode current density, polishing, and gas evolution on the 
anode surface were identified depending on the potential 
applied. Initially, the current density increased linearly 
with the voltage until reaching the maximum value. At 
this region, the behaviour was dominated by ohm 
resistance in the electrolyte. Then current began to 
decrease with the oscillation until reach a steady plateau. 
In this region, a relatively strong oxide layer is built up on 
the surface, which could be realized as a capacitance. 
Thus the current began to oscillate. Over a horizontal 
range, the current density was nearly independent of the 
applied voltage and the surface to be polished. For even 
higher voltages, gaseous oxygen is set free at the anode 
and the oxygen bubbles result in discontinuities on the 
surface. 

 
Figure 2: The typical I-V curve for buffered electropolishing.

 
However, not all the I-V curves have the same shape. 

The detailed shape of the curve was various with the 
different conditions. It depends not only on the electrolyte 
flowing speed, but also on, temperature and other 
conditions.  

Figure 3 was the development of I-V curve with different 
flowing speed of electrolyte. They were measured at 
different electrolyte flowing speeds while other 
experiment conditions were the same. This investigation 
was necessary because acid agitation was an 
indispensable means in electrochemical polishing to keep 
a stable material removal in time, especially in the high 
viscosity of the acid mixes in BEP and for the irregular 
cavity geometry later. It would become an important 
parameter to get an optimal polishing rate and smooth Nb 
surface. In Fig. 3, we could see the I-V curves have 
greatly difference with the different flowing speeds of 
electrolyte which were indicated by the rotation rates of 
the magnetic stirring bar. With the static electrolyte, the I-
V curve had a long polishing plateau. But the limiting 
current density was smallest of all. With the flowing 
speed of electrolyte becoming faster, the width of 
polishing plateau changed little, but the limiting current 
density continued to increase. Then, when the rotational 
speed of the magnetic bar was above  a special value, 
about 15Hz in Fig. 3 which was determined by other 
experimental conditions, the horizontal parts of curves 
began to become a slanted curve toward up. As to this 
phenomenon, we thought it was not a symbol of the 

maximum electrolyte flowing speed we could use, 
although the polishing plateau was not as clear as those at 
the lower flowing speed. Oppositely, we thought it 
represented the flowing speed of electrolyte was just fast 
enough to bring the complex compound of niobium oxide 
layer around the niobium sample surface away. That fast 
flowing speed was necessary especially to the high 
viscosity BEP acid solution because it would make the 
anodic films [12, 13, 14] occupy more voltage comparing 
common acid solution. So, the faster electrolyte flowed, 
the more external complex composition of the film could 
be brought away, and the electric field strength in the 
compact lay near the niobium surface would be enhanced. 
Just due to the stronger electric field, a higher polishing 
rate could be achieved during the BEP.  
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Figure 3: Development of I-V curve with different rotational 
speed of the stirring bar. 

 
In the mean time, the electric field difference between 

protrusions and well is also enlarged which would make 
the surface much smoother. The following experiment 
result would confirm it. As to the trend of limiting current 
density increasing with the faster electrolyte flowing 
speed, it was also consistent with our beginning judgment. 
Because the sticky layer on the surface of the sample 
would take lot of voltage, the faster the electrolyte flowed, 
the less sticky layer would be left and the smaller voltage 
it would be take. And the curve would move up. 

Besides acid agitation, we found the I-V curve was also 
sensitive with the temperature in the BEP process. Fig. 4 
showed the I-V curves with different temperature. They 
were measured at the temperature of 12.5, 16.5, and 22 
degree Celsius, and also in the same other conditions. In 
the part of polishing plateau regions, it was similar as 
those with different flowing speed of electrolyte above. 
With the higher of temperature, the limiting current 
density also increased. It could be understood by the 
theory that the higher temperature could increase the 
mobility of the irons which made the reaction faster. And 
as to the sharper of the curve in etching region, it may be 
related to the properties of the BEP electrolyte. However, 
as to the part of etching region, we could see the different 
effects of those two parameters on I-V characteristic. 
With different electrolyte flowing speed, the slopes of I-V 
curve of this part were nearly the same; while different 
temperature, they were different. With higher temperature, 
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the slope of I-V curve of this region became much sharper. 
We thought it was because agitation could not change the 
property of the mixed acid, while the higher temperature 
maybe could make it changed, no matter in physic or 
chemical. The simplest explanation for this phenomenon 
was that, within certain range, the higher temperature 
could lower the viscosity of BEP electrolyte in physical. 
So the resistance of the electrolyte decreased, and the 
curve in etching region would be sharper. However, 
detailed mechanism might be not so simple, and needed 
to further study. But here the result of the trend of 
limiting current density development with temperature in 
BEP was the thing we were main concerned and it 
represented the polishing rate of this technology, which 
will be showed in the following part of this paper.  

 
Figure 4: Development of I-V curve with different 
temperature. 

Effect of Parameters on Polishing Rate 

In the process of niobium cavity treatment, polishing 
rate is one of the most important parameters. The high 
polishing rate could greatly reduce the time of cavity 
fabrication and further decrease the cost of SRF cavity. 
What was more, the high demand of more than twenty 
thousands 9-cell cavities by ILC [5] also required fasting 
process of niobium cavities’ fabrication. After 
optimization, in our BEP experiment, the maximum 
polishing rate could reach 4.66μm/min. 

Fig. 5 showed the effect of temperature on polishing 
rate. As shown, the whole region could roughly divide to 
three regions by temperature according to the polishing 
rate. In the first region, the temperature was below 23 
degree Celsius. In this part, the maximum polishing rate 
was only about 1.5μm/min. Between 23 C and 26 C was 
the second region. In this region, the polishing rates were 
distributed from about 1.0μm/min to 2.7μm/min. And in 
the last region, the temperature was above 26 C. As seen 
in the figure, except one data point, all the other polishing 
rates were more than 2.3μm/min, and the polishing rate 
didn't increased obviously with temperature increasing. 
So it showed us that if we would like to get high polishing 
rate, the temperature over 23 degree Celsius was needed. 
And if the temperature we chose was between 23 C and 
26 C, the other conditions like agitation, voltage and so 
on needed to be considered to improve polishing rate. 
And if the temperature above 26 C was chose for 
polishing, polishing rate seemed not to be a problem. But 

the high temperature, especially above 35 C, will make 
the reaction hard to control [11] and more impurities 
include oxides may be brought into the surface because of 
it. 

  
Figure 5: The effect of temperature on polishing rate. 

 
Besides temperature, the electrolyte flowing speed also 

had the effect for polishing rate. Although it was not as 
obvious as the effect of temperature on polishing rate, it 
also could be divided into two regions by the flowing 
speed of electrolyte as shown in Fig. 6. Similar as above, 
the flowing speed of electrolyte was represented by 
rotational frequency of the magnet stirring bar. In the left 
region of the red line, the rotational frequency of stirring 
bar was below 15Hz, and most of the polishing rates were 
concentrated from about 0.5 to 2.2μm/min. And in the 
right region, where the rotational frequency was above 
15Hz (include 15Hz), the minimum polishing rate was 
about 1.5μm/min and the maximum polishing rate could 
reach about 4.7μm/min. Although the data point were a 
little diffusion, it still could be concluded that if the high 
polishing rate needed to be got, the rotational frequency 
of magnetic stirring bar should be above 15Hz, which was 
also identical with the analysis in the frontal part of I-V 
characteristic. In addition, the thinner film generated by 
faster electrolyte flowing speed also allowed easy 
transport of ions through the compact oxide film by 
diffusion [15, 16], which also will speed up the polishing 
rate. 

 
Figure 6: The effect of flowing speed of electrolyte on 
polishing rate. 
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Effect of Removed Thickness on Surface 
Roughness in BEP 

Due to high number of variables involved in the 
fabrication and conditioning of the cavities, it is not very 
obvious how to establish a correlation between surface 
finish and cavity performance. However, in general, the 
smoother the surface is, the higher the probability will be 
to obtain a high performing cavity. To achieve the 
optimum RF performance, the surface of the cavity must 
be as close as possible to ideal [1]. In our BEP 
experiment, the best surface RMS roughness could be 
close to 21nm which measured in an over 200×200μm 
area at Jefferson Lab  

Fig. 7 showed the relationship between roughness and 
removed thickness in BEP process. Initially, when the 
removed thickness was about 25μm, the RMS roughness 
was only about 270nm. Then, before 75μm, with increase 
of removed thickness, the value of RMS roughness 
decreased rapidly. After that, when the roughness was 
above 75, a long nearly horizontal region with the RMS 
roughness around 50nm was appeared. It provided very 
useful information for us to the further study on cavity 
BEP. If we would like to get a smoother surface 
repetitively, the minimum removed thickness about 75μm 
was needed. It could be understood by the basically 
theory of electropolishing proposed by Jacquet theory 
[12]. A viscous layer of anodic dissolution products will 
be formed during the EP process. Respect to the bulk of 
the electrolyte, this layer has higher viscosity and greater 
electrical resistivity. The thickness of the liquid insulating 
layer is greater in crevices than on projections. The 
current density on projections is higher than in crevices, 
thus projections dissolve more rapidly than crevices. So, 
it produces the altitude difference between projects and 
crevices less and less with the increase of average 
removed thickness. 

 
Figure 7: Relationship between the roughness and removed 
thickness. 
 

Surface Topography 

Fig. 8 showed the surface topography of niobium 
samples with different instruments. Fig. 8a) was the 
picture of BEP treated samples [9]. Each sample could 
obviously be divided into two parts by eyes. The shining 

parts were treated by BEP, while the other parts of 
samples were the original surface. We could see the 
reflection of the other sample clearly in the shining part 
like in a mirror. Fig. 8b) and c) were the surface 
topographies observed by metallographic optical 
microscope (MOM) respectively corresponding to 
original surface and the BEP treated surface [9] They 
were the images which magnified to 1000 times. It could 
be found that the roughness of surface was greatly 
improved after BEP. In addition, in the process of taking 
pictures of them with MOM, it was nearly hard to focus 
because of the smoothness of the surface sometimes. Fig. 
10d) was a picture scanned by high resolution 3D 
profilometer on the BEP treated sample over a 
200×200μm area at Jefferson Lab. With the RMS 
roughness of 21nm, it was hard to see any heave on it. 
Comparing with the RMS roughness 250nm of traditional 
EP, it was nearly decreased by 10 times. 

 a,b, c) 

d) 
Figure 8: Surface topography of samples by different 
instruments. 

Preliminary Result of BEP on Demountable 
Cavity 

Because of the irregular shape of the SRF cavity, 
current density distribution in the cavity becomes 
complex during the BEP process, especially in the much 
more viscous BEP electrolyte. So, as to make clear the 
different current distribution in different area of the cavity, 
a demountable cavity was fabricated at JLab.  It consisted 
of two half cavities and each of them has a flange at the 
position of equator to make them together, which was 
showed in the Fig. 9. So, it became easily to demount for 
observation the effects in different region after each BEP 
experiment. Moreover, three samples according to the 
different distance to the equator were designed in one of 
the two half cavities. Thus, the difference of the I-V 
characteristic and the BEP effect could be easily 
measured with the help of the three samples. 

At part of coordination between JLab and Peking 
University, the preliminary experiment of the 
demountable cavity was carried on at Peking University. 
Fig. 10 was the picture of demountable cavity after 
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treated by BEP. The right part was the upward cup during 
BEP, which was polished, while the left part was the 
downward cup which only showed the etched surface. We 
thought the difference between the upward and downward 
was brought by the high viscous of BEP electrolyte. 
Under the effect of the gravity, the high viscous film 
which formed in the BEP process in the downward would 
be more the upward part. Together with the voltage it 
occupied, the downward surface cannot get enough 
voltage. That is, this part couldn’t reach the polishing 
region and stayed in the etching region. So it showed 
etched surface. And the further study will be carried out in 
next period. 

 
Figure 9: Picture of demountable cavity. 

 

 
Figure 10: The picture of demountable cavity after BEP. 

CONCLUSION  
In this paper, BEP process was systematically studied. 

Through discussion of effects of parameters on I-V 
characteristic, polishing rate and surface roughness, the 
optimum results were got. The polishing rate could 
repetitively reach around 2.5μm/min, while the surface 
RMS roughness could repetitively get to around 50nm 
which measured in an over 200×200μm area at Jefferson 
Lab. Comparing with conventional EP, the BEP polishing 
rate was over 7 times faster, and the surface RMS 
roughness was decreased more than 5 times. And the 
result of the maximum polishing rate 4.7μm/min and the 
best roughness of 21nm also indicated this technology 
still has potential to improve. All above shows BEP 
technology has a great potential to replace conventional 
EP and become a new generation of technology to treat 
niobium SRF cavities. 
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Abstract 
   The collaborative development of an optimised 

cavity/cryomodule solution for application on ERL 
facilities has now progressed to final assembly and testing 
of the cavity string components and their subsequent 
cryomodule integration. This paper outlines the testing 
and verification processes for the various cryomodule 
sub-components and details the methodology utilised for 
final cavity string integration. The paper also highlights 
the modifications required to integrate this new 
cryomodule into the existing ALICE cryo-plant facility at 
Daresbury Laboratory. 

INTRODUCTION 
Preparations for the assembly of a new 

Superconducting RF (SRF) cryomodule, which has been 
developed for long-term high Qext and CW operation for 
application on Energy Recovery Linac (ERL) 
accelerators, is well underway at Daresbury Laboratory 
[1]. 

Table 1: Cryomodule Design Parameters 

Parameter Value 
Frequency (GHz) 1.3 
Number of Cavities 2 
Number of Cells per Cavity 7 
Cryomodule Length (m) 3.6 
R/Q (Ω) 762 
Eacc (MV/m) > 20 
Epk/Eacc 2.23 
Hpk/Eacc (Oe/MV/m) 46.9 
Cryomodule Energy Gain (MeV) > 32 
Qo >1 x 1010 
Qext 4 x 106 - 108 
Maximum Beam Current 100 mA 
Max. Cavity Forward Power (kW) 25 SW 

 
To date, the international partners who have 

participated in this collaborative development (Cornell 
and Stanford Universities, Daresbury Laboratory, DESY, 
FZD-Rossendorf, Lawrence Berkeley Laboratory, and 

more latterly TRIUMF) have identified appropriate sub-
system solutions to achieve the fundamental requirements 
for this new cryomodule, which have been reported 
previously elsewhere [2]. Table 1 highlights the primary 
cryomodule design parameters, which will be installed on 
the ALICE ERL accelerator at Daresbury Laboratory and 
validated with beam in 2010. 

CAVITY DESIGN AND FABRICATION 

 
Figure 1: 7-cell cavity after final electron-beam welding. 

Two seven-cell niobium cavities have been fabricated 
(Figure 1). The section from the first to the last equator 
was cut from two seven-cell superstructure cavities 
provided by DESY [3]. The outer half-cells and 
associated beam pipes (end groups) are of a new design 
developed by LBNL, Daresbury and Cornell. Their 
geometries were optimized to facilitate the propagation of 
higher order mode power to ferrite-lined beam-pipe loads. 
Figure 2 shows a schematic of the end cell geometries and 
integrated cavity string assembly.   

 
Figure 2:  ERL Cavity String Assembly 

 After fabrication, the cavities have been tuned for field 
flatness of the π-mode. As the gradient will be 20 MV/m 
or less in operation, only BCP treatment is used for the 
final stage of cavity preparation. So far, one of the two 
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cavities was tested twice in a vertical cryostat (see Figure 
3). The first test was performed after light BCP (10 to 15 
microns of surface material removal) and HPR. A low 
field Q of the π-mode was measured to be 2.2 × 109 at 
1.8 K. In this test we were not able to couple to all modes 
of the fundamental pass-band, hence we could not 
localize the cells responsible for the low Q. Also, the 
coupling was too weak to perform reliable RF field 
calibration and Q vs E measurement. After an additional 
light BCP (about 20 microns) and HPR, the cavity was re-
tested. Again, a low Q (1.5 × 109 at 2 K) was measured 
for the π-mode. This time however, we were able to 
measure low field Q‘s of all seven fundamental pass-band 
modes. These measurements indicate that excessive losses 
in the end cell(s) are responsible for the low quality factor 
of modes with high fields in those regions. The π/7 mode, 
which has very low fields in the end cells, has a rather 
decent Q of 1.1 × 1010.  

The second cavity is in the final stage of preparation for 
a vertical test. The results of which, along with close 
examination of the first cavity’s end groups will guide 
further decisions for repeated tests. 

 

 
Figure 3: First Cavity Prepared for Vertical Test 

All flange designs have been changed to knife-edge 
conflat interconnections, with brazing to Nb beam tubes 
similar to that used for the Cornell Injector cryomodule 
[3]. The Ti-helium vessel and gas return pipe designs are 
modified to conform to the FZD Rossendorf cryomodule 
discussed below. The blade tuner used for the TTF 
superstructure test was changed to a modified Saclay II 

tuner design so that it would fit in the chosen cryomodule 
envelope. The input couplers and HOM loads have been 
chosen to be identical to the ones used in the Cornell 
Injector module [4]. The design of the cavity string is 
carefully laid out to fit inside the module.   

TUNER DEVELOPMENT 

uprights

Cross pieces

cams

Motor/gearbox

Piezo cartridgeuprights

Cross pieces

cams

Motor/gearbox

Piezo cartridge

 
Figure 4: Adaptation of the Saclay II Tuner to the 7-cell 
Cavity. 

After examining different tuner alternatives it was 
decided to adopt a design based on the Saclay II tuner 
which was developed as part of the CARE project by 
CEA Saclay (see Figure 4) [5]. This design was chosen 
due to its compact size, its adaptability to the large beam 
pipe diameter of the 7-cell cavity and the promising test 
results observed when utilised to compensate for Lorenz 
force and microphonics detuning on a 9-cell cavity on 
CryHoLab at Saclay [6] and on HoBiCaT at BESSY [7].  
 

 
Figure 5:  Modified Saclay-II Tuner Assembly 

The Saclay II tuner design must fit over the larger 
diameter beam tube (106 mm) of the 7-cell cavity (see 
Figure 5). The piezo cartridge design of the tuner is being 
modified to allow the piezos to be pre-compressed 
without relying on the forces generated through tuning of 
the cavity string. Furthermore, we are replacing the low 
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voltage piezo stack with a high voltage stack to achieve a 
higher degree of stiffness. 

INPUT COUPLER PREPARATIONS 
The chosen solution for a suitable input coupler, 

capable of delivering 20 kW CW in standing wave, whilst 
also providing adjustability in terms of its Qext setting, is 
the Cornell ERL injector coupler (see Figure 6) [8]. CPI 
have successfully fabricated a number of these couplers 
and the power handling capability has been proven up to 
50 kW CW in travelling wave.  

 

Original

Modified
80K Intercept 

removed

2K
5K

80K 300K

Cold section 
shortened by 

15mm

Original

Modified
80K Intercept 

removed

2K
5K

80K 300K

Cold section 
shortened by 

15mm  
Figure 6: Original and Modified Cornell ERL Injector 
Coupler 

To allow for the insertion of the cold part of the coupler 
and the modified cavity string into the cryomodule, its 
total length has been shortened by removal of the 
secondary 80 K thermal intercept which was 
fundamentally required for 50 kW operation. This enables 
the cavity string to be inserted into the cryomodule 
without interfering with the cryomodule vessel. The 
modified coupler heat loads due to these modifications 
are shown in Table 2. 

Table 2: Modified Cornell Coupler Heat Loads 

Parameter Original Modified 
Max Power (kW) 50 TW 20 SW 
Antenna Stroke (mm) >15 <15 
Heat Leak to 2K (W) 0.23 0.13 
Heat Leak to 5K (W) 1.7 2.5 
Heat Leak to 80K (W) 43 34 

 
Prior to assembly of the couplers into the cavity string, 

they must be rigorously cleaned and inspected, before 
being baked and high power RF processed. Both couplers 
have been assembled onto their respective cold and  warm 
baking stations (see Figure 7 a) and b)) and baked at 150 
C for 24 hours. 

 
Figure 7: a) Cold and b) Warm Coupler Bake Assemblies 
at Daresbury 

The couplers have now been assembled in a back-to-
back configuration, onto a high power coupling box to 
allow for high power conditioning (see Figure 8).  
 

 
Figure 8: Input Coupler RF Conditioning Assembly 

RF power will be limited to ~10 kW CW during 
conditioning, as gaseous helium (GHe) cooling will not 
be available. Pulsed conditioning will then be performed 
up to the 30 kW limit of the IOT test stand at Daresbury 
(see Figure 9). 
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Figure 9:  High Power Couplers Assembled on IOT Test 
Stand 

CRYOMODULE ASSEMBLY PROCESS 
Wherever possible, existing assembly procedures and 

tooling fixtures have been employed from the original 
ALICE cryomodule, fabricated by ACCEL GmbH (now 
Reaserch Instruments GmbH) under license from FZD 
Rossendorf [9]. All of the major internal cryomodule 
components have however been modified including; 
cavities, input couplers, tuners, HOM absorbers, magnetic 
shields and cryogenic cooling circuits.  

 

 
Figure 10: Cavity String Assembly into Outer 
Cryomodule 

By utilisation of a cantilevered rail system, the sealed 
cavity string assembly can be rolled into the outer 
cryomodule vessel (see Figure 10). Once positioned, the 
cavity string is then locked in place by a single titanium 
locking fixture, which then provides a longitudinal 
constraint on the mechanical component contraction when 
the cryomodule is cooled to cryogenic temperatures (see 
Figure 11). In this way, the contraction occurs from both 
ends of the cryomodule towards this central, locked 
position. This ensures that the input couplers (which are 
positioned very close to the central locked reference 
position) do not get exposed to excessive lateral stresses 
during cool-down. 

The cryomodule incorporates three layers of magnetic 
shielding in order to try and maximise the achievable Qo 
and thereby minimise the cavity dynamic heat load; two 
mu-metal magnetic shields are attached to the outer  80 K 
skeleton and a third cryoperm magnetic shield covers 
each cavity helium vessel. 

 
Figure 11:  Central Cavity String Locking Position 

ALICE CRYOPLANT MODIFICATIONS 
Presently on ALICE, the cryomodule 80 K skeleton is 

cooled using liquid nitrogen (LN2), however for this new 
cryomodule GHe will be used, which will have the 
anticipated benefit of reducing turbulent pressure 
fluctuations, leading to a lower cryomodule microphonics 
sensitivity. In addition, both the input couplers and all 
three beam-pipe HOM absorbers have 5 K cooling 
intercepts, which the existing ALICE cryogenics system 
does not currently provide (see Figure 12). 
 

 
Figure 12: ALICE Cryoplant Modifications 

A secondary heat exchanger system (designated 
COOL-IT; COOLing to Intermediate Temperatures) [10] 
has therefore been developed which taps off available 300 
K, high pressure GHe from the main compressor, plus an 
additional LHe feed from the 4 K reservoir dewar. The 
high pressure GHe circuits at 80 K and 5 K are then 
generated via the heat exchanger box, which will be 
located close to the ALICE ERL cryomodule as shown in 
Figure 13. 
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Figure 13: COOL-IT System Installation on ALICE 

The COOL-IT heat exchanger system is currently being 
fabricated by AS Scientific in the UK and first acceptance 
tests have been completed to ensure vacuum integrity of 
all components (see Figure 14). Final stability checks are 
underway to prepare for delivery at Daresbury by end 
October 2009. 
 

 
Figure 14:  COOL-IT Heat Exchanger at AS Scientific 

SUMMARY AND OUTLOOK 
The vast majority of the cryomodule hardware is now 

either available or under fabrication. We anticipate having 

both couplers RF conditioned and cavities available at 
Daresbury over the next few weeks. All tooling and 
fixtures required for the cryomodule assembly are 
complete and cleanroom assembly of the cavity string is 
expected to start later this year. The COOL-IT system 
will be installed on ALICE in late 2009 in readiness for 
connection to the new cryomodule when installed by 
summer 2010. 
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MULTIPARTICLE BEAM DYNAMICS SIMULATIONS FOR THE
ESS-BILBAO SUPERCONDUCTING PROTON ACCELERATOR∗

I. Bustinduy†, ESS-Bilbao, Spain
J. Lucas, Elytt Energy, Madrid, Spain

F.J. Bermejo, V. Etxebarria, UPV/EHU, Leioa, Spain

Abstract

The paper reports on the first multi-particle simulations
for the proton linear accelerator as proposed by the Eu-
ropean Spallation Source-Bilbao. The new machine con-
cept which complies with recommendations made at the
ess-bilbao Worksop on “MW-Spallation Sources: Current
Challenges and Future Prospects” held at Bilbao on March
16-18, 2009 profits from advances registered within the
field of high power accelerators during the last decade. The
design of such a new accelerator layout heavily relies upon
the use of low-to-medium β superconducting spoke res-
onators and a high-β elliptical cavity section, both of which
are already under development.

INTRODUCTION

The present contribution describes first multi-particle
simulations on a revised layout for the proton linear ac-
celerator proposed as a driver for the European Neutron
Spallation Source (ess). A recent workshop held at Bil-
bao (Spain)[1] has resulted in a thorough revision of the
machine concept as described in the esfri fiche[2] and has
arrived to an agreement between machine scientists and the
final users of neutron beam lines[3] concerning the general
linac parameters which are summarised in Table 1. The
full reports and recommendations from the various work-
ing groups are also available at the source just referred to.

Compared to previous specifications (5 MW|1.4 GeV|
150 mA|16.7 Hz), the current parameter set proposes a
stepwise increment of the proton current starting at 70 mA
which has been decreased from the original proposal of
150 mA in order to simplify the linac design as well as
to increase its reliability enabling the use of larger acceler-
ation gradients. Apart from that, the final energy has been
increased up to 2.2 GeV, keeping the footprint of the accel-
erator the same, the pulse length has been decreased down
to a maximum of 1.5 milliseconds to ease the demands on
beam physics as well as due to requirements from the neu-
tron community, and the repetition rate has been increased
to 20 Hz. The later modification enables to keep the av-
erage pulse current low and also serves to avoid possible
problems related to operation at 1/3 of the grid power fre-
quency. Finally, and for the users point of view, the pulse
and repetition rate also suffice all their requirements.

High proton current at low energy is deemed to be one of
the most severe bottlenecks limiting the transport of a use-
∗ Work supported by ess-bilbao
† ibonbustinduy@essbilbao.com

Table 1: General linac Parameters

Parameter Value

Ion Species H+

Beam Power 5 MW
Repetition Rate 20 Hz
Beam Pulse Length 1.5 ms
Beam Energy 2.2 GeV
RF Frequency(Front end /High energy) 352.2 MHz /

704.4 MHz
Maximum peak power per cavity 1.2 MW
Cavity Gradient(@β=1) 15 MV/m
Average pulse current 75 mA – 100 mA
Warm-cold transition energy 40 – 50 MeV

ful beam into a radio-frequency quadrupole. The quote of
75 mA is taken as a first working limit within which space
charge forces within the beam can be handled by means of
well tested procedures.

The tentative linac parameters given above are consistent
with srf technology available today or that is expected to be
in a 2 to 3 year period. No fundamental issue was identified
even if there is still a large amount of work that remains to
be done toward the engineering of various components.

The design of such a new accelerator layout will be crit-
ically dependent upon the development and/or adaptation
of low β superconducting cavities already developed for
some ongoing projects into those adequate for pulsed op-
eration and high duty cycle. The current paper elaborates
on concepts previously discussed[4, 5]. We here present
the first multi-particle linac simulations that fulfil the rec-
ommended parameters during the mentioned workshop[1].
This new machine concept aims to incorporate advances
which have been registered within the field of high power
accelerators during the last decade, and particular syner-
gies have become evident concerning efforts being carried
out to provide a higher brightness injector for lhc at cern
within the linac4/spl project.

BEAM DYNAMICS

Our current design profits from the considerable
progress in the development of superconducting (sc) cav-
ities for both low-to-medium and high β regimes—already
in development towards ifmif, eurisol, eurotrans and spi-
ral2 projects. ess-b current design considers a transition
into a sc section composed by low βg = 0.35 double-spoke
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Figure 1: Voltage gain per meter along the sc Section:
dsr (βg = 0.35), tsr (βg = 0.59) and ell (βg = 0.87).

cavities (dsr) after reaching an acceleration within the nor-
mal conducting linac of 50 MeV, followed by a set of triple-
spoke cavities (tsr) with βg = 0.59 which have and incom-
ing beam of 150 MeV. After that a βg = 0.87 elliptical cav-
ity (ell) section will accelerate the beam between 450 MeV
and 2.2 GeV. Figure 1 shows the energy gain per length unit
for such an arrangement. For more details, please follow
our previous work [5].

The first multiple-particle beam dynamics for the ess-
b linac has been studied (see Figures 2 and 3) using the
tracewin code developed at cea Saclay [6]. For doing so,
a smoothed linac4 rfq layout version and its correspondent
initial particle distribution have been used. This initial dis-
tribution has been slightly modified moving from the nom-
inal 64 mA to 75 mA as average pulse current in order to
fulfil the requirements. The H+ beam transport has been
simulated from the exit of the rfq to the end of the ell cav-
ity section. All the cavities have been simulated both with
one gap approximation and with their computed em field
maps. On the other hand, the implicated quadrupoles have
been characterised by their gradient/length instead of using
the more refined multipole field map. From the simulation
results based on these assumptions (illustrated on Figures
2 and 3), it can be reasonably deduced that the beam can
be transported and accelerated to the required parameters
using the proposed accelerator design.

CONCLUSIONS & FUTURE WORK

Once first ess multi-particle simulations have been pre-
sented, it is necessary to refine the presented design in order
to avoid parametric resonances, as well as to make sure that
the phase advance per meter is sufficiently smooth, in or-
der to ensure we can safety host future upgrades to handle
∼100 mA beams (silhi[7] proton source has already been
proven to be reliable for such a purpose).

Figure 2: Multiple-particle simulation for the proposed
linac design.

Figure 3: Proton beam at rfq entrance (LEFT), and ell exit
(RIGHT) in the phase spaces.
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Abstract

The Superconducting Proton Linac (SPL) at CERN is
part of the planned injector upgrade of the LHC. Initially
used at low duty cycle as LHC injector it has the potential
to be upgraded as a high power proton driver for neutrino
physics and/or radioactive ion beams.

In this paper the influence of the beam parameters on the
build-up of Higher Order Mode (HOM) voltages is studied
together with their interaction on the beam. For this pur-
pose we use bunch tracking simulations in the longitudi-
nal and transverse plane in order to define Beam Break-Up
(BBU) limits. These simulations take into account chang-
ing values for the HOM frequency spread and are carried
out using various distances between the HOM frequencies
and the main machine lines.

INTRODUCTION

The High-Power version of the SPL (HP-SPL) [1], [2] is
planned as a 4 MW superconducting linac in pulsed oper-
ation. Two families (βd = 0.65 and βd = 1.0) of 5 cell
superconducting elliptical π-mode cavities, in total around
246 (54/192), operating at 704.4 MHz will be used to accel-
erate H− from 160 MeV up to 5 GeV. A maximum pulse
length of 1.2 ms is foreseen with an average current up to
40 mA and a repetition rate of 50 Hz.

Reliability of the linac is one of the major design crite-
ria and instabilities caused by HOMs at high beam current
are one of the present concerns. Therefore the damping
requirements in terms of Qex have to be studied carefully
in order to provide a high brilliance beam with minimum
down time due to quenches in later operation.

In [3] we introduced a code for the analysis of longitu-
dinal beam dynamics in the presence of HOM monopoles.
This paper will describe the extension of the code to the
transverse plane. The focus is set on dipole modes and their
beam interaction.

A point-like bunch of charge q, passing the cavity off-
axis with distance x, induces a purely imaginary transverse
voltage

ΔV⊥ = ixq
ω2

c
(R/Q)⊥(β) (1)

where ω is the mode frequency, (R/Q)⊥(β) the effective
R/Q value of this mode at the beam velocity βc. Accord-
ing to the Panofski-Wenzel theorem a complex voltage V⊥
yields a transverse momentum kick

Δpx = q
�(V⊥)

c
(2)

which gives rise to a transverse velocity change (for small
angles) of

Δx′ = Δpx/p‖ = q
�(V⊥)

cp‖
(3)

where p‖ is the longitudinal momentum and �(V⊥) the real
part of the HOM voltage. There is no direct interaction be-
tween the voltage induced by a bunch and the bunch itself
since there is a phase difference of 90◦ between them. If a
pulse with several bunches passes a cavity, one has to sum
up the induced voltage taking into account their phase re-
lationship and their exponential decay with a time constant
of Td = 2Qex

ωn
. The transverse focusing is assumed to be

smooth and is applied in the inter cavity drift space using
2 × 2 transfer matrices.

We compare the phase space areas at the end of the linac
created by all bunches in a pulse to measure the impact of
HOMs. The effective emittance ε is defined as

ε = π
√
〈x2〉〈x′2〉 − 〈xx′〉2 (4)

and the emittance growth rate is then defined as the ef-
fective emittance ratio of (HOM-) disturbed bunches over
undisturbed bunches. A bunch is defined as lost, if the
transverse displacement is larger than the cavity iris.

SIMULATION PARAMETER

In all transverse beam dynamics simulations presented
in this paper the following basic assumptions and simplifi-
cations are made:

• no alignment errors in the focusing elements;

• all cavities have zero transverse displacement;

• the beam is injected on axis with a normal distributed
spread in position (σx = 0.3 mm) and transverse mo-
mentum (σx′ = 0.3 mrad);

• one dipole mode per cavity;

• longitudinally matched beam, no HOM monopoles;

• all errors are Gaussian distributed.

All simulations are done with synchronous bunches in
the longitudinal plane. The HOM is excited by the beam
input noise (bunch charge jitter, input position and mo-
mentum spread). The variation of these parameters have
a strong influence on building critical HOM voltages and
where redefined at a recent SPL HOM workshop [6]. The
important figures of each HOM are its frequency, the cavity
to cavity HOM frequency spread, and the R/Q⊥(β) map.
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Simulation Input Parameter Review

One of the SPL HOM workshop goals was a critical re-
view of the simulation input parameters. It became clear
that the assumed input parameters were too pessimistic, es-
pecially the HOM frequency scatter and the bunch charge
jitter. In case of the HOM frequency scatter measure-
ments from SNS, TESLA and JLAB are summarized in
Table 1. Based on these data the HOM frequency scatter
in SPL cavities is now estimated at σ = 1 MHz instead of
σ = 0.1 MHz.

Table1: HOM Frequency Scatter of Different Cavities and
their Operation Frequency

Cavity fop[MHz] σ(fHOM )[MHz]

SNS 805 1 - 4
TESLA (DESY) 1300 1 - 10
CEBAF (JLAB) 1497 0.3- 30

Measurements at SNS [7] show a bunch charge fluctu-
ation of σ = 0.3%. The results of these measurements
lead to the conclusion that a bunch charge jitter of 1% -
3% is a more realistic input parameter than 10% previ-
ously assumed. Also a β-dependent R/Q instead of a con-
stant value should be used in order to avoid an overesti-
mation. Besides the simulation input parameters several
effects were identified which might cause problems and
have to be investigated. One of these is the influence of
a chopped beam which is studied in this contribution to-
gether with the β-dependent R/Q⊥.

Table 2: Revised Simulation Input Parameters - Old Values
in Brackets.

Parameter Value σ

Ibeam [A] 0.04-0.4 3% (10%)

fHOM [MHz] 1015 / 915 1.0 (0.1)
R/Q⊥ [Ω] R/Q⊥(β) (60/70) -

Emittance Blow-up

The modified input parameters had a major effect on
the beam dynamic simulation. All results presented in [3]
and [6] showed a dramatic emittance growth rate. There
the emittance increased by a factor 100 in some setups
and even beam losses were observed. Applying the re-
vised input parameters (see Tab. 2), but still using con-
stant R/Q values, the longitudinal (Fig. 1) and transverse
(Fig. 2) emittance growth rate shrinks to a moderate level.
In Fig 1 and 2 the general behaviour does not change com-
pared to the previous results, only the amplitude. Taking
also the change of R/Q with β into account the emittance
shrinks further, but only by a small amount.

Figure 1: Longitudinal emittance growth rate of the beam
against Qex with revised input parameters and const. R/Q.

Figure 2: Transverse emittance growth rate of the beam
against Qex with revised input parameters and const.
R/Q⊥.

R/Q⊥(β) Analysis

One of the cavity parameters needed in the simulation
is the R/Q⊥ value for each dipole mode in each cavity.
Since the particle velocity changes significantly along the
linac (in total from β = 0.52 to β = 0.98) also the effective
R/Q⊥(β) changes and is given by

R/Q⊥(β) =

∫ L

0
Ez(ρ = r)eiωnzc/βdz

(rωn/c)2ωnUn
[Ω] (5)

where L is the cavity length, U the stored energy of the
mode with an angular frequency ωn, and the field is inte-
grated parallel to the beam axis with distance r using the
average particle velocity in each cavity. The result is nor-
malized to the unit linac Ohm, which is needed in the sim-
ulation code.

In Figure 3 and 4 the typical change of R/Q⊥ with β
is shown for two modes in each section. The analysis is
done for all relevant dipole modes in the preliminary cav-
ity geometry up to 3 GHz and the results show variations
per mode by more than four orders of magnitude. The
R/Q⊥ values of the modes at the design β of the cavities
are plotted with dashed lines. Figure 3 and 4 show that the
β dependence of R/Q⊥ must be included for realistic sim-
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ulations. In Table 3 the dipole modes with highest R/Q⊥
values are listed for both cavities.

Figure 3: R/Q⊥(β) of two dipole modes along the
medium β section. The dashed lines are the R/Q⊥ value
at the design β of the cavity.

Figure 4: R/Q⊥(β) of two dipole modes along the high β
section. The dashed lines are the R/Q value at the design
β of the cavity.

Table 3: R/Q⊥
704 MHz βd = 0. 65 and βd = 1. 0

No βd f [MHz] R/Q⊥ [Ω] †

βd max. avg.

1 0.65 1015 2 143 49
2 0.65 1020 39 107 60
3 0.65 1027 55 57 19
4 0.65 1033 11 30 12
5 0.65 1270 26 34 10
6 1.0 915 35 57 48
7 1.0 940 67 60 44
8 1.0 1014 37 36 27
9 1.0 1020 12 25 20

10 1.0 1409 24 20 12
† linac definition

TRANSVERSE SIMULATIONS

In this section the effect of different HOM frequencies
and R/Q⊥(β) maps are studied. All simulations are done

with the revised input parameters and a beam current of
400 mA (10 times nominal). Qex sweeps from 104 up
to 108. In order to neglect the influence of the HOM
frequency distribution along the linac a so-called default
HOM frequency pattern is defined1. This will be used in all
simulations. The same is done for the input bunch pattern,
where the bunch to bunch charge, position and momentum
distribution is fixed. Both together are used as default pat-
tern set in all simulations.

Five different HOM setups are used for the study:

1. In each cavity the mode with the highest R/Q⊥(β)
value at this beam β is used (35Ω < R/Q⊥ < 150Ω).

2. In both sections the mode sits at the 3rd fundamen-
tal machine line (1056.60 MHz), R/Q⊥(β) maps of
mode 2 and 6 (see. Tab. 3) are used.

3. Mode 2 and 6 (see. Tab. 3) are used.

4. Mode 5 and 10 (see. Tab. 3) are used.

5. In both sections the mode sits at the 8th funda-
mental machine line (2817.60MHz), R/Q⊥(β) maps
of modes in this frequency area with the highest
R/Q⊥,avg ∼ 0.2Ω are used.

Figure 5: Transverse emittance growth rate of the beam
against Qex with different dipole mode setups.

Results of all setups are plotted together in Figure 5.
From the graph we can see that the first setup has the
strongest influence at the beam. In this case not all cavities
have the same mean HOM frequency, but very high R/Q⊥
values. The emittance growth rate decreases at around
Qex = 2 · 107 which is a behaviour of the used HOM fre-
quency pattern. Repeating the simulations with different
patterns a ”less spiky” emittance growth is observed. If a
HOM falls on a machine line, it has a significant influence,
which we can clearly see in setup 2 compared with 3. With
decreasing R/Q⊥ the emittance growth decreases rapidly
which is illustrated in cases 4 and 5. Increasing the HOM
frequency and sitting directly on a machine line has no sig-
nificant effect, because at the same time R/Q⊥ decreases

1The seeds for all random number generators are kept constant and all
generators are reset at each simulation step.

Values of Dipole Modes in
Cavity
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(more than quadratic) and therefore also the induced volt-
age per bunch.

To ensure that the used default beam and HOM fre-
quency pattern is not just an exotic one, chosen by acci-
dent, we did statistical simulations with different patterns.
Therefore HOM setup 2 with a Qex = 107 and a beam
current of 400 mA was chosen. Three different runs were
performed where the following was varied:

a) HOM frequency pattern

b) beam pattern

c) a) + b)

The results are illustrated in Figure 6, where also the output
distribution of b) without HOM interaction is plotted (left
peak). All curves show a Gaussian distribution and no sig-
nificant differences were found between the three runs. The
emittance growth value of the default set is inside the one
σ area of two out of the three runs. This leads to the con-
clusion that the chosen HOM frequency pattern and beam
pattern can be used as a representative input set.

Figure 6: Histogram of the transverse emittance growth
rate distribution at Qex = 107 for 1000 setups: a) green, b)
blue, c) red. The beam pattern distribution without HOMs
is also plotted (left).

In Figure 7 the average (black) and maximum (red)
HOM voltage after two pulses is shown. The same param-
eters are used as in the statistical setup (solid lines). In
average an oscillation was observed along the linac. In ad-
dition the same simulation was done using a different set
of dipole modes (dashed lines - mode 5 and 10 from Tab. 3,
plotted in Fig. 3,4). The deep drops in the HOM voltage
matches perfectly with the drops in the R/Q⊥(β) map.

INFLUENCE OF CHOPPING

For the HP-SPL several chopping scenarios are under
discussion. The additional chopping time structure in-
troduces new machine lines beside the existing ones at
352.2 MHz and 50 Hz. These frequencies are difficult to

Figure 7: Observed average (black) and maximum (red)
HOM voltage distribution along the linac from 1000 differ-
ent HOM frequency pattern for HOM setup 2 (solid) and 5
(dashed).

anticipate during the cavity design phase, since they de-
pend on the chopping schemes chosen for future applica-
tions. However, the general influence of chopping on the
HOM build-up and the beam has to be studied and under-
stood in order to identify potential bottle necks early in the
design phase.

A case study approach with three different chopping
modes (2-4) listed in Table 4 was chosen to allow a general
estimation of this effect. The first mode is the unchopped
beam, which is used as reference for the remaining anal-
ysis. In the second mode 3 bunches out of 8 are chopped.
This ratio stays constant, but the number of bunches is mul-
tiplied by 10 to 100 for mode 3 and 4. The charge per pulse
stays the same as for the unchopped pulse raising the peak
current by a factor of 8/5. For this analysis the R/Q⊥(β)
maps of modes 2 and 6 (see Tab. 3) are chosen. The fre-
quency of these modes (1020 MHz/915 MHz) is used in the
initial setup and then in the second setup (ML) shifted to a
machine line created by the chopping (see. Tab. 4). Then in
both sections the same HOM frequency is applied to have a
worst case excitation. An average beam current of 400 mA
is used in all simulations which is 10 times the nominal
one. All other simulation parameters stay the same which
means a HOM frequency spread of 1 MHz, a charge jitter
of 3% and the nominal beam input phase space distribution
are used. In total 100 linacs were simulated using always
the same beam pattern.

The results are illustrated in Figure 8, where the average
emittance growth rate is plotted against Qex. In chopping
mode 3 also the standard deviation is indicated by error
bars. It is apparent from this plot that chopping increases
the emittance in comparison to the nominal case. There is
only a minor difference between the three chopping modes
and they all stay inside a ±σ area. This leads to the conclu-
sion that the peak current is one of the important figures in
this effect. Chopping increases the emittance by about the
same factor than shifting the HOM frequency to a machine
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Table 4: Different Chopping Modes and Used Resonance

Mode chopping fML [MHz]

1 no chopping 1056.60
2 5/8 1012.58
3 50/80 1016.98
4 500/800 1018.30

line in the reference setup. If the HOM then falls on a ma-
chine line created by the chopping an additional emittance
growth is observed. Again, there is no significant differ-
ence between the applied chopping modes. Looking at the
Qex dependency the same general behaviour as in the ref-
erence setup is observed. For transverse effects including
chopping Qex should not exceed 107.

Figure 8: Average transverse emittance growth rate of the
beam in 100 linacs against Qex for the 4 different chopping
modes listed in Tab. 4 with ten times the nominal beam cur-
rent - mode 3 also error bars (σ) plotted. The solid lines
correspond to a resonance excitation and the dashed ones
are off resonance.

An analytic study of power dissipation in HOMs with a
sub-structured pulsed beam was reported in [4]. Applying
the SPL parameters to these formulae leads to the result
that chopping is no major concern as long as Qex does not
exceed 107.

CODE BENCHMARK

At the SPL HOM Workshop [6] several quite different
simulation results produced with different codes were pre-
sented. Since most of the codes are based on [5] there
should be no deviation between these. In order to classify
the different results, the codes were benchmarked against
each other. A dedicated test scenario was defined and the
output of the codes provided by [9], [10] was compared
bunch by bunch against our code and [5]. It could be con-
firmed that all codes produce the same output within the

numerical resolution. Details presently under further in-
vestigation are to be published.

CONCLUSION & OUTLOOK

One of the significant findings to emerge from this study
is that the review of the simulation input parameter led to
significant change in the simulated emittance growth. It
has been pointed out that chopping causes an additional
transverse emittance growth, however it was found to be
within tolerable limits.

In this investigation, the aim was to define upper limits
for the damping requirements. Even when using ten times
the design current simulation results in the transverse plane
showed that a Qex of 106 - 107 is acceptable.

Future studies will concentrate on analysing the effects
of chopping on the longitudinal plane and of alignment er-
rors in both planes.
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BEAM BREAKUP INSTABILITY SUPPRESSION IN MULTI CELL SRF 
GUNS 

V. Volkov#, BINP, Novosibirsk, Russia,  

J. Knobloch, A. Matveenko, Helmholtz-Zentrum Berlin, Germany

Abstract 
Beam breakup (BBU) instability analysis in 

superconducting multi cell cavities [1] is extended to FZD 
like RF guns. Also, the BBU instability was studied 
numerically on the basis of the dipole HOM analysis and 
transverse beam dynamics. An effective way to suppress 
the BBU instability using TE mode RF focusing is 
presented and proved to be technically feasible. In that 
way, multi cell SC cavities in powerful RF guns with 
stable high currents are found to be realistic. 

INTRODUCTION 
The BBU instability in linear accelerators and multi-

cell cavities develops when the beam interacts with cavity 
dipole HOMs. This effect becomes particularly significant 
at low particle energies [1]. The existing dipole HOM 
coupling impedance theory [2] with a thin cavity model 
cannot correctly predict the BBU threshold current in 
multi cell cavities and only gives a rough description of 
this effect in ERL accelerators. In the article we try to 
analyse the actual beam-dipole HOM interaction in the 
case of a FZD like multi cell RF gun cavity. 

DERIVATION OF BBU INSTABILITY 
FEATURES 

In further computations we treat the beam as a series of 
point like bunches periodically appearing in the cavity. 
The beam current is a series of delta functions with 
infinite amplitudes and defined charges. Such a current is 
the sum of an infinite number of Fourier harmonics with 
equal amplitudes of twice the average current (Ii=2I). 
Since we operate with the average current, we must use 
the formulas for DC current and use double harmonic 
impedances (R=2Ri) to keep the voltage and power 
unchanged, i.e. Ui=IiRi=2IR/2=IR=U, Pi=Ui

2/2Ri=U2/R= 
=P. 

Brief Review of the Classical Theory of 
Coupling Impedances 

The main approximation of the coupling impedance 
theory is visualised in Figure 1. It is for a straight line 
bunch trajectory having a Y offset inside the cavity (thin 
cavity approximation). At the cavity exit the bunch 
receives a kick in transversal and longitudinal directions 
characterized by transversal momentum (ΔPc) and 
longitudinal (ΔU) energy changes that depend on RF 
phase of the dipole HOM (φ): 

( )ϕcos⋅=Δ IIUU                       (1) 

( )ϕsin⋅=Δ ⊥cPPc                     (2) 

 

1653 MHz

STRAIGHT LINE TRAJECTORY,  V=C

Y
ΔPc=P c sin(φ)

ΔU=U  cos(φ)

"Transversal" Energy

T

"Longitudinal" Energy

ΙΙ

Figure 1: The demonstration of classical theory of 
coupling impedances on a FZD like RF gun cavity. 

The stored energy of the dipole HOM RF field (J) is 
proportional to field amplitude squared J∞B2, and the 
energy change is proportional to the particle offset and the 
field amplitude UII∞Y·J1/2. 

The excitation of the dipole HOM by the beam current 
(I) is characterized by longitudinal (RII) and transversal 
(R┴) coupling impedances. Due to the energy 
conservation, the energy change of the mode is the same 
as energy change of the beam: 

IIII RIU ⋅=                                (3) 

⊥⊥ ⋅= RIcP                               (4) 

These impedances are calculated numerically using the 
energy conservation law. The excited RF power is equal 
to the power dissipated in the cavity wall: 

QJRU IIII ω=2                         (5) 

( ) QJRcP ω=⊥⊥
2

,                    (6) 

where Q is the quality factor of the dipole HOM, ω is its 
circular resonance frequency. From these equations the 
impedances are calculated numerically by integrating the 
dipole mode field along the straight line to find the energy 
change: 

JUQR IIII ω2=          (7) 

( ) JcPQR ω2
⊥⊥ =      (8) 

These impedances are coupled by the Panofsky-Wenzel 
theorem 

( ) YcRUcPRR IIIIII ω=⋅= ⊥⊥
2

         (9) 

It should be noted, that these impedances are calculated 
at constant trajectory offset and expressed in Ohms. In 
practice (for Fourier beam current harmonics) offset 
independent impedances are usually used, RII/2Y2 
[Ohm/m2] and R┴/2Y [Ohm/m]. ___________________________________________  
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In Figure 2 the equivalent electric circuit of such a 
beam-dipole mode interaction is depicted. 

ω
U1

 
Figure 2: The equivalent electric circuit of classical beam-
dipole mode interactions. 

The Source of BBU Instability in Multi Cell 
Cavities 

The actual bunch trajectory in a cavity is not a straight 
line as shown in Fig.3. Trajectory oscillations are the 
source of BBU instability in a cavity. Due to these 
oscillations, as it is analytically proved in [1], the actual 
energy dependence (1) has three components: 

( ) ( ) ( )Φ+++=Δ ϕϕϕ 2coscos 210 UUUU .  (10) 

Here, the components U0 and U2 are proportional to the 
stored energy J of the dipole HOM and are offset 
independent. The independent component U1 is the same 
as in (1) but the integration should be made along the 
curve given by the focusing field trajectory as it is shown 
in Fig.3 (blue colour), i.e. at zero dipole HOM amplitude. 
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m
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Figure 3: The actual trajectories in the RF gun cavity with 
1653 MHz dipole (Bmax=0.001T), fundamental 1300 MHz 
mode (Eacc=6 MV/m), and focusing TE 3781 MHz 
(Bmax=0.1T) mode. 

The energy change (see Fig.4, table 1) numerically 
calculated according to the algorithm described in [1] fits 
equation (10) with an accuracy of about 1%. All static-
like focusing fields (such as the accelerating mode and 
focusing TE mode fields) do not change the form of 
equation (10) as it is analytically proven in [1]. 

We have to remind, Eq.10 is obtained due to linear 
approximated RF fields near the axis (dipole and all 
focusing fields are linear on Y and r). 
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Figure 4: Numerically calculated voltage components of 
Eq. (10) for dipole 1814 MHz HOM 

Table 1: Numerically calculated voltage components of 
Eq. (10) for Eacc=25 MV/m. B is maximal axis dipole 
field. 

N 
F 

MHz 

U0/B
2
 

V/ 
mT2 

U1/Y/B 

V/mm 
/mT 

U2/B
2

 

V/ 
mT2 

Φ 
degr. 

Acc. 
% 

1 1653 223 11.4 96 -183 1.4 

2 1724 80 218 723 80 1.0 

3 1766 -11 622 249 -17.8 0.9 

4 1814 -209 108 89 126 1.2 

5 1864 390 150 226 47.5 1.3 

6 1873 91.4 26.3 91 -457 1.3 

7 1887 -0.3 146 91 23.3 1.0 

12 2699 182 58.3 112 139 1.3 

20 3159 -23 263 27 -97.5 0.6 

37 4466 -6 543 100 -100 0.9 

89 6709 4 846 3 -87.6 0.3 
 

The equivalent electric circuit is depicted in Fig.5. 
Here, the second resonance oscillating contour has double 
resonance frequency 2ω. A series-oscillating circuit has ω 
resonance frequency. The RC part of the circuit describes 
the interaction with the average beam current component. 

 

ω

2ω

U2

U1

U0

 

Figure 5: The equivalent electric circuit of actual beam-
dipole mode interactions. 
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The threshold current is expressed by  

( )20 UUJQIth +−= ω ,                  (11) 

where -U0 +U2 is the maximum energy loss of a bunch at 
zero trajectory offset or U1=0. These voltages were 
numerically calculated for each dipole HOMs at some 
stored RF energy J. 

It should be noted, that equation (2) for the transversal 
momentum kick remains the same as it’s form is a 
trajectory independent feature. 

Approximately half of all dipole HOMs can be 
unstable. This fact could be explained by different phase 
delays in cavity cells for different HOMs designed in a 
simple thin cavity model [2]. Threshold currents in this 
model will be similar to (11) if we replace (R/Q)d in [2] 
with our definition (R/Q)d =(RII/Q)/(ω/c)2. The threshold 
current becomes: 

)sin()/(

2

rII
th

TmQRqc

p
QI

ω
ω

∗

−=           (12) 

Phase delays ωTr for each HOM are unique and 
approximately half will have a negative sinusoidal 
component. 

Derivation of Coupling Impedance Formulae 
The coupling impedances (7) and (8) may depend on 

the beam current for high currents since the excited dipole 
HOM fields will change the trajectory. 

According to (7), the coupling impedance at low beam 
current will have a component independent of the beam 
current: 

JUQR ω2
11 = .               (13) 

To estimate the coupling impedance at a higher beam 
current we need to formulate 

( )
( )

( )
2

1

20
1

2
210

2

1

min

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +−
+=

++−≤

Δ=

U

UU
QR

JUUU

JUQRII

ω

ωϕ

            (14) 

Since dissipated power must equal the excitation, we 
can conclude 

( )
( )
( )( ) ( )( )201

120

1

min

UUUIIQJ

IUUU

IUQJ

th +−+=
++−≤
Δ−=

ω

ϕω
   (15) 

The combination of (14) and (15) gives 

( )2
1

1 th

II
II

QR
QR

−
≤                      (16) 

 
Since the transversal momentum change in dipole mode 

fields is proportional to the field amplitude B or the 
square root of the stored RF energy J1/2 

( ) 21JAcP ω=⊥ ,                      (17) 

where the constant A is calculated numerically using (17) 
for a given J. 

Replacing P┴c in (17) with (4) and ωJ/Q with I2RII we 
obtain  

( ) 21QRAQR II=⊥                   (18) 

An estimation of the transversal coupling impedance 
with (16) is then 

( )
thII

QRA
QR

−
≤⊥ 1

21
1                 (19) 

SIMULATION RESULTS OF FZD LIKE RF 
GUN CAVITY 

The geometry of FZD like RF gun cavity is shown in 
Fig.1. In table 2 the calculated threshold currents 
multiplied with the quality factors are presented for a 
selected of dipole HOMs. Approximately half of them can 
be unstable. The focusing by TE 3781 MHz mode 
suppresses some of them but there remain dipole modes 
that can not be suppressed. This is due to the absence of 
noticeable focusing by TE field in the last two cells of the 
cavity since the TE 3781 MHz mode has the field 
maximum in the first cell only [3]. 

To avoid this problem a specially shaped RF gun cavity 
design is applied. In this cavity each of the three full cells 
must have equal resonance frequencies for both the 
fundamental and the focusing TE modes. The example of 
such a cavity is depicted in Fig.6 presenting TE focusing 
π-mode with equal amplitudes in each cell. 

Table 2: Threshold currents multiplied with quality 
factors at different focusing strengths B` for the focusing 
3781 MHz mode. Eacc=25 MV/m 

N 
F 

MHz 
IQB`=0.0 

A 
IQB`=0.1 

A 
IQB`=0.2 

A 
IQB`=0.3 

A 
1 1653     

2 1724     

3 1766 1.7e+6    

4 1813 3.2e+4 3.5e+4 4.4e+4 6.7e+4 

5 1864     

6 1873     

7 1887 1.2e+7 1.2e+6 3.4e+5 1.9e+5 

12 2699     

20 3159 5.2e+5 3.5e+5 1.9e+5 1.3e+5 

37 4466 2.5e+6    

89 6709    3.3e+6 
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Figure 6: TE focusing π-mode in the specially shaped 
cavity. TE021 mode magnetic force lines are depicted. 

Table 3 demonstrates the effect of HOM loading with 
the insert described in [4]. There the threshold currents 
become large for untrapped modes. All higher quality 
trapped modes turn out to be stable with the exception of 
4466 MHz that only becomes stable due to TE focusing 
(see table 2). 

In the table 4 the calculated transversal impedances for 
Fourier components of a low beam current (R1/Q/2Y) at 
different focusing TE field strengths are presented. 
CLANS calculated impedances (at B`=0) according to 
classical theory are also shown for comparison. 

Table 3: Threshold Currents at Eacc=25 MV/m with and 
without the Insert 

Without Insert With insert N f 
Ith Qext Ith Qext 

1 1653  6.20e+7  1.95e+5 
2 1723  1.77e+7  1.32e+5 
3 1765 215 7.71e+6 20746 7.97e+4 
4 1814 33.4 9.72e+5 2238 1.45e+4 
5 1864  4.65e+8  1.39e+7 
6 1873  2.06e+8  2.00e+8 
7 1887 417 8.06e+7 18147 1.85e+6 

12 2698  6.73e+8  1.49e+9 
20 3158 663 7.72e+5 138 3.70e+6 
37 4466 0.46 4.61e+9 7.3 2.94e+8 
89 6707  2.83e+4  2.43e+4 

 
 
Table 4: Transversal Impedances for Eacc=25 MV/m 

R1/Q/2Y    [Ω/cm] 
B` [T] N f CLANS 

B`=0 0 0.1 0.2 0.3 
1 1653 0.84 0.98 3.03 2.91 2.73 
2 1723 2.41 7.22 6.12 9.36 9.52 
3 1765 19.4 6.24 6.84 6.75 5.80 
4 1814 3.71 4.22 7.37 12.3 7.68 
5 1864 2.89 2.58 5.17 4.47 9.34 
6 1873 1.00 1.00 0.88 1.87 3.61 
7 1887 0.57 0.88 0.82 1.68 1.04 

12 2698 2.08 1.56 2.44 4.65 4.4 
20 3158 0.51 1.08 1.66 2.29 1.84 
37 4466 0.12 0.04 0.21 0.65 0.81 
89 6707 0.75 0.03 0.03 0.16 0.17 

CONCLUSION 
The analysis of BBU instability in SRF guns reveals the 

unstable dipole HOMs and its associated threshold 
current. The formulae for coupling impedances of dipole 
HOMs depending on the beam current are derived. The 
effect of the threshold current increase for untrapped 
dipole HOMs through coupling with the external load 
insert is shown. Also, the suppressing of BBU instability 
by TE focusing is demonstrated. The possibility of TE 
focusing in all cavity cells is predicted. 

  The authors are thankful to T. Atkinson and other 
colleagues from Helmholtz-Zentrum for interest in this 
work, for his important comments and a lot of number 
corrections in this work. 
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DIPOLE HIGH ORDER MODE ANALYSIS IN FZD LIKE SRF GUNS 

V. Volkov#, BINP, Novosibirsk, Russia,  
J. Knobloch, A. Matveenko, Helmholtz-Zentrum Berlin, Germany

Abstract 
Dipole High Order Modes (HOM) in a superconducting 

RF gun (SRF gun) could affect the quality of the electron 
beam and cause instabilities. The characteristics of dipole 
HOMs including trapped HOMs are calculated here for a 
FZD-like SRF gun up to a frequency of 8.0 GHz. 
Dependence of the calculated parameters on the cavity 
longitudinal deformation has been studied. A new concept 
of the HOM damping is proposed that is consistent with 
the electron beam focusing in the cavity with a high-order 
TE mode. 

INTRODUCTION 
Dipole HOMs in RF cavities is important since they 

can be the source of BBU instability. Therefore it is 
important to know the features of dipole HOMs, 
especially trapped ones. 

The frequencies of the trapped HOMs are higher than 
the cutoff frequency of the beam pipe, but they can not 
propagate freely through the pipe to an RF load due to the 
poor coupling with the pipe. This coupling has the same 
nature as the coupling of notch filter modes. The example 
of such a filter is examined here (see Fig.7).   

We have calculated dipole HOM field distributions up 
to 8 GHz for a FZD like 3½ cell RF gun cavity using the 
2D CLANS2 field solver [1]. External loads (see Fig.1, 5, 
6) positioned at the end of the beam pipe are responsible 
for the dipole HOMs damping with external qualities 
Qext. All incident RF power is dissipated in the load 
without reflection.  

HOM transversal coupling impedances (R⊥) were 
calculated (for HOM properties demonstration only) in a 
conventional manner for ultra relativistic particles. The 
actual impedances for RF gun beams are considered in the 
other paper [2] of this conference. 

Tuning length 400 mm
Qext

 

Figure 1: The 3½ cell cavity of FZD like SRF gun. The 
detuning cavity length principle is demonstrated. 

DIPOLE HOM SPECTRUM VS. CAVITY 
LENGTH 

In this section we examine the instability of the 

obtained result during cavity shape detuning with the 
simple mechanical model. SRF gun is equipped with the 
detuning mechanism of the main resonance frequency 
ω0=2π⋅1300 MHz. All other HOM frequencies are also 
detuned. This detuning is due to the changing of the total 
length of the 3½ cell cavity. In the simulations, we model 
the change in the cavity shape by changing the inclination 
of the straight parts of the cavity cells marked by red 
colour in Fig.1. The shapes of other parts remain 
unchanged. 

The bunch repetition frequency is coupled to the 
fundamental frequency therefore it is also detuned. The 
sum of all dipole HOM voltages, calculated as  

( )
⎥
⎦

⎤
⎢
⎣

⎡

Δ⋅⋅−
⋅∑ ⊥

iii

iii
beam Qj

QQR
I

ωω21
Re  

for different repetition frequencies ω0/n, are depicted in 
Fig.3. Here Δωi=ωi-k·ω0/n, and kω0/n is close to ωi.  

Some HOM voltages are changing significantly during 
the cavity detuning. This is due to the resonances 
approached at Δωi ~0.  

This result shows that a HOM can affect the beam 
quality for a given cavity shape (cavity length) and 
repetition frequency. We can avoid these situations by 
switching between different repetition rates as visually 
demonstrated in Fig.3. 

Trapped Dipole HOM Qualities 
The loaded quality factors of some HOMs change 

significantly during the deformation. The external quality 
factors of three trapped dipole HOMs vs. cavity 
deformation is depicted in the Fig. 2. It should be noted, 
that frequency behaviour of all HOMs is close to linear. 

This shows the high sensitivity to the cavity 
deformation of the coupling of some trapped HOMs to the 
external load. As it is shown in Fig. 2, some trapped 
HOMs can have a high Q-factor during cavity 
deformation and invoke BBU instability. 
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Figure 2: Trapped dipole HOM external quality factor 
versus the cavity longitudinal deformation. 
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Figure 4: Monopole [3] and dipole spectrums in the RF gun cavity: red - without the insert (see Fig.1), blue - with the 
insert that is shown in Figs. 5, 6.  

NEW DESIGN OF HOM DAMPING 
In the new design the HOM damping effectively 

suppresses both monopole and dipole HOMs and is well 
coupled with some trapped HOMs. This is due to the 
special insert which is an inner conductor of a coaxial line 
into the beam pipe with the matched ferrite load at the 
opposite end. Such a design successfully suppresses 
HOMs in the normal conducting VEPP2000 cavity [4]. 

The insert serves as the fundamental mode RF power 
input. The insert could be longitudinally tuned by a motor 
to change the external quality factor and match the cavity 
with a klystron. The RF power is uncoupled with the 
HOM load by the 1300 MHz notch filter. 

The other notch filter for a dipole mode having 
frequency of TE focusing mode is positioned as shown in 

Figs. 5 and 6. It traps the TE mode. The axial symmetry is 
broken by the couplers. Therefore, this mode is partially 
transformed to a dipole mode [5] and propagates into the 
beam pipe due to the low cutoff frequency of the dipole 
mode. 

The insert is thermally isolated from external 
equipment such that it could be cooled with liquid 
nitrogen or (in second variant) helium. 

In figures 5, 6 two designs of HOM damping are 
illustrated. The results of dipole and monopole HOM 
simulations are shown in Fig. 4 and Table 1. These results 
were calculated for the external quality of the 
fundamental mode Qext=ω0J/P=4.27·105. This allows RF 
power P=100 kW to be transmitted to the beam of 26 mA 
current and accelerate it to an energy of 3.74 MeV. 
Maximal electric field at the cavity axis is 20 MV/m 

Figure 3: Transversal voltage of all dipole HOMs excited by a  2 mA beam of different  repetition frequencies versus 
the cavity detuning (δ parameter). 
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(Eacc~10 MV/m) which corresponds to the stored RF 
energy J=5.23 joules. Such a field allows a cw operation 
due to a sufficiently low RF power dissipated in cavity 
walls. 

Although the external quality of the main mode is 
matched through the insert position as Qext~Eacc

2/P the 
quality factors of untrapped HOMs (with N=1-5, 7 in 
table 1) will be only approximately Qext-N ~Eacc/P

1/2. 
The dissipated power in a thin wall of the cylindrical 

insert having Cu coating (see Fig.5) is less then 17 W, 
corresponding to a power density of 0.08 W/cm2. This is 
sufficiently low to cool the insert with liquid nitrogen. 
The insert in Fig.6 has a very low dissipated power and 
can be cooled with liquid helium. 

The external quality of the dipole HOM is limited (see 
the graphic depicted in top of the Fig.5) due to the power 
dissipated in the normal conducting notch. This limit is 
much higher in the variant of Fig.6 with a 
superconductive notch. 

The inner diameter of the insert (44 mm) defines the 
cutoff frequency, here close to TE mode frequency. 
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Figure 5: First variant of HOM damping with RF power 
input and the notch outside the cryostat. 
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Figure 6: The second variant of HOM damping with 
superconductive insert, conventional RF power input, and 
the notch inside the cryostat. 

 
 
Figure 7: The electric dipole field distribution in the 
dipole notch filter (CLANS2 output). 
 
Table 1: Dipole HOMs External Qualities and Frequencies 

Without the insert With the insert 
N 

F’, MHz Q’ext F ,MHz Qext 

1 1655.24 6.20e+7 1655.36 1.95e+5 

2 1724.43 1.77e+7 1724.7 1.32e+5 

3 1766.16 7.71e+6 1766.69 7.97e+4 

4 1814.06 9.72e+5 1817.22 1.45e+4 

5 1865.55 4.65e+8 1865.55 1.39e+7 

6 1873.64 1.06e+9 1873.64 5.40e+8 

7 1887.55 8.06e+7 1887.57 1.85e+6 

12 2699.3 6.73e+8 2699.3 1.49e+9 

20 3159.14 7.72e+5 3159.09 3.70e+6 

37 4466.8 4.61e+9 4466.8 2.94e+8 

65 5746.98 8.80e+5 5746.93 3.60e+6 

89 6709.45 2.83e+4 6710.19 2.43e+4 

115 7534.61 9.21e+4 1655.36 1.02e+5 

CONCLUSION 
It is shown in this work that some dipole HOMs in 

superconducting RF gun multi-cell cavities (like FZD 3½ 
cell RF gun) can have significant Q-factors. These can 
affect the beam parameters and cause BBU instability. To 
avoid this problem, a unique HOM damping strategy is 
proposed. The simulation results presented in Fig.4 show, 
that both monopole and dipole HOMs are significantly 
suppressed by the insert (2-4 orders of magnitude). With 
this insert a relatively large Q-factor for the TE focusing 
mode can be reached, while having low Q-factors for all 
other HOMs. Therefore, application of RF focusing to 
suppress BBU instability with trapped dipole HOMs is 
attractive. Since the insert allows the TE mode in the 
cavity, both the emittance compensation and BBU 
instability suppression [2] can be achieved due to TE 
mode focusing.  
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PARTICLE FREE PUMP DOWN AND VENTING OF UHV VACUUM 
SYSTEMS 

M. Böhnert, D. Hoppe, L. Lilje, H. Remde, J. Wojtkiewicz, K. Zapfe,  
Deutsches Elektronen Synchrotron DESY, D-22607 Hamburg 

Abstract 
For particle free vacuum systems, as e.g. systems 

containing superconducting cavities to be operated at high 
gradients, special care needs to be taken during pump 
down and venting. Neither should be particles introduced 
into the vacuum system, nor should particles already 
present within the system be moved. 

A series of measurements to study the movement of 
particles in long tubes during pump down and venting 
using an in-situ vacuum particle counter has been 
performed. Based on these measurements a set-up using 
flow controllers, diffuser and pressure gauges has been 
developed to avoid introducing particles into the vacuum 
system as well as moving existing particles during pump 
down and venting. This set-up can be operated manually 
as well as via a control unit. The electronics unit is an in-
house development at DESY. It is usually connected to an 
oil free pump station. This set-up allows automated 
pump-down and venting of critical vacuum systems in a 
reliable and reproducible way, being faster than the 
procedures used so far. 

 

INTRODUCTION 
The maximum achievable gradient for superconducting 

cavities has been improved substantially in the past years. 
One major contribution to this improvement is the 
consequent treatment and preparation of the cavities in 
clean rooms with procedures similar to standards in 
semiconductor industry. Dust particles can act as field 
emitters, degrade the quality factor and thus limit the 
performance of the superconducting cavities. Therefore 
particles on the inner surface of the cavities need to be 
absolutely avoided. Particles might be produced and/or 
moved during assembly, later operation of the cavities 
under vacuum and storage after venting to atmospheric 
pressure. 

As a consequence vacuum components next to the 
superconducting cavities need to be treated with similar 
cleaning and installation procedures in clean rooms [1, 2]. 
In addition special care needs to be taken during pump 
down and venting of the vacuum systems. Neither should 
be particles introduced into the vacuum system, nor 
should particles already present within the system be 
moved towards critical areas. The same is true for storage 
of cavities after venting to atmospheric pressure, if the 
flanges are kept closed for some time when a pressure 
difference to the atmospheric pressure could build up,. 
Even when using best clean room practises, it is not 
unlikely that some particles are produced within the 

vacuum system for example during assembly or by 
movable elements like valves or actuators. 

For the superconducting linear accelerators of the 
SASE FEL FLASH at DESY and the European XFEL 
with more than 800 cavities to be used [3] the set-up and 
the procedures to pump down and vent UHV systems had 
to be improved substantially. Especially for the large 
scale production of the superconducting cavities for the 
European XFEL a set-up for particle free pump down and 
venting of vacuum systems with automated, reliable and 
reproducible procedures including the storage under 
atmospheric pressure is required. 

While particle filters effectively prevent the 
introduction of particles into vacuum systems, it is much 
less known how to avoid the movement of particles 
within the system.  Pump down and venting in such cases 
is mainly done using manually operated needle valves and 
performing especially the venting process much slower 
than usual (e.g. 3 h for venting a cavity string with a 
volume of 200 liter). 

In order to develop an adequate set-up a series of 
measurements has been performed to study systematically 
the movement of particles in long tubes during pump 
down and venting. Based on the results several 
commercial elements have been tested and a compact set-
up has been developed [4]. Following the first practical 
tests it became obvious, that improvements of the set-up 
and the procedures are necessary. Most of this has been 
realized meanwhile and will be described in this paper. In 
addition the procedures have been automated. 

PARTICLE MOVEMENT IN UHV 
SYSTEMS 

The movement of particles in UHV systems has been 
studied systematically [4] using an in-vacuum particle 
counter. Most measurements have been performed using a 
10 m long tube of 63 mm diameter corresponding roughly 
to the length and volume of a cavity string of 8 TESLA 
cavities. 

For these investigations neither have the tube and other 
components been made particle free by special cleaning 
procedures , nor has the assembly been done using a clean 
room. Instead particles had been introduced on purpose at 
different locations close to the ports for the in-vacuum 
particle counter. 

The results of the measurements described in more 
detail in [4] can be summarized as follows: 

• Movement of particles is mainly observed at the 
position next to the pumping and venting ports. The 
long tube homogenizes the gas flow and reduces 
turbulences.  
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• During pump down the number of particles 
decreases with decreasing pressure, indicating a 
reduction of turbulences. In the dirty system 
particles could be measured down to a pressure of 
about 100 mbar. If turbulences are again introduced 
by sudden changes of the throughput of e.g. 
changing the position of a needle valve, particles 
had been detected down to pressures of about 1 
mbar. Only for pressures < 1 mbar no more particle 
movement has been observed even when moving 
valves.  

As a consequence of these results the following points 
should be taken into account: 

• The set-up for pump down and venting of critical 
systems should be connected as far as possible from 
components being sensitive to particles. 

• Manual valves, even needle valves, are not well 
suited to adjust the gas flow for particle free pump 
down and venting.  

• After venting a system the pressure difference 
between the vacuum vessel and atmosphere should 
be Δp < 1 mbar before opening the vacuum system. 

SET-UP FOR PARTICLE FREE PUMP 
DOWN AND VENTING 

Based on the results of the measurements described 
above, a compact set-up based on commercially available 
components has been developed. The key components are 
two mass flow controllers, a diffuser and pressure gauges. 
This set-up is put in-between an oil-free pump station and 
the vacuum system. Thus the set-up needs to allow a leak 
check down to leak rates of 10-10 mbar l/s after pump 

down before removing the pump station and the set-up for 
particle free pump down and venting. 

A mass flow controller keeps a given gas flow constant 
using a variable diaphragm. For the applications 
described in this paper, flow controllers applying a soft 
start, i.e. increasing the aperture to its initial value slowly 
and uniformly, have been chosen. Thus turbulences by 
sudden changes of the open cross section are avoided. 
The mass flow controllers have an intrinsic particle filter 
on the side of the incoming flux.  

Diffusers are widely used in semi-conductor industries 
for fast and particle free venting of large vacuum systems. 
The diffuser combines a stainless steel filter to prevent 
particles larger than 3 nm entering the system and a 
diffuser membrane that allows gas flow in 360°. Thus 
turbulences in the gas flow are largely reduced and large 
amounts of gas can flow through in a uniform manner, 
limiting the disturbance of particles in the system. For the 
described application a commercially available diffuser 
has been adopted to our needs. The KF flange has been 
cut and the remaining body has been welded into a tube 
with sufficiently large diameter with a ConflatTM flange 
on the other side. 

Concerning pressure measurement both the information 
of the absolute pressure, especially in the region around 
1mbar, as well as the differential pressure against air is 
required. Both functionalities are provided by a single 
sensor, a loadlock transducer. It combines a Piezo for gas 
independent differential pressure measurement against air 
pressure and MicroPiraniTM sensor technologies for 
absolute pressure measurement between 1000 mbar down 
to 10-5 mbar. This gauge type has been used for the initial 
set-up. However during the first applications to pump 
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Figure 1: Improved set-up for particle free pump down and venting: schematics (left) and photograph (right). 
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down a cavity string, it turned out, that both the loadlock 
transducer as well as the mass flow controller have leak 
rates in the order of 10-6 – 10-8 mbar l/s. This made the 
leak check of the string down to values < 10-10 mbar l/s 
with the present set-up impossible. Therefore the loadlock 
controller had been replaced by 2 separate gauges of type 
Baratron – one for absolute and one for differential 
pressure measurement – which are leak tight down to    
10-10 mbar l/s. The mass flow controller in the pump line 
can be blocked by the two valves V3 and V4. 

Automated as well as manual valves complete the 
mechanical set-up. 

It turned out that separate components are necessary for 
pump down and venting as shown schematically in the 
left part of Fig. 1. In the vent line a nitrogen gas bottle or 
dewar is connected via a manual valve (VR) at the gas 
bottle/dewar to a mass flow controller (1) at an inlet 
pressure of 2-3 bars. In case of using a gas bottle special 
attention must be given to the cleanliness of the fittings 
from hydrocarbons; eventually special filters (e.g. 
charcoal) should be added. The vent line continues with a 
diffuser and an automated valve (V2). Using the same set-
up for pump down the diffuser would increase the pump 
out time from atmosphere to 1 mbar to an unacceptable 
long time. Thus for pump down a second mass flow 
controller (2) is installed. Once the inner opening is 
completely opened, further pump down is getting slower 
and slower. Therefore a bypass line with an automated 
valve (V1) is installed. 

The pressure measurement is located next to the manual 
valve (V0) of a vacuum vessel. The other elements of the 
set-up will be described further down as they are the 
result of the first experience with the described set-up. 

An electronics unit together with a programmable logic 
controller (PLC) completes the set-up. 

PROCEDURES FOR PARTICLE FREE 
PUMP DOWN AND VENTING 

For using the set-up it has to be connected to the 
manual valve of a vacuum vessel (V0 in Fig. 1), a gas 
bottle (e.g. nitrogen) to the vent line and a pump station to 
the pump line.  

Pump Down Procedure 
To start pumping, the valves to the vent and bypass 

line, V2 and V1, as well as the valve to the mass flow 
controller 2, V3, need to be closed. After starting the 
pump station the mass flow controller 2 is set to a mass 
flow of 3 lN/min (50 mbar l/s). The flow controller in use 
increases the aperture to its initial value slowly and 
uniformly, so called soft start, thus avoiding turbulences. 
After opening valve V3 the pump down starts. With 
decreasing pressure, the aperture is further increased to 
keep the flow constant. However once the maximum 
opening is reached, the achievable gas flow will decrease. 
The flow controller with its intrinsic particle filter will 
always limit the pump speed to much smaller values than 
without it and thus increase the further pump down time 

to unacceptable values. Therefore the valve V1 to the 
bypass line is safely opened without introducing further 
particle movement, once a pressure of 1 mbar is reached. 
The valves V3 and V4 are closed. If the pressure is low 
enough, a first leak check can be performed. 

Venting Procedure 
For the venting procedure nitrogen gas with 2-3 bar is 

filled into the line from the gas bottle up to the mass flow 
controller (1), which is closed. The remaining vent line is 
initially pumped out using the pump station with the 
valves V1 and V2 open, the other valves are closed. Once 
a pressure of at least 0.1 mbar is reached the manual valve 
to the vacuum vessel V0 is opened and the pump line is 
shut off by closing V1. Venting of the vessel starts by 
setting mass flow controller (1) to a throughput of 3 
lN/min (50 mbar l/s), if using nitrogen. If using other 
gases, e.g. argon, the values have to be changed 
accordingly. This flow controller also uses a soft start. 
The venting is stopped by closing valve V2 if the 
differential pressure to atmosphere at the pressure gauge 
is Δp = 0 mbar. Only then the vacuum vessel should be 
opened. As the air pressure usually varies, there should be 
not much time difference between venting and opening of 
the system 

If storage of the vacuum system under air pressure is 
planned before opening a flange, the system should be 
vented to some overpressure (1100 mbar). In addition 
some more elements are needed to allow pressure balance 
due to changes of the air pressure. We use two more 
valves, V5 and V6, together with a pinhole with 0.5 mm 
diameter made out of a 2 mm thick copper disk. For 
storage valve V5 is closed. Just before opening the 
vacuum system, valve V6 is opened till the differential 
pressure gauge reaches Δp = 0 mbar. 

FIRST EXPERIENCE WITH TESLA 
CAVITY STRINGS 

The improved set-up and procedures described above 
have been applied to complete strings of 8 TESLA 
cavities for pump down and venting. Initially the in-situ 
particle counter had been installed in between the set-up 
and the manual valve of the cavity string. As no particles 
had been detected the particle counter has not been used 
any more after the first applications. Meanwhile the 
system has been used for pump down more than 10 times 
and for venting more than 20 times with reproducible 
results. 

For pump down the process time to reach a pressure of 
1 mbar for a TESLA cavity string of about 200 l volume 
is now in the order 3 h as shown in the upper plot in 
Fig. 2. One should note that the data for the displayed 
pressure were taken from the Pirani Gauge while for the 
process control the loadlock transducer and later baratron 
gauges have been taken. Therefore the values displayed 
around 1000 mbar and 0.001 mbar are not very precise.  
The old procedure was either around 0.5 h with using the 
clean gas system in the clean room or around 24 h using a 
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dewar after assembly of the complete module outside the 
clean room. As can be seen in the lower plot in Fig. 2 for 
the procedure at the clean room, the opening of the needle 
valve has been corrected manually several times, which 
could lead to the production and/or transport of particles. 
So the new, but longer procedure is safer with respect 
particle production and transport. On the other hand, the 
process time for pump down outside the clean room has 
substantially reduced. Still, further tests are needed to 
optimise the parameters for the pressure settings. This is 
indicated by the variation displayed in the initial data. 

 

 
For venting of a TESLA cavity string examples of the 

old and new procedures are shown in Fig. 3. The 
reduction in time is more than a factor of 5 from 9 h to 
1.5 h. This is a substantial reduction of the process time.  

Following the successful application of the improved 
set-up and procedures in the process of the recent module 
assemblies [4] and [5], a series of set-ups will be build in 
the near future to equip a larger number of oil free pump 
stations. 

SUMMARY 
Systematic studies in a long vacuum tube have shown 

that pump down and venting of UHV vacuum systems is 
possible without introduction and/or movement of 
particles within the system. Based on these measurements 
a set-up using various commercially available filters, flow 
controllers and two pressure gauges has been developed. 

 This set-up allows automated pump-down and venting 
of critical vacuum systems like superconducting cavities 
in a reliable and reproducible way. The process times 
have been significantly reduced in several cases. The 
initial indications of good results on accelerating modules 
are promising. The next steps include further 
optimisations of the parameters set in the PLC. The full 
automation of the procedures using a PLC needs to be 
well prepared for industrial production of the XFEL cryo 
modules. 

Nevertheless, the duration where such sensitive systems 
are kept at air pressure should be minimized as particles 
might start to migrate due to thermal changes or 
mechanical vibrations. 
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Figure 2: Pressure versus time during pump out of a 
cavity string using the old procedure (�) and new 
procedure (�, �). The lower graph shows the old
procedure with an enlarged time scale. 
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Figure 3: Pressure versus time during venting of a cavity 
string using the old procedure (�) and new procedure 
(�).  
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PROJECT X

R.D. Kephart, Fermilab, Batavia

Abstract

Project X is the generic name for a new multi-MW Pro-
ton Source under development at Fermilab. This machine
would enable a world-class 2 MW long baseline neutrino
program via a new neutrino beam line pointed to DUSEL
in Lead, SD. It would also enable a broad suite of rare de-
cay experiments. Two versions of this machine are under
consideration. ICD-1 consists of a pulsed 8 GeV 20 ma
H− linac made up of a 325 MHz spoke resonators to 420
MeV followed by a 1.3 GHz ILC-like linac with squeezed
elliptical cavities to 1.3 GeV and velocity of light cavities
to 8 GeV. H− are injected into the Fermilab 8 GeV Recycler
Ring where they are stripped then injected into the Main In-
jector for acceleration to 120 GeV each 1.4 sec. The linac
pulses at 2.5 Hz such that additional linac pulses are avail-
able to supply 360 KW to an 8 GeV high intensity program.
ICD-2 employs a 1 ma 2 GeV CW linac to provide 2 MW
to the high intensity program with very flexible beam ma-
nipulation. Acceleration from 2-6 GeV acceleration could
be either a pulsed linac similar to ICD-1 or a rapid cy-
cling synchrotron. This talk will describe these configura-
tions, infrastructure development, R&D, and design studies
in progress.

CONTRIBUTION NOT
RECEIVED
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FRIB: A NEW ACCELERATOR FACILITY FOR THE PRODUCTION OF 
RARE ISOTOPE BEAMS* 

R.C. York#, G. Bollen, C. Compton, A. C. Crawford, M. Doleans, T. Glasmacher, W. Hartung, F. 
Marti, J. Popielarski, J. J. Vincent, J. Wlodarczak, X. Wu, A. Zeller, Q. Zhao                           

Michigan State University, East Lansing, MI 48824, U.S.A.
Abstract 

The 2007 Long Range Plan for Nuclear Science had as 
one of its highest recommendations the “construction of a 
Facility for Rare Isotope Beams (FRIB) a world-leading 
facility for the study of nuclear structure, reactions, and 
astrophysics. Experiments with the new isotopes produced 
at FRIB will lead to a comprehensive description of 
nuclei, elucidate the origin of the elements in the cosmos, 
provide an understanding of matter in the crust of neutron 
stars, and establish the scientific foundation for innovative 
applications of nuclear science to society.” A 
superconducting heavy-ion driver linac will be used to 
provide stable beams of >200 MeV/u at beam powers up 
to 400 kW that will be used to produce rare isotopes. 
Experiments can be done with rare isotope beams at 
velocities similar the driver linac beam, at near zero 
velocities after stopping in a gas cell, or at intermediate 
velocities (0.3 to 12 MeV/u) through reacceleration. An 
overview of the design proposed for implementation of 
the DOE national user facility FRIB on the campus of 
Michigan State University will be presented. 

HISTORY 
A research facility for creating and utilizing Rare 

Isotope Beams (RIBs) has been under consideration for 
some time. In 1999, a subcommittee of the Nuclear 
Science Advisory Committee (NSAC) produced a report 
[1] proposing an approach for a RIB-based facility that 
would utilize a high-intensity (100 kW), high-energy 
(>400 MeV/u) heavy-ion linac to produce RIBs called the 
Rare Isotope Accelerator (RIA). In the intervening years, 
a lower-cost alternative based on a lower energy (200 
MeV/u) but higher intensity (400 kW) heavy-ion linac 
was developed called the Facility for Rare Isotope Beams 
(FRIB). The most recent (2007) NSAC Long Range Plan 
(LRP) [2] made construction of FRIB the second highest 
priority for nuclear science.  

In 2008, the Department of Energy  (DOE) undertook a 
merit review and evaluation process resulting in the 
selection of Michigan State University (MSU) to design 
and build FRIB.  In 2009, a Cooperative Agreement 
between MSU and DOE has been implemented 
commencing the establishment of FRIB on the campus of 
MSU. 

SCIENCE 
FRIB will be a critical component of the mission to 

understand the fundamental forces and particles of nature 
as manifested in nuclear matter.  FRIB will enable the 

nuclear science research community to make major 
advances in the understanding of nature by producing key 
rare isotopes that previously only existed in the most 
violent conditions in the universe.  It will answer 
compelling questions about the structure of nuclei and the 
origin and evolution of elements of the cosmos.  It will 
permit sensitive tests of the fundamental symmetries of 
nature and will address basic questions on the character of 
the universe. In addition, FRIB will provide a source of 
rare isotopes for both new and improved applications that 
benefit from the use of radioisotopes such as those for 
medicine. 

The scientific goal of FRIB is to allow experiments 
with rare isotopes that answer the overarching questions 
of the NSAC 2007 LRP.  The details of this research will 
evolve as the research community obtains new 
information and the new understanding it provides. FRIB 
will 

• Provide the key experimental input needed to develop 
a more complete understanding of the nuclear force 
that binds protons and neutrons into stable and rare 
isotopes. 

• Extend the quest for the origin of simple patterns in 
complex nuclei to rare isotopes out to the limits of 
existence.  With FRIB it will be possible to 
investigate how regular excitation patterns, unusual 
shapes and shape transitions, and pairing occur in 
finite systems, and how these phenomena are 
influenced by extreme neutron-to-proton ratios. 

• Allow the study of key rare isotopes that will help 
clarify the nature of neutron stars and dense matter by 
providing nuclear data for the development of reliable 
models connecting neutron star observations to 
neutron star properties. 

• Allow the measurement of key nuclear properties of 
nuclei that are involved in nucleosynthesis to help 
clarify the origin of the elements in the cosmos via the 
development of reliable and quantifiable astrophysical 
models. 

• Allow the measurement of astrophysically important 
nuclear processes necessary to determine how energy 
is generated in stars and stellar explosions. 

• Provide rare isotopes that can be used to test 
fundamental symmetries by allowing tests of parity 
and time reversal symmetries. 

• Provide isotopes for application in a variety of fields 
ranging from medicine to Nuclear Stockpile 
stewardship.  

___________________________________________  

*Work supported by DOE CA # DE-SC0000661 and MSU 
#york@frib.msu.edu 

 

FROAAU02 Proceedings of SRF2009, Berlin, Germany

02 Future projects

888



FRIB FACILITY 

Introduction  
The FRIB facility will be located on the campus of 

Michigan State University (MSU). The Facility layout is 
given in Figure 1. The proposed technical design and 
construction specifications were driven by the scientific 
goals discussed in the preceding section. The proposed 
FRIB technical scope includes items that are provided 
through MSU contributions. These include extant or soon- 
to-be-added capabilities at the National Superconducting 
Cyclotron Laboratory (NSCL). The MSU-contributed 
systems are labeled with an MSU logo  in Figure 1.  
Details on the FRIB design can also be found in the 
references [3-12].  

A schematic diagram of the FRIB facility is given in 
Figure 2. A heavy-ion linac will provide beams of stable 
isotopes with a minimum energy of 200 MeV/u (higher 
energies for lighter ions) at a beam power of 400 kW 
using a high-performance ECR ion source and multiple 
charge-state beam acceleration. The facility will have a 
fully enclosed and remotely handled fragment production 
area followed by a high-acceptance, fourth-generation, 
three-stage fragment separator. The rare isotope beams 
can be used at velocity (fast beams), can be delivered to 
one of two gas stopping stations, or can be delivered to a 
solid catcher of complementary design, after which the 
ions can be extracted and reaccelerated to an energy of up 
to 12 MeV/u for uranium and up to 20 MeV/u for A<50. 
Experimental equipment for a full program of fast, 
stopped, and reaccelerated beam research will be 

 

Figure 1: The proposed FRIB facility at MSU showing the driver linac extending from the Front End building 
through Segment 3.  A switchyard will deliver the linac beam to the Target Gallery where the rare isotope beams 
will be produced and filtered by the Fragment Separator system after which they will be delivered to the 
experimental area shown in more detail in the magnified region shown in (A). The four superconducting 
accelerating structures of the baseline design are shown in (B). FRIB overlaid on the MSU campus is shown in (C). 
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provided, as will the necessary infrastructure to 
accommodate the anticipated user demand.   

 

Driver Linac 
The driver linac is designed to reliably provide intense 

stable beams that will be used to produce rare isotope 
beams for world-class experiments. In addition, possible 
upgrades have been identified and those possibilities have 
been incorporated into the design.  

Typically the linac accelerating systems (e.g., 
accelerating cavities) are housed in a subterranean 
structure while the supporting systems (e.g., rf drive) are 
housed in a surface structure.  The FRIB linac will utilize 
two parallel tunnels to provide these functions.  This 
allows the linac to extend off the present NSCL site, 
safely passing beneath roads and parking lots. See Figure 
1-C.  

The driver linac will provide intense beams of exotic 
nuclei by fragmenting stable ion beams at energies higher 
than 200 MeV/u at a beam power of up to 400 kW. Beam 
energies from the driver linac for representative elements 
are given in Table 1. 

Space is included in the linac tunnel to upgrade to a 
higher beam energy of up to 400 MeV/u for uranium and 
higher for lighter ions (labeled Segment 3 in Figure 1). 
The beam switchyard for the driver linac will provide 
high-quality beams at the production target and is capable 
of transporting the upgraded energy. In addition, space has 
been provided in the switchyard for the implementation of 
fast-switching elements to support simultaneous beam 
delivery to more than one production target.  

Front End: The driver linac (shown in Figure 1 in 
relation to the FRIB facility and schematically in Figure 
2) will meet intensity requirements by the acceleration of 
multiple charge states from an Electron Cyclotron 

Resonance (ECR) ion source. The ions will be transported 
in a Low Energy Beam Transport system (LEBT) to a 
Radio Frequency Quadrupole (RFQ) accelerator operating 
at a frequency of 80.5 MHz. The Medium Energy Beam 
Transport system (MEBT) will deliver the beam from the 
RFQ to Segment 1 of the driver linac at an energy of 0.3 
MeV/u. Excepting the ECRs, the Front End will rely on 
room temperature-based technology. Superconducting 
technology will be used for downstream elements of the 
driver linac since it most efficiently achieves the 100% 
duty factor operation needed to reach the required beam 
power. 

Table 1: Representative driver linac beam energies.  

Ion Energy (MeV/u) 
238U 210 
208Pb 210 
86Kr 265 
48Ca 270 
protons 610 

 
Linac Segment 1: Beam from the linac Front End will 

be injected into Segment 1 of the superconducting heavy-
ion linac shown in Figure 1 and schematically in Figure 2. 
Linac Segment 1 will utilize two types of Quarter Wave 
Resonators (QWRs) (accelerating cavities) operating at a 
frequency of 80.5 MHz with βopt=0.041 and 0.085 to 
increase the uranium beam energy to 17.5 MeV/u and 
higher for lighter ions (βopt is the velocity of an ion 
relative to the speed of light that will gain the most energy 
from passage through an accelerating structure.).  Both 
the QWRs used in Segment 1 have been successfully 
prototyped.  In addition, the MSU funded ReA3 [13] 
requires seven βopt=0.041 QWRs in two cryomodules and 
eight βopt=0.085 QWRs in one cryomodule providing 
significant opportunities to substantiate FRIB design 
parameters and to test approaches to cavity acquisition.    

 
Figure 2: Conceptual schematic of FRIB.  The block diagram represents the items within the FRIB technical scope.  
Sample beam parameters are given. 
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Stripping Section: A stripping system is located 
between Segments 1 and 2 and increases the downstream 
acceleration efficiency (and reduces cost) by increasing 
the charge state of the beam. It will consist of a stripper, 
two matching sections, and an analysis section. Electrons 
will be removed from the beam ions by passing through a 
material (lithium or carbon-based) located at the object 
point of an achromatic and isochronous analyzing beam 
line section used to remove unwanted charge states. 
Unwanted charge states will be removed by aperture slits 
in the dispersive plane of the analyzing section. Local 
shielding and remote handling systems will be used in this 
area to accommodate these controlled beam losses of 
about 20% of the beam power. Simulations indicate that 
uncontrolled losses will be orders of magnitude less. The 
remaining analysis-system elements will bring multi-
charge state beams (e.g. five charge states for uranium) 
back to the linac axis in an achromatic and isochronous 
manner appropriate for acceleration in the driver linac 
Segment 2.  Having only a single frequency shift and 
having it at a location where appropriate matching 
systems can be employed will enhance beam quality. 
Included in the Stripping Section will be accelerating 
structures to appropriately match the 80.5 MHz beam of 
Segment 1 to the 322 MHz accelerating structures of 
Segment 2.  

A “dog leg” chicane geometry for the stripping section 
provides a layout like that shown in Figure 1.  
Alternatively, a 180o bending geometry would result in a 
layout like that given in Figure 3.  In the near term, the 
efficacy of these two geometries will be evaluated and a 
decision made for the preferred layout. 

 

 
Figure 3: Alternative geometry for the driver linac.  

Linac Segment 2: After stripping, Segment 2 of the 
driver linac will accelerate up to five charge states to 
energies of at least 200 MeV/u for uranium with a beam 
power of 400 kW. Linac Segment 2 will use two types 
(βopt = 0.285 and 0.53) of Half Wave Resonators (HWRs) 
operating at a frequency of 322 MHz. An alternative 
lattice was evaluated using Triple Spoke Resonators 
(TSRs) of βopt = 0.4 and 0.5 in lieu of βopt = 0.53 HWRs.  
It was determined with concurrence of FRIB and DOE 
committees that the TSR solution provided no advantage 
compared to the HWR solution, and as a consequence, the 
HWR lattice remains the preferred solution. 

Linac Segment 3: Segment 3 of the driver linac will 
initially have only focusing and diagnostic elements. This 
space will allow for additional cryomodules to be 
installed later to reach 400 MeV/u for uranium, providing 
an increase in the production rates of many rare isotopes 
by up to a factor of 10.   These additional cryomodules 
would provide protons at an energy of 1 GeV. 

Superconducting Cavities: The driver linac will use 
superconducting QWRs and HWRs to accelerate beams 
from β(v/c)~0.025 (0.3 MeV/u) to β~0.57 (≥ 200 MeV/u). 
Various alternative designs and optimization strategies 
were considered and a 10th harmonic linac based on 
80.5 MHz was found to be the most attractive solution. To 
minimize R&D and technical risk, the driver linac has a 
minimum number of cavity types and uses passive control 
of microphonics via a mechanical damper in the center 
conductor of the QWRs. In addition, the effects of 
microphonics will be mitigated through the use of rf drive 
with Piezo electric driven tuners, thus avoiding the need 
for voltage controlled reactance (VCX) tuners.  

Four cavity types can efficiently cover the necessary 
velocity range. Each cavity type is a two-gap structure 
characterized in terms of its optimum β (βopt).  

The cavities are shown in Figure 1-B and the number 
required is given in Table 2. In addition to those listed in 
Table 2, there are two QWRs (βopt = 0.085) in one 
cryomodule and four HWRs (βopt = 0.285) in two 
cryomodules placed in the linac Stripping Section to 
rebunch and match the beam respectively to linac 
Segment 2. Using the values from Table 2, the energy 
gain per cavity for a uranium beam is shown in Figure 4.  

Table 2: Driver linac cavity and cryomodule count for 
acceleration of uranium to 200 MeV/u.  

# per Cryomodule Type βopt Cavities Solenoids 
# of 

Cryomodules 

0.041 8 7 2 QWR 
80.5 
MHz 0.085 8 3 12 

0.285 6 1 12 HWR 
322 

MHz 0.53 8 1 19 

Totals 336 81 45 
 
The RF drive will be supplied by solid state amplifiers 

that will be fabricated by combining smaller units each of 
approximately 0.5 to 1 kW capacity.  The 80.5 MHz solid 
state amplifiers with circulators will have a capacity of 1 
and 2 kW for the QWRs of βopt = 0.041 and 0.085 
respectively. The 322 MHz solid state amplifiers with 
circulators will have a capacity of 3 and 6 kW for the 
HWRs of βopt = 0.285 and 0.53 respectively. 

Beam Switchyard: The beam transport system from 
the end of the linac (shown in Figure 1) to the production 
target will accommodate a beam energy of up to 400 
MeV/u for uranium 79+ and correspondingly higher 
energies for lighter ions. The ion-optical design is based 
on a low beam-loss symmetrical solution. The system is 
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achromatic and can deliver up to five charge states of 
uranium within a beam-spot diameter of less than 1 mm a 
required to achieve the resolution necessary for the 
downstream fragment separator system. Space is provided 
to add additional lines and a microbunch-beam 
distribution system similar to that at Thomas Jefferson 
National Accelerator Facility to provide full-power beams 
to up to three target stations (e.g., one fragment separator 
target and two ISOL targets). 

 
 

 
Figure 4: Energy gain per cavity for a uranium beam 
using the QWRs and HWRs of Table 2. 

 
Beam Dynamics: Only four types of accelerating 

structures (two types of 80.5 MHz QWRs and two types 
of 322 MHz HWRs, as shown in Figure 1) are required 
thereby simplifying construction and operational 
considerations including an appropriate inventory of 
spares. The accelerating cavities will be packaged with 
focusing solenoids into cryomodules as specified in Table 
2. The design will use four basic cryomodule 
configurations. The transverse focusing will be provided 
by 9 T solenoids with additional coils to produce two 
steering dipoles for beam-centroid corrections. Four 
additional coils in series with the main solenoid coil will 
provide active shielding of the cavities from solenoid 
magnetic fields. Niobium and Cryoperm shrouds around 
the solenoids will provide additional passive shielding. 

End-to-end simulations of the linac design have been 
performed [6]. To maintain hands-on machine 
maintenance, the specification for uncontrolled beam loss 
was set at less than 1 W/m. For the simulations, two 
charge states of uranium were included in Segment 1; 
nine charge states were included after the stripper, until 
the collimation area where five charge states were 
selected. The effect of RF errors and misalignments was 
included. The error limits correspond to tolerances that 
are readily achieved. The superconducting cavities and 
solenoids were misaligned according to a uniform 
distribution with maximum displacements of ±1 mm. The 
room temperature dipoles, quadrupoles, and sextupoles in 
the stripper section were misaligned with a uniform 
distribution of errors with maximum displacement values 

of ±0.4 mm and angular rotation values ±2 mrad. The RF 
systems powering the cavities had dynamic amplitude 
errors of σ=0.5% and phase errors of σ=0.5° both from a 
Gaussian distribution (truncated at ±3σ). Steering dipoles 
were used to correct the beam centroids based on beam 
position monitors with position errors of  ±0.4 mm. No 
uncontrolled beam losses were observed in high statistic 
beam simulations with the specified errors included. 
Simulations were performed with twice the error 
specification described above using two billion particles 
(1000 seeds and 2x106 particles per seed). About 85% of 
the seeds showed no loss, 13% of the seeds showed loss 
within the design specification (< 1W/m), and only 2% of 
the seeds showed losses greater than the design 
specification. 

Cryogenic Facilities: The FRIB superconducting 
elements will require a refrigeration system (cryogenic 
plant) to cool down and to maintain superconducting 
temperatures. The load to the cryogenic plant from the 
driver linac will primarily be due to the dynamic RF 
losses in the superconducting cavities, with an additional 
smaller contribution from the static heat leak of the 
cryomodules. A design value for the intrinsic quality 
factor (Q0) of each cavity was used to calculate the 
dynamic load per cavity. The design Q0 was based on the 
theoretical Q0 for the cavity shape and experimental 
results for RF surface resistance of prototype cavities. The 
static heat leak was calculated from the cryomodule 
design, with predictions verified via measurements on 
prototype cryomodules.  

The cryogenic plant will have a capacity of 
approximately 11 kW corresponding to a 50% 
overcapacity to ensure reliable operations. The plant will 
be implement so as to provide an upgrade path as would 
be required, e.g., if the linac energy were to be increased 
to 400 MeV/u. 

Target Facilities 
The rare ion beam (RIB) production facilities will be 

located in a well-shielded area, accommodating all 
production components that must withstand high radiation 
fields or that could become highly activated. The baseline 
design includes rare isotope production by projectile 
fragmentation with ISOL beam production or a second 
fragmentation line as upgrade options. The target building 
will be equipped with shielding designed to accept the full 
power of the primary beam at the upgraded energy of 400 
MeV/u for uranium, 500 MeV/u for lighter ions, and 1000 
MeV protons, with room for additional target locations. 
Air handling and high-efficiency particulate air (HEPA) 
filtering systems, water cooling systems, radiation 
detection equipment, and personnel access systems will 
be integrated into the design.  

The magnitude of the radiation fields in the first 
separator stage and the levels of air and component 
activation are such that remote handling is essential. A 
target service area and hot cell for maintenance will be 
equipped with an overhead crane that can lift each of the 
shielding modules and transport them to the component 
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handling and waste removal area. A remote manipulator 
will be used for component changes. Remote handling 
will also be used to change the fragment separator wedges 
and detector systems downstream from the target 
production area. A component handling and waste 
removal area with truck access will provide the main 
removal path for radioactive material.  

The design goal is to ensure that the system is fully 
compatible with the implementation of additional target 
stations. The base facility will include infrastructure so 
that no high-radiation areas will be disturbed by the 
installation of additional stations. 

The production targets for fast-ion beams must be able 
to sustain high power densities to accommodate 400 kW 
operations and a 1 mm diameter beam spot size. The 
science goals require a wide range of primary beams and 
production target thicknesses with up to 50% of the 
primary beam power dissipated in the target. 

Fragment Separator 
FRIB will employ a new three-stage projectile fragment 

separator (PFS) that is optimized to have a large, 
adjustable acceptance for secondary beams, to separate 
and contain the intense primary beam at a well-defined 
location, and to provide excellent secondary-beam purity. 
See Figure 5. The FRIB fragment separator will be a 
fourth-generation device. The beam purity from the new 
separator will be at least two orders of magnitude higher 
than that possible from even the most modern one-stage 
separators. 

The first stage of the PFS, called the pre-separator, will 
provide the initial rough-cut on the broad distribution of 
fragments, provide a well-defined primary beam dump, 
and deliver the secondary fragments to the object point of 
the main separator without significant aberrations. The 
pre-separator will be made up of new magnets designed to 
operate in the high-radiation environment. 

The projectile fragments will pass from the pre-
separator into two subsequent high-resolution stages using 
magnetic elements obtained by reconfiguration of the 
existing robust superconducting magnets in the third-
generation separator operating at the NSCL. 

Experimental Systems 
A full complement of experimental systems will be 

situated downstream of the fragment separator for the 
science program with fast (RIB particle velocities similar 
to that of the driver linac beam), stopped, and 
reaccelerated beams.  Because of the long-standing and 
ongoing NSCL program, many of the experimental 
systems are or will be in place. See Figure 1-A. Because 
the NSCL has stable primary beams that largely differ 
only in intensity, the experimental systems that will 
ultimately become elements of FRIB will be fully 
commissioned and will be producing science before FRIB 
is completed. 

 

 

 
Figure 5: The three-stage fragment separator to provide 
high purity rare isotopes for the FRIB science program. 

The fast beam systems will largely rely on existing 
NSCL facilities.  An MSU funded area to stop RIBs using 
one of several methods including gas- and solid-based 
systems is currently under construction.  Experiments 
with stopped RIBs will use ion traps and laser-
spectroscopy systems.  In 2010, a reaccelerator system 
will be available to provide RIB reacceleration from 0.3 
to 3 MeV/u [13]. This reaccelerator system will be 
augmented within the FRIB project to achieve 
reacceleration up to 12 MeV/u for uranium. Adjacent 
research areas will also be available to support 
concomitant experimental programs. Initially about 
47,000 square feet of experimental floor space is planned 
with the possibility to double this footprint by adding 
additional experimental halls.    

FRIB PROJECT 
The present Total Project Cost is approximately $550M.  

The primary initial activities will be associated with the 
continuation of an R&D program, the initiation of 
National Environmental Policy Act (NEPA) evaluations, 
and the development of a Conceptual Design Report 
(CDR). A project goal is to obtain Critical Decision 1 
(approval of alternative selection and cost range) in 2010.  
Subject to the availability of funds, the FRIB project 
could become operational in approximately 2017. The 
design and establishment of FRIB as a DOE Office of 
Science National User Facility is supported by the 
Nuclear Physics Program in the DOE Office of Science 
under Cooperative Agreement DE-SC0000661. 
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A 5 GEV, 100 MA ERL BASED ON CW SRF

G.H. Hoffstaetter, CLASSE, Ithaca, New York

Abstract

ERLs have the potential of producing linac quality
beams with a beam power hitherto only achievable in rings.
Such beams can, for example, power x-ray sources with
extreme spectral brightness, colliders with increased lumi-
nosity, or electron cooler systems. Cornell plans to build
an ERL for hard x-rays with a CW, 5GeV SRF linac for
100mA beam. Initial results from a prototype high-current,
CW gun and SRF injector linac will be shown. Subjects
that are investigated to prepare for construction of this x-
ray ERL will be discussed.

CONTRIBUTION NOT
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COMPACT ERL LINAC 

K. Umemori#, T. Furuya, E. Kako, S. Noguchi, H. Sakai, M. Satoh, T. Shishido,  
T. Takahashi, K. Watanabe, Y. Yamamoto, KEK, Tsukuba, Ibaraki, Japan 

K. Shinoe, ISSP, University of Tokyo, Kashiwa, Chiba, Japan 
M. Sawamura, JAEA-ERL, Tokai, Naka, Ibaraki, Japan

Abstract 
Construction of the Compact ERL is planned in KEK, 

in order to test the key technology to realize a future ERL 
based X-ray light source. The operation of 60-200 MeV 
beam energy and 100 mA beam current are proposed. The 
superconducting cavity is one of the key components and 
applied for the injector part and the main linac part. At the 
injector part, most challenging issue is an input coupler, 
which has to handle more than 300kW input power per 
cavity. On the other hand, strong HOM damping is 
required for the main linac, in order to avoid beam 
instabilities and large heat load at cryomodules. Status of 
cavity developments, together with cryomodule 
developments, including input couplers and HOM 
couplers/absorbers, are described in this paper. 

INTRODUCTION 
Although 5-GeV class ERL is anticipated as a future 

light source, which provides super-brilliant and/or ultra-
short pulse X-rays, many issues have to be solved. Most 
important tasks are the electron gun, emittance 
conservation scheme and superconducting cavities.  

The compact ERL [1, 2] is a test facility to demonstrate 
performance of such components and its potential as a 
light source. Injector design is basically same with the 
one for 5-GeV ERL. Since beam quality of the ERL is 
dominated at the injector part, it is important to show 
ultra-low emittance beam can be operated with beam 
current of 100 mA. Achieving to ultra-short pulse of 100 
fs is also another interest.  

For the superconducting cavity, CW operation is a key 
point. At the injector cavity, each cavity has to handle 
more than 300 kW of input power. At the main linac, 
suppression of HOM is essential to avoid BBU (beam 
breakup) instability. The cavities are operated at 2K. 
Stable operation of the cryogenic system is another 
important issue. 

THE COMPACT ERL PROJECT 

Figure 1 shows conceptual layout of the Compact ERL. 
It will be planned to be constructed at the East Counter 
Hall on KEK. 

Electron beams injected from the electron gun pass 
through the solenoid magnets and buncher cavity, and 
accelerated up to 5-10 MeV by the injector linac. Beams 
are further accelerated at the main linac part, radiate 
synchrotron light at the arc section, come back to the 
main linac and decelerated, and dumped to the beam 
dump. Operation frequency is 1.3 GHz. Beam energy is 
60-200 MeV, after acceleration. Design goal is an 
emittance of 0.1-1.0 mm mrad with beam current of 100 
mA. Total of eight 9-cell cavities are considered for the 
main linac. A 2-turn lattice is under discussion to achieve 
200 MeV. Multi-turn lattice has difficulty against beam 
instabilities and emittance conservation. It has merits, 
however, that size of the ring can be reduced and also 
cryogenic loss can be reduced for main linac part. 

INJECTOR LINAC 
The injector linac [3] accelerates 100 mA beam up to 

maximum of 10 MeV. Total of 1 MW is needed to 
compensate the beam-loaded power. It was decided to use 
three 2-cell cavities for injector linac, after discussing 
necessary accelerated gradient and possible input power 
for input couplers.  

Two-Cell Injector Cavity 

Figure 2 shows a proto-type of injector 2-cell cavity. 
Two input ports and four HOM couplers are mounted. Its 
cell shape is same with STF-BL cavity, i.e. TESLA-like 
cavity, which is developed for the ILC project. The 
diameter of the beampipes is enlarged to 88 mm, in order 
to take adequate coupling for the input ports. Main 
parameters for the injector cavity are shown in Table 1. 

Due to the twin-coupler system, input power per 
coupler can be reduced to 167 kW. It is, however, still 
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Figure 1: Conceptual layout of the Compact ERL. 
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Figure 2: Proto-type of injector 2-cell cavity. 
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challenging to handle such large CW input power. 
Electron beam travelling at the injector part has low 
energy of ~500 keV. Therefore, it is rather easy to receive 
effect of perturbation, such as transverse kick. Another 
merit of the twin-coupler is cancellation of the coupler 
kick. 

Table 1: Main parameters for injector cavity 

Frequency 1.3 GHz 
Number of cell 2 cell 
R/Q 205 Ω 
Operating Gradient 14.5 MV/m 
Number of input coupler 2 
Coupler power 167 kW/coupler 
Coupler coupling 3.3 x 105 
Number of HOM coupler 4~5 
Operating temperature 2 K 

At present, one cavity has four or five HOM couplers to 
suppress the HOM impedance. Two types of, loop-type 
and antenna-type, HOM couplers are used for the proto-
type injector cavity [4].  

At the injector part, the HOM field could be the source 
of the transverse kick, against the low energy beam. It 
was checked that the HOM impedances were enough 
suppressed, by low power measurements. 
It is known that TESLA-type HOM coupler has heat 
problem when used at high accelerating gradient with CW 
mode, because of the magnetic field of the fundamental 
mode [5]. The HOM couplers used for the injector cavity 
are the modified one, which is designed to avoid such 
problem, by putting additional stub.  

Vertical Test Results 
Two proto-type injector cavities were fabricated. One 

of them was prepared for vertical testing, with the 
following surface treatment procedure; CP(20μm), 750 
degree annealing, final EP(100 μm), H2O2 rinsing, hot 
bath rinsing, HPR, assembly and baking. 

 
Figure 3: Vertical test results of 2-cell injector cavity. 
Blue points show values with the heating problem. 

Figure 3 shows the results of vertical testing at 2K 
temperature. Low Q0 value comes from heat loss of SUS 
flanges mounted on both ends of the beampipes, since the 
beampipes are not long enough. Cavity surface does not 
have any problem. 

Accelerating gradient reached to maximum of about 30 
MV/m. At relatively high accelerating gradient, Eacc > 16 
MV/m, however, Q0 value was dropped, because of 
heating at one of the antenna-type HOM coupler. The 
heating problem happened after keeping the field with 
high Q0, for several seconds to several ten minutes. 
Higher the field, the duration of the field became shorter. 
The blue points in Figure 3 are the measured values with 
such HOM coupler heating. There was a tendency that the 
heating was somewhat processed. Careful surface 
treatment of HOM couplers may be helpful to avoid the 
problem. 

To confirm the long-term stability at operation gradient, 
the field was kept at Eacc = 15 MV/m. It was possible to 
keep the field more than ten hours, without any special 
problems. 

Cryomodule Design 
Cryomodule design was almost completed. Figure 4 

shows the cryomodule design. Three 2-cell cavities with 
six input couplers are installed into one cryomodule, 
which is operated at 2K. 

  
Figure 4: Cryomodule system for injector part. 

Design of the input coupler for the injector cavity and 
proto-type models are shown in Figure 5 [6]. Design is 
based on the one for KEKB superconducting cavity and 
coaxial disk type ceramic window is used. Cooling is very 
critical, since it has to handle 167 kW CW power. Inner 
conductor is cooled by water cooling system. Thermal 
design is also important. It is designed to reduce 
cryogenic loss, using 80K and 5K thermal anchors. 
Preparation of high power test stand is under way. First 
high power test, using 1.3 GHz 300 kW klystron, is 
scheduled in this autumn. 

The Slide-Jack tuner is used for frequency tuning. This 
tuner is the one used for STF-BL cryomodule. 

The injector cryomodule will be completed in 2012. 

 
Figure 5: (Left) Design of the input coupler. (Right) 
Proto-type of input coupler. 
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MAIN LINAC 
In ERL, acceleration and deceleration beams pass 

through the main linac part. Thus, requirement for HOM 
damping is stringent. Required features are following: 

• Frequency 1.3 GHz 
• Accelerating gradient 15~20 MV/m 
• CW high current beam operation (> 100 mA) 
• Energy recovery should work 

   Higher accelerating gradient may be generally desirable. 
In the case of ERL, however, higher gradient leads to 
more enormous cryogenic heat loss, since the loss 
increases with square of the gradient. It is considered that 
around 15 MV/m is adequate for the main linac. 

   There are two requirements against HOMs. One is 
suppression for the dipole and quadrupole HOMs. They 
can induce BBU and quadrupole BBU instabilities, which 
cause the current limit and/or emittance growth. Another 
is requirement for monopole HOMs. They lead to heat 
loss at the HOM absorbers. In order to achieve strong 
HOM damping, we decided to use beampipe HOM 
absorbers, which are mounted with RF absorber, as shown 
in Figure 6. These HOM absorbers are located inside 
cryomodule, at temperature of 80 K. Frequencies of 
monopole HOMs should be selected not to be close to the 
integral multiples of beam frequency. When applying 2-
loop lattice, the requirements against HOMs become 
more severe. 

KEK-ERL Model-2 Cavity 

As mentioned above, sufficient HOM suppression is 
required for the ERL main linac. To meet such conditions, 
we optimized cavity cell shapes and designed KEK-ERL 
model-2 cavity, whose schematic view is shown in Figure 
6 [7,8]. Points of design are following. 

(1) Cell shapes were optimized to HOM suppression. 
Diameter of iris was chosen to be 80 mm. The 
HOMs can easily propagate between cells. 

(2) Diameters of beampipes were selected to be 100 
and 120 mm. All monopole and dipole HOMs can 
propagate to beampipes and are damped by the RF 
absorbers. 

(3) EFB (Eccentric fluted beampipe) was applied, in 
order to damp quadrupole HOMs. The EFB acts as 
mode converter from quadrupole to dipole mode, 
due to its asymmetric structure [9]. 

As a result, impedances of HOMs can be enough 
damped, while keeping 9-cell structure. Current threshold 
against BBU instability is estimated to be several 100 mA 
from computer calculations [10].  

Table 2: Parameters for KEK-ERL model-2 cavity 

Frequency 1.3GHz Coupling 3.8 % 
Rsh/Q 897 Ω Geom.Fac. 289 Ω 
Epeak/Eacc 3.0 Hpeak/Eacc 42.5Oe/(MV/m) 

Main parameters are listed in Table 2. Cell-to-cell 
coupling becomes large due to large iris diameter. This is 
a merit to keep the field profile. It is less sensitive to 
variation of cell frequencies. The value Rsh/Q becomes 
around 900 Ω. A demerit is increase of Epeak/Eacc, 
which is 3.0. Enough suppression of field emissions are 
experimental issue. 

Vertical Test Results 

 
Figure 7: Proto-type of KEK-ERL model-2 cavity for 
main linac. 

Figure 7 shows the proto-type of KEK-ERL model-2 
cavity. Following surface treatment procedures were 
applied; EP(130μm), annealing at 750 degree, final 
EP(20 μm), hot bath rinsing, HPR, assembly and baking. 
Left picture of Figure 8 shows the installation of 9-cell 
cavity to the cryostat. 

For the cavity diagnostics, many carbon resisters and Si 
PIN diodes are used to monitor temperature and X-rays. 
Right picture of Figure 8 shows a part of rotating X-ray 
mapping system. Array of Si PIN diodes rotates 360 
degree around the cavity surface and observes X-ray 
traces. Total of 82 Si PIN diodes are mounted for 
monitoring nine cells. One data can be taken with a few 
minutes.  

Total of five vertical tests have been performed. The 
first test was aimed to check the vertical test system. After 
the first test, only baking was done and the second test 
was performed. Additional HPR was applied after the 
second test. After the third measurement, additional EP 
removed 50 μm of surface. Hot bath rinsing, HPR, 
assembly and baking were done. After the fourth test, 
nothing was done, since aim of the fifth test was to obtain 
detailed X-ray mapping data. 

  
Figure 8: (Left) Installing 9-cell cavity to cryostat. (Right) 
A part of the rotating mapping system. 

The results of vertical tests are shown in Figure 9. The 
Q0-Eacc curves are plotted for 2K and 4K measurements. 

 
Figure 6: Schematic view of the KEK-ERL model-2 cavity. 
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Generally speaking, at all vertical tests, field emission 
started around Eacc = 10 MV/m and fields were limited at 
15~17 MV/m. The reasons of field limitation were 
heating due to field emissions. 

 
Figure 9 : Results of vertical tests for KEK-ERL model-2 
cavity. 

The Q0-Eacc curves, shown in Figure 9, seem almost 
same for all measurements. However, it is noted that 
details of emission and temperature rise are much 
different each other, if looking at additional data, such as, 
X-ray signals, place of temperature rise and results for 
pass-band measurements. Only the fifth test was well 
reproduced the details of the fourth vertical test. 

Figure 10 shows an example of X-ray mapping. This 
data was taken at Eacc = 13.9 MV/m at the fourth test. In 
the figure, “1 cell” is the cell which is close to the input 
port and “9 cell” is opposite side. The X-ray signal is 
strong at around iris parts. There are two characteristic 
signals. One is a very strong and sharp peak, observed at 
330 degree at iris between 8-cell and 9-cell. Another is a 
broad signals, observed at around 150 degree, opposite 
side of sharp peak, at irises from 1-cell to 6-cell. These 
signals appeared at the same time around Eacc = 10 
MV/m. Larger the accelerating gradient, these signals 
became stronger. 

 
Figure 10: Observed X-ray mapping at Eacc = 13.9 
MV/m at the fourth vertical test. 

After the fifth measurement, inner surface of the cavity 
was observed using an inspection camera, so called Kyoto 
camera system [11]. A big tip was found, as shown in 
Figure 11, at 150 degree at the iris between 8-cell and 9-
cell. Its size is several hundred μm diameter and several 
ten μm height. The surface inspection was also done after 
the third vertical test, but no such tip was observed. 

It is very interesting that the tip was observed at just 
opposite side of the sharp X-ray peak observed on 
mapping. Most probably, this tip was the source of the 
field emission for the fourth and fifth vertical tests. 

 
Figure 11: Inspection of cavity inner surface. A tip was 
found at iris between 8-cell and 9-cell. 

This tip will be removed by grinding. Then the cavity 
will be electro-polished again and performed vertical 
testing. 

Cryomodule Design 
Design of cryomodule is ongoing for the Compact ERL 

project. Figure 12 shows schematic view of the main linac 
cryomodule. The proto-type cryomodule, which is now 
discussing, contains two 9-cell cavities, although the 
design for future ERL modules include probably from 4 to 
8 cavities. Peripheral equipments have been also 
developed. The input couplers [12] have variable coupling 
mechanism and have double-windows, cold and warm 
windows. The HOM absorbers [13] are located at the 
beampipes of both ends of the cavities. Heat load at the 
RF absorbers are cooled down by using 80 K thermal 
anchors. For tuners, Slide-Jack tuner is applied. There are 
many issues to be studied, for example, stability of CW 
RF operation, HOM damping, thermal performance, 
alignment, module assembly, microphonics and so on. 
The cryomodule for the main linac is scheduled to be 
completed at 2012. 

 
Figure 12: Schematic view of cryomodule for main linac. 

Input Coupler Development 
Schematic design of the input coupler is shown in Figure 

13. It has cold and warm windows to avoid contamination 
of dust into cavity. For ceramic window, HA997 is 
selected to lower the dynamic loss. Bellows are 
adequately placed to allow the variable coupling, between 
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the ranges of Qext from 5x106 to 2x107. Left picture of 
Figure 14 shows the proto-type of the warm and cold 
windows. 

 
Figure 13: Schematic design of input coupler. 

At the ERL main linac, beam loading becomes almost 
zero, because of the energy recovery. Necessary 
maximum input power can be estimated from the amount 
of detuning due to the microphonics and the maximum 
operating gradient. We estimated that 20 kW input power 
was needed for the operation of the cavity at Eacc = 20 
MV/m. 

To verify the components, such as ceramic windows and 
bellows, a high power test stand was constructed at JAEA. 
It is shown in Figure 14. RF power is fed by 1.3 GHz 30 
kW IOT. 

 
Figure 14: (Left) proto-type of warm and cold windows. 
(Right) High power test stand constructed at JAEA. 

HOM Absorber Development 
The HOM absorber will be installed inside the 

cryomodule and used at 80 K. The RF absorbers, used for 
HOM damping, should have enough absorption capability, 
at 80 K, for broadband frequency range.  

  
Figure 15: (Left) Low temperature measurement system. 
(Right) Cold stage set inside the vacuum chamber. 

To measure the characteristics of materials even below 
80 K, a low temperature measurement system was 
prepared, as shown in Figure 15. Coaxially manufactured 
samples of RF absorbers were installed inside a coaxial 
line and set on the cold stage in the vacuum chamber. The 
cold stage was connected to the GM refrigerator and the 
sample can be cooled down. While changing the 
temperature by controlling a heater, temperature 
dependences of complex permeability and permittivity 

were measured, at the range from room temperature to 40 
K. 

Measurements were carried out for around 10 samples. 
One of the measurement results is shown in left plot of 
Figure 16. Temperature dependences of μ” of ferrite 
IB004 are plotted for the frequency range from 2 to 6 
GHz. It seems that IB004 can be used at 80K, at least up 
to around 10 GHz. The ferrite IB004 is a material used for 
HOM dampers of KEKB superconducting cavities. But it 
is located at room temperature. From this result, we 
decided to use IB004 as an absorber for the ERL main 
linac. 

The design of the HOM absorber is in progress. The 
thickness, length and location of the ferrite were carefully 
optimized. Right of Figure 16 shows the schematic view 
of the HOM absorber. The proto-type of it is now under 
construction. Cooling tests and HOM measurements will 
be performed. Cooling ability of about 100 W heat load, 
under vacuum circumstance, should be verified. 
Characteristics of HOM damping are measured at low-
power. Its damping ability should be confirmed. 
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Figure 16: (Left) Temperature dependence of ferrite 
IB004.  (Right) Schematic view of the HOM absorber. 

SUMMARY 
The Compact ERL project has started at KEK.  
The proto-type of injector cavity was fabricated. It 

could reach to 30 MV/m at the vertical test. Although 
heating problem of the HOM coupler occurred at 
relatively high acceleration gradient, it was possible to 
keep 15 MV/m for 11 hours. The input couplers for 
injector cavity were fabricated and will be tested soon. 
Design of the injector cryomodule is almost completed. 

For the main linac, the proto-type of nine-cell cavity 
was fabricated and vertical tests were performed several 
times. At present, the cavity was suffered from field 
emissions. The rotating X-ray mapping system was 
constructed and worked well. Design of the cryomodule is 
under way for the main linac. Coupler components were 
high-power tested at the test stand constructed at JAEA. 
Temperature dependent characteristics of RF absorbers 
were measured for several samples. The proto-type of 
HOM absorber is now under construction. 

REFERENCES 
[1] R. Hajima et al. (ed.), KEK Report 2007-7/ JAEA-

Research 2008-032 (2008) [in Japanese]. 

FROAAU04 Proceedings of SRF2009, Berlin, Germany

02 Future projects

900



 

 

[2] S. Sakanaka et al., “Status of the energy recovery 
linac project in Japan”, PAC’09, Vancouver, May 
2009. 

[3] K. Watanabe et al., “SC cavity system for ERL 
injector at KEK”, in these proceedings, TUPPO056. 

[4] K. Watanabe et al., “New HOM coupler design for 
ERL injector at KEK”, Proceedings of 13-th SRF 
Workshop, Beijing, (2007). 

[5] P. Kneisel et al., “Testing of HOM coupler designs 
on a single cell niobium cavity”, PAC’05, Knoxville, 
Tennessee, May 2005, p.4012(2005). 

[6] E. Kako et al., “Advances and performance of input 
couplers at KEK”, in these proceedings, 
THOBAU02. 

[7] K. Umemori et al., “Design of L-band 
superconducting cavity for the energy recovery 
linacs”, APAC’07, Indore, India, Feb 2007, 
p.570(2007) . 

[8] K. Umemori et al., “Status of 9-cell superconducting 
cavity development for ERL project in Japan”, in 
these proceedings, TUPPO055. 

[9] M. Sawamura et al., “Quadrupole HOM damping 
with eccentric-fluted beampipes”, PAC’07, 
Albuquerque, New Mexico, Jun 2007, p.1022 
(2007). 

[10] R. Hajima et al., “Analysis of HOM-BBU with 
newly designed cavities for a multi-GeV ERL light 
source”, ERL’07, Dresbury, May 2007 (2007). 

[11] Y. Iwashita et al., “Development of high resolution 
camera for observations of superconducting 
cavities”, Phys. Rev. ST Accel. Beams 11, 093501 
(2008). 

[12] H. Sakai et al., “Development of input power 
coupler for ERL main linac in Japan”, in these 
proceedings, THPPO047. 

[13] M. Sawamura et al., “ERL HOM absorber 
development”, in these proceedings, THPPO050. 

 

Proceedings of SRF2009, Berlin, Germany FROAAU04

02 Future projects

901



THE SUPERCONDUCTING PROTOTYPE LINAC FOR IFMIF 

P. Bosland, CEA, IRFU, Gif-sur-Yvette, France, for the IFMIF-EVEDA collaboration

Abstract 
The development of the IFMIF accelerator prototype is 

in progress within the framework of the EVEDA phase 
(Engineering Validation and Engineering Design 
Activities). This prototype will be installed at Rokkasho 
(Japan) and will allow testing the key systems. The first 
warm section composed of the deuteron source, beam 
lines and RFQ will prepare the beam for the cryomodule 
(CW 125mA at 5 MeV). The 8 HWR superconducting 
cavities equipped with a 200kW power coupler will 
accelerate the beam up to the maximum energy of 9 MeV. 
The design of the IFMIF/EVEDA accelerator prototype is 
briefly presented, and the general layout of the 
cryomodule is detailed. 

INTRODUCTION 
The IFMIF-EVEDA phase has been launched in June 

2007 in the framework of the EU-JA Agreement for the 
Broader approach for Fusion.  The two objectives of this 
EVEDA phase are the validation of the technical options 
with the construction of a prototype accelerator, and the 
delivery of the detailed integrated design of the future 
IFMIF accelerator (including complete layout, safety 
analysis, cost and planning). 

The 250mA deuteron beam is delivered to the lithium 
target by two identical superconducting LINACs, each 
delivering half of the beam current. The prototype 
accelerator is identical to the final IFMIF one from the 
deuteron source to the first low beta cryomodule 
(Figure 1). It delivers a full current (125mA) deuteron 
beam at 9MeV. Each final IFMIF accelerator includes 3 
additional cryomodules in the high energy portion that 
increase the energy of the beam up to 40MeV. 

The prototype accelerator will be installed and 
commissioned at Rokkasho (Japan). 

The components of the prototype accelerator are 
provided by European institutions (CEA, INFN, 
CIEMAT): the injector, the RFQ, the transport line to the 
1.2 MW beam dump, the 175 MHz RF systems, the 
matching section and the cryomodule, the local control 
systems and the beam instrumentation, required for 
tuning, commissioning and operation of the accelerator. 
The building constructed at Rokkasho site, the 
supervision of the accelerator control system, as well as 
the RFQ couplers, are provided by JAEA. 

The first part of this paper gives a brief overview of the 
layout of the EVEDA prototype accelerator. More details 
about the accelerator can be found in previous papers 
[1,2,3]. The second part of this paper describes the 
cryomodule design and presents the status of its 
development. 

 

THE PROTOTYPE ACCELERATOR 
As described above, the design of the IFMIF 

superconducting LINAC is based on 4 cryomodules (CM) 
with 2 beta families of half wave resonators (HWR). It 
has to accelerate the beam from 5 MeV to the final energy 
40 MeV. The optimization of the LINAC configuration 
led to the following sequence [4]: 
• 1st CM: 8 periods of 1 solenoid + 1HWR β=0.094 
• 2nd CM: 5 periods of 1 solenoid + 2 HWR β=0.094 
• 3rd and 4th CM: 4 periods of 1 solenoid + 3 HWR 
β=0.166 

The EVEDA prototype accelerator that will be tested at 
Rokkasho will deliver the full beam current at 9MeV. It 
will be identical to the final IFMIF accelerator from the 
deuteron source to the first low beta cryomodule 
(Figure 1). 

 

 
Figure 1: Layout of the prototype accelerator in the vault 
at Rokkasho.

 
The injector (Figure 2) is composed of an ECR 

(Electron Cyclotron Resonance) ion source and a Low 
Energy Beam Transport line (LEBT). It shall deliver a 
140 mA low emittance deuteron beam with high 
reliability at 100keV [5, 6]. 

 
Figure 2: The mechanical assembly of the injector. The 
total length is 2.05m. 

The development of the ion source is based on the 
SILHI source previously developed at CEA-Saclay. 

The injector will be integrated at Saclay and the beam 
tests will start in April 2010 in a dedicated test stand 
already built. 

 
The RFQ is a four vane structure at 175MHz developed 

by INFN [7]. It has to bunch the dc beam from the 
injector at 100 keV and to accelerate it up to 5 MeV. The 
total RF power required is about 1.6 MW and will be 
delivered by eight 200 kW RF power sources. 

The optimisation of the RFQ resulted in a structure 
composed by 9 modules of 1.1 m long each (Figure 3). 
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The brazing procedure was chosen for the assembling of 
the different modules. 

 
Figure 3: Overall view of the RFQ. 

As activation of the RFQ cavity is of main concern for 
maintenance, extensive multi-particle simulations have 
been performed to evaluate the loss of particles along the 
RFQ. The transmission is about 98.5% and the losses 
above 1 MeV are kept at a very low level. 

 
The RF power system is developed by CIEMAT in 

collaboration with CEA and SCK-CEN [8]. All power 
units of the IFMIF accelerators are tetrodes: 18 units of 
105 kW and 24 units of 220 kW (Figure 4). 
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Figure 4: Identical RF power stations for the accelerator. 

At the exit of the cryomodule the beam is transported to 
the beam dump with the required beam spot (rms size of 
40 mm rms divergence of 16 mrad) into the High Energy 
Beam Transport line [9].  

The EVEDA beam dump [10] has to stop deuteron 
beams with a maximum power of 1.125 MW. While the 
profile of the beam power deposition depends on the 
geometry of the cartridge, the choice of the beam facing 
materials should take into account the neutron production 
and activation level, as well as the thermal stresses. 

THE CRYOMODULE 
General Layout of the Cryomodule 

The cryomodule (Figure 5) is developed by CEA in 
collaboration with CIEMAT. The alternation of the 
cavities and the solenoids inside the cryomodule results in 
8 lattices. The length of each lattice was minimized to 
580 mm (solenoid package: 400mm - cavity: 180mm). 
The total length of the cryomodule is about 5 m. The 
inner cavity vacuum and the insulating vacuum are 
separated. The cold mass is cooled by liquid helium at 
4.4 K. A copper thermal shield maintained at 77 K by 
liquid nitrogen protects the cold mass from the 300 K 
radiations. Each cavity is equipped with a power coupler 
designed for the final IFMIF accelerator requirement of 
200kW. The maximum power for the EVEDA accelerator 
prototype is 70kW. 

Choice has been made to put the couplers in vertical 
position in order to limit the risks of breaking the ceramic 
window during transportation to Japan. As a consequence 
the HWR cavities are horizontal. This position is not 
optimum for the helium cooling efficiency, but the 
analysis we made showed that the risk of limiting the 
cavity performances due to a poor cooling is negligible. 

The vertical power couplers are below the cavities, 
letting a large volume available above the cavity for the 
cryogenic helium phases separator, and for the 
mechanisms of the tuning systems. 

This configuration of the cold mass allows using a 
cylindrical vacuum tank 1.5 m in diameter. The total mass 
is about 10 tons. 

 
Figure 5: the cryomodule of IFMIF-EVEDA prototype 
LINAC. 

Cavity and Tuning System 
The nominal gradient for the IFMIF accelerator is quite 

conservative: 4.5 MV/m. The optimization of the HWR 
cavity design and of the plunger tuner (Figure 6) is 
detailed in [11].  

 

 
Figure 6: view of the IFMIF-EVEDA cavity equipped 
with the plunger tuner (upper port). 
 

Epk / Eacc and Bpk / Eacc are respectively 4.42 and 
10.12 mT/(MV/m). Due to the very low Qext value of the 
power coupler (5.7 104) the band width of the cavity is 
about 3 kHz. As a consequence, the detuning effects due 
to helium pressure variations (~ 0.04 Hz/mb), to the 
Lorentz force detuning (1.1 Hz/(MV/m)2), and to the 
microphonics can be considered as negligible. 

The helium vessel is made out of titanium. Two 
additional ports on both extremities of the cavity allow 
the chemical BCP treatment and high pressure rinsing. All 
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the NbTi alloy flanges are tightened by Helicoflex 
gaskets. 

The diameter of the cavity cylinder is 180mm. There 
are 4 large ports in the electric region of the accelerating 
gaps (Figure 6): the 2 beam ports (40 mm), the power 
coupler port (98 mm), and the capacitive tuner port 
(110 mm). 

The standard way to tune the cavity by mechanical 
deformation was not chosen because of the lack of space 
along the beam axe inside the cryomodule. A mechanism 
strong enough to deform the very stiff cavity would have 
been too big.  

The alternative solution we developed is based on the 
capacitive tuner already tested at Legnaro [12]. The 
plunger of the IFMIF cavity tuner (Figure 7) is a niobium 
cylindrical box. The geometry of the plunger tuner was 
optimized [11] in order to: 
1. maximize the tuning range (without plastic 

deformation) 
2. minimize the risk of multipacting 
3. minimize the RF dissipations. 

 A flexible niobium sheet welded on the plunger allows 
for a large tuning range without plastic deformation 
(± 50MHz at 4K). This flexible sheet separates the cavity 
vacuum from the insulating vacuum. It is not welded on 
the cavity. It is mounted with a flange that allows 
dismounting it in order to change the geometry in case the 
previous one doesn’t work as foreseen. 3D multipacting 
simulation has been performed to optimize the geometry 
and limit the risk of multipacting in this volume. The 
plunger itself is maintained at 4 K by liquid helium filling 
it. The niobium sheet is cooled by thermal conduction. 
The driving mechanism of the plunger is a double lever 
with a screw-nut system acted by a stepper motor with a 
gear box. It runs inside the vacuum tank and at 4K. 

 

 
Figure 7: View of the cavity with the tuner. 

 

Power Couplers 
All the power couplers of the final IFMIF cryomodules 

[13] will be identical. They have to allow transferring a 
maximum RF power of 200 kW in CW to the beam 
loaded cavities (Figure 8).  

 
Figure 8: RF power transferred to the beam along the 4 
IFMIF cryomodules. 

 
The layout of the coupler is based on a ceramic disc 

coaxial window working at 300K and equipped with a 
copper antenna cooled by water circulating inside it. 
Polarisation of the antenna is not foreseen within the 
EVEDA phase, but is envisaged for the final IFMIF 
couplers. The diameter of the outer conductor is 98 mm, 
and that of the antenna is 42.6 mm is order to have the 
50 Ω impedance. The rather low frequency allows an easy 
optimization of the ceramic window geometry in order to 
minimize the S11 parameter: S11 < -50 dB over a large 
frequency range from 0 to 230 MHz, and it is minimum at 
175 MHz (Figure 9). 

  

 
Figure 9: S11 parameter of the ceramic window. 

 
The distance between the ceramic window and the 

cavity is an important parameter that allows minimizing 
the RF dissipations inside the ceramic in case of reflected 
power, and also minimizing the multipacting risks. Due to 
surrounding constraints the optimum distance (883 mm) 
is too long, and a compromise was chosen at 670 mm. 
Calculations showed the ceramic window placed at 
670 mm from the cavity is free from multipactor for 
power values lower than 120 kW in transmitted waves. 

The temperature gradient of the outer conductor is 
controlled by a helium gas flow circulating in a double 
wall chicane. This helium gas is injected at 4 K at the 
cavity flange and flows out at 300 K at the opposite 
extremity of the tube. If necessary, dry air at 300 K may 
be blown on the external surfaces of the ceramic in order 
to evacuate the heat due to RF dissipation inside it.  

A T transition is mounted between the external coupler 
flange and the RF coaxial lines in order to allow the 
connexion of the water pipes cooling the antenna 
(Figure 10).  

-100 dB Tuner mechanism : 
• Stepper motor, gear 

box and screw 
• Double lever 
 
 
Flexible Nb sheet 
Liquid helium pipe 
Nb plunger tuner 
 
Beam ports 
 
Coupler port 

-50 dB 
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Figure 10: cavity – coupler – T transition assembly. 

 
The Qext value is 5.7 104 for the EVEDA prototype 

accelerator. 
Before being mounted on the cryomodule, all couplers 

will be conditioned up to a maximum power of 200kW on 
the test bench developed by CIEMAT. 

Alignment Considerations 
The cold mass is supported on a stainless steel frame 

fixed inside the vacuum tank by a series of rods 
(Figure 11). 

 
 

Figure 11: Cavities and solenoids on the support frame 
at the end of the assembling in clean room. 

 
 This support frame allows mounting the cavities and 

solenoids packages on it directly inside the clean room. 
Precise alignment of the cavities and of the solenoids 
packages as referenced to the frame can be performed 
during the clean room assembly. As the assembly will be 
definitely fixed on its support frame, only small 
adjustments of the component position are foreseen once 
the assembly is put out of the clean room. 

The connexions between the components (cavities and 
solenoids) and the support frame are sliding systems that 
allow precise positioning. Two INVAR rods fixe the axial 
position of each cavity and solenoid during the cooling 
down. The principle of this system is comparable to the 
XFEL one. It lets the support frame to shrink by about 
15 mm during cool down or warming up, while it 
minimizes the axial displacement of the power couplers.  

Solenoid Package 
The solenoid package (Figure 12) includes a 

superconducting solenoid for beam focusing, a normal 
conducting steerer (vertical + horizontal), a BPM, and 
microlosses detectors. This component is developed by 
CIEMAT. One of the main constraints is the axial length 
limited to 400 mm. The technical specifications are the 
following: 
• Integrated on-axis field (solenoid): 1 T.m 
• Steerers dipole field : 5 T 
• Aperture: 50 mm 
• Length (flange-to-flange): 400mm 
• Fringe field at cavity flange: 20 mT 
• Working temperature: 4.4K 

The nominal current is 350A for the solenoid and 100A 
for the steerer. A passive shielding is foreseen. 

Frozen flux that can appear during the ramp up and 
down of the solenoid current may cause significant 
reduction of the cavities performances. One has to take 
into account the experience of TRIUMF/ISAC [14] in 
order to reduce to the impact of this phenomenon.                  

 
Figure 12: The solenoid package. 

 

Cryogenic System 
The cavities and the superconducting solenoids are 

cooled by liquid helium at 4.4 K and 0.12 MPa. Separated 
tanks around each cavity and each solenoid package allow 
an easy assembly and reduce the helium inventory. 

The main coupler jackets (outer conductor) need a 
dedicated 4-300 K cooling circuit to absorb the RF heat 
losses between 4.4 K and 300 K, 

The current leads of the solenoids are vapour cooled 
between 4.4 K and 300 K, 

No cold valve is located inside the cryomodule. A 
permanent circulation of liquid is maintained inside the 
cavity helium tank during the nominal operation to insure 
a constant level of liquid in the upper phase separator. 
This principle limits the number of circuit inside the 
cryostat. However it needs small phase separator at the 
entrance of liquid helium in the cryostat able to recover 
the gas created during the path of liquid in the main 
transfer line between the LHe Dewar and the cryostat. 
This cold gas is exhausted from the cryostat and its flow 
is regulated to maintain a constant level of liquid in this 
separator; the liquid coming from the low part of this 
separator is sent to the inlet pipe of the cold mass. 

Cavities and solenoids will be cooled by two different 
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configuration is needed to allow minimizing the effect of 
the frozen flux [14]. 

 
 

Figure 13: cross view of the cavity and of the main phase 
separator. 

 
The estimated static losses are 18 W at 4.4 K, and 

dynamic losses are about 55 W (~7 W per cavity at 
4.5 MV/m). 

RF Power Tests at Saclay 
A dedicated RF test stand is going to be installed at 

Saclay. It will be equipped with a RF power system 
(Pmax=230kW in CW) and the liquefier of the SupraTech 
area is able to deliver 100W of liquid helium at 4K.  
 

Future Plan 
The order of two cavities has been launched. These 

cavities will be delivered in May 2010. Tests will be 
performed in vertical cryostat with and without the 
plunger tuner in order to validate the cavity design and 
that of the innovating tuning system before launching the 
series of cavities. The mechanical study of the equipments 
for performing the chemical treatment and the High 
Pressure Rinsing in clean room is in progress. 

The order for the study and the manufacturing of the 
power couplers is going to be launched. Due to the tight 
schedule of the EVEDA project, the series of power 
couplers will be manufactured before the first two 
couplers are conditioned at CIEMAT. 

The complete cryomodule will be tested at Saclay 
before being sent to Rokkasho in 2013. 

CONCLUSION 
After all components are validated in the different 

laboratories in Europe, they will be sent to Japan and the 
prototype accelerator will begin to be installed in the vault 
of the Rokkasho building (Figure 1) in 2013 in order to 
operate the commissioning with deuteron beam in 
December 2013. 
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circuits. This option allows cooling down or warming up 
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Abstract 
In October 2008, TRIUMF in collaboration with 

university partners made a proposal to the federal 

government for the construction of an electron linear 

accelerator in support of its expanding rare isotope 

program, which targets nuclear structure and astrophysics 

studies as well as material science. In July 2009, that 

proposal was accepted and TRIUMF is embarking on the 

design phase. The 50 MeV, 10 mA, cw linac is based on 

super-conducting radiofrequency technology at 1.3 GHz 

& 2K. The first stage of the project a 25 MeV 5 mA, cw 

linac [matching the isotope production target power-

handling capability in the next five-year plan] is planned 

to be completed in 2013. The injector cryomodule 

development, which is being fast tracked, is the subject of 

a scientific collaboration between TRIUMF and the 

VECC laboratory in Kolkata, India. This paper gives an 

overview of the facility, its motivation, and the 

accelerator design progress. 

INTRODUCTION 

State-of-the-art detector systems at ISAC have been 

deployed to address critical questions in nuclear physics. 

TRIUMF facilities and expertise for the development and 

deployment of rare isotope beams (RIBs) has created an 

overwhelming international demand for ISAC beam time. 

Regrettably, the present facility delivers the beam to a 

single user at a time, whereas there are in principle three 

experimental areas. TRIUMF’s 2010–2015 Five-Year 

Plan outlines a strategy to at least double the RIB 

program. This will be realised by building an electron 

linear accelerator (e-linac) photo-fission driver coupled 

with a target station suitable for handling actinide targets 

and isotope separation on-line (ISOL). The plan, see 

Fig. 1, also envisages an additional proton beam line, 

extracting from the 4 north port of the existing H- ion 

500 MeV, 200 μA cyclotron, impinging on the same 

target in a time-shared manner. 

The centre piece of this program is the high average 

current continuous-wave electron linear accelerator 

founded on superconducting RF technology. The linac, as 

a RIB driver complementary to the cyclotron, brings 

many benefits to the Five Year Plan. 

 New Science: Nuclear physics with neutron-rich RIBs 

 High purity radioisotope beams 

 Complementary & independent RIB driver 

 Enhanced science output: multiple beams to multiple 

users 

 Steady RIB production: staggered e-linac & cyclotron 

shutdowns 

 Leverages valuable existing infrastructure:  

 Proton Hall: available shielded vault with services 

 World-class RIB multiple experimental stations 

 Expands SCRF in-house expertise 

 Prepares Canada for SCRF projects world-wide 

(International Linear Collider,  CERN-SPL) 

 Qualifies local (B.C.) commercial partner (PAVAC) to 

build elliptical SCRF cavities 

 Provides entry path to a 4th generation light source test 

bed – Compton Scatter Source (x-rays), Coherent 

Synchrotron Radiation (IR, THz). 

 
Figure 1: Overview of the present ISAC facility at 

TRIUMF and the future ARIEL expansion. 

Complementarity of e & p for Neutron-Rich 
RIBs 

Nature has an excellent way of producing neutron-rich 

radioactive isotopes: fission of the U nucleus using either 

a high-energy proton or an electron beam. The latter prod-

uces a limited range of isotopes, albeit in large quantities. 

____________________________________________  

*TRIUMF receives federal funding via a contribution agreement 
through the National Research Council of Canada. 
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Figure 2a shows the fission products distribution for 

50 MeV, 10 mA e-beam & Hg converter on a 14 g/cm
2
 

238
U target.  The limited range about the fission-mass 

peaks implies the beams are cleaner, i.e. fewer isobaric 

contaminants. By contrast, the proton beam produces a 

broader range of isotopes, see Fig. 2b; this leads to RIBs 

with significantly more isobaric contaminants. Thus, the 

strengths and weaknesses of the two drivers (e & p) are 

coupled. Proton-induced fission is clearly unbeatable for 

certain regions. While -induced fission production may 

decline more rapidly far from stability on the neutron-rich 

side, it does posses the strong advantage of comparative 

cleanliness. This will prove decisive in forays towards the 

neutron drip line: most experiments that seek to go far 

from stability are limited not by the low production of the 

most exotic nuclides, but rather by large isobar 

contamination. 

 

Figure 2: In-target production assuming 4.6 10
13

 photo-

fission, Fig. 2a (left);  and 10 μA, 500 MeV proton beam 

on to a 25 g/cm
2
 UCx target, Fig. 2b (right). 

NEW SCIENCE 

The science programs to be conducted at ARIEL are 
presented in Ref. [1]; a synopsis follows. 

Nuclear Structure 

The outstanding questions in nuclear structure are: 

 What is the structure of nuclei and nuclear matter? 

 What are the limits of nuclear existence? (where are the 

proton/neutron drip lines?) 

 What are nuclear properties as a function of neutron-to-

proton asymmetry? 

 How does the proton and neutron shell structure evolve 

along a chain of isotopes? 

 Nuclear matrix elements for extracting neutrino masses.  

In each case, theory needs experimental input to refine the 

models. An example of this is mass spectroscopy, which 

is key to determining binding energies and magic 

numbers. The e-linac program will focus on those 

neutron-rich nuclei with the peak yields. 

Nuclear Astrophysics 

There is a similar list of key questions in astrophysics: 

 How, when, and where were the heavy elements 

produced? 

 What role do nuclei play in the liberation of energy in 

stars and stellar explosions? 

 How are nuclear properties related to astronomical 

observables: 

 solar neutrino flux,  

 -rays emitted by astrophysical sources,  

 light curves of novae, supernovae,  

 and x-ray bursts of neutron stars/accretion disks? 

The most neutron-rich and the heaviest nuclei are 

produced by the r-process, a series of rapid neutron 

captures, interspersed with photodisintegrations and  

decays. E-linac will focus on nuclear astrophysics with 

neutron-rich nuclei at closed shells, particularly mass and 

decay lifetime measurements. 

eta-NMR for Materials Science 

Beta-detected NMR ( -NMR) employs implanted 

particles that sense their magnetic environment and report 

this information through their spin-dependent anisotropic 

beta decay, thus acting as sensitive magnetic probes for 

fundamental studies of matter at the atomic scale. 

Over the last 5 year period, TRIUMF -NMR received 

about 4 weeks of beam per year. With such limited time, 

there is no chance for -NMR to grow into a broad-based 

research tool like μSR. To make the leap to user facility, 

it is essential to implement a parallel source of 
8
Li – this 

may be produced directly by photo-disintegration, e.g. the 
9
Be( , p)

8
Li reaction is estimated to yield at least as much 

8
Li as the conventional ISAC target. With the proposed 

new e-linac source, the beam time available for -NMR 

will quadruple. 

ACCELERATOR BASELINE CONCEPT  

Photofission of 
238

U as an alternative production method 

for RIB was proposed by Diamond [2] in 1999. The 

electron beam falls on a convertor target (W or Hg), to 

produce bremmstrahlung which in turn falls on a U target. 

The fission fragments are then ionized and mass-

separated before transport to the RIB users.  

The 10 mA, 50 MeV specification of e-linac is a 

response to the desire for in-target fission rates up to 10
13

, 

and the production efficiency versus electron beam 

energy which falls steeply below 20 MeV and saturates 

above 50 MeV; it is a better investment to increase the 

electron flux than their kinetic energy.  

The major components of the e-linac are a 10 MeV 
injector, followed by a main linac section accelerating 
from 10 to 50 MeV (see Fig. 3). Three goals have shaped 
the conceptual design of the e-linac: (1) cw operation at 
high average power; (2) the utilization of existing 
technology wherever possible; and (3) flexibility towards 
operation and re-configuration.  Splitting the machine into 
injector and main linac will ease injector tuning and allow 
for an expansion to a test bed for Energy Recovery Linac 
(ERL) with beam intensity of 20 mA at 80 MeV, or 
Recirculating Linear Accelerator (RLA) with 
corresponding beam parameters of 2 mA and 160 MeV. 

Machine main parameters and bunch vital statistics are 
reported in Table 1 & 2. Detailed description of the 
components can be found elsewhere [3, 4].  

One of the major constraints affecting the accelerator 
layout was a power limitation of available RF power 
couplers and klystrons. Reference components of the 
design were 50 kW coupler design of Cornel ERL injector
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Table 1: E-linac Baseline Major Parameters 

Final energy 50 MeV 

Beam current 10 mA 

Beam power 0.5 MW 

Bunch repetition rate 650 MHz 

Accelerating frequency 1.3 GHz 

Accelerating gradient 10 MV/m 

Cavity quality factor 10
10

 

Duty factor 100 % 

 

Table 2: Bunch Vital Statistics for Photo-Fission 

Parameter inject  

Normalized emittance (μm) 4   30  

Longitudinal emittance (keV.ps) 4   80  

Bunch length  (ps) FW < 170 

Energy spread  (keV) FW < 1  

Bunch charge (pC) 16 
 
and 135 kW E2V klystron. In this configuration one RF 

unit would feed one 9-cell superconducting cavity via 2 

high power couplers, delivering 100 kW of RF power to 

the beam per cavity. Coupled with the 10 mA 

requirement, this leads to the 10 MV/m gradient. The 

modest gradients and quality factor are consistent with 

chemical etching alone of the niobium surfaces. TRIUMF 

has an existing BCP facility, but no plans for electro-

polishing. 

Because the beam is dumped on a target, the 6D 
emittances are relaxed compared with linac-based light 
sources. A 100 keV thermionic gridded gun has been 
chosen as the electron source based on low cost, 
simplicity and ease of maintenance. This is followed by 
an NC bunching cavity. Historically, in pulsed-operation 
linacs, the transition from low  = v/c to  =1 has been 
achieved with an NC capture system that accelerates and 

provides additional bunching. However, for this cw 
application, substantial cost/power savings will be 
achieved by incorporating an SC capture section (two, 
independent single cells) before the first SC multi-cell 
cavity. This configuration is unusual and has motivated a 
careful beam dynamics study using advanced design 
techniques as discussed below.  The main linac adopts 
TTF type multi-cell cavities, but with modified end cells 
terminating in large bore beam pipes and beamline type 
higher-order-mode absorbers.  

Upgrade Path: Light Source 

A strong case exists for linac-based photon sources 

from the far infrared to hard x-rays. Compton scattering 

source (CSS) offers the possibility to produce hard x-rays 

research, industrial or medical applications at a fraction of 

the cost of ring or FEL-based facilities.  The CSS is based 

on the scattering of photons from an intense laser by a 

relativistic electron beam. Retro-fitted with a photo-

cathode electron gun and equipped with a bunch-

compression magnet chicane and low-beta beam optics 

insertion, the e-linac could provide a 100 MeV capable 

electron source for this R&D effort.  

Alternatively, configured as an ERL by the addition of 

return arcs and boosted cryogenic capacity, and coupled 

to a suitable high-Q cavity FEL, the e-linac could produce 

hundreds-watts-level infrared radiation in the range 2–

200 μm. The SRF-linac offers the advantage of highly 

stable operation and high average power.  

Terra-Hertz radiation is a frontier area for research in 

the physical sciences, biology and medicine. With a 

number of modifications, a 10–20 MeV the e-linac could 

be configured as a THz source: either a narrow-band FEL-

based source similar to FELIX, or Coherent Synchrotron 

Radiation source similar to the one at the TJNAF.  

This range of applications has motivated a parallel 

beam dynamics study with the aim of ensuring that the 

ICM design is compatible with a high-brilliance beam, in 

addition to the low brightness beam for the photo-fission 

RIB application. Beam parameters for this exercise are 

selected as follows: 100 pC/bunch, source kinetic energy 

200 keV, repetition rate 100 MHz, transverse r.m.s. 

 

Buncher 

Solenoids 

Solenoid 

Capture 
Cavities 

Injector 

Main linac 

Multicell Cavities 

Gun 

Figure 3: E-linac schematic layout. 
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emittances of 10 μm and r.m.s bunch length of 1 ps at the 

user. 

SIMULATION METHOD APPROACH 

The components of the e-linac injector and their 

operating parameters are being determined by a design 

process taking into account beam dynamics [5] and 

operational considerations as well as future upgrade path 

to a high brightness light source. The final design reflects 

a balance between performance goals and realistic 

constraints such as space and cost. The beam dynamics 

modelling is done with simulation codes ASTRA [6], 

PARMELA [7] and TRACK [8]. Early on it was realized 

that the design requirements for the photo-fission driver 

(16 pC bunch charge) were sufficiently forgiving, 

therefore the test of viability for any machine layout will 

rest with the high brightness case (100 pC) where space 

charge issues limit the geometry options.  An iterative 

process has resulted in the current machine geometry, 

which can support quality transport of beams with both 16 

pC and 100 pC bunch charge, while allowing 

implementation of sound schemes of tuning, monitoring 

and machine studies.  

The capture has been simulated for cavities of different 

design beta. The objective is to avoid tail formation in the 

longitudinal phase space as well as to minimize the 6D 

emittance growth. Relevant to this goal is the bunch 

length at the entrance of the injector, which is modified by 

varying the distance between the buncher and the ICM. 

Some configurations of the ICM capture section are listed 

in Table 3. Downstream of the capture section, a 9-cell 

cavity completes the ICM RF elements. The four main 

linac 9-cell cavities are also included in the simulations. 

Output r.m.s. emittance growth profiles are represented in 

Fig. 4. 

Table 3: Examples of ICM capture section configurations 

simulated in PARMELA. 

Capture 1 Capture 2 Solution 
 MV/m  MV/m 

1 1 6 1 10 
2 1 6 1 11 
3 1 6 1 12 
4 0.7 7 1 14 
5 0.7 3.5 1 10 
6 0.7 7 0.7 14 

Design and operating parameters in some cases are 

obtained using a genetic optimization program, originally 

adapted for accelerator design at Cornell University [9], 

with extended features developed locally for the e-linac 

design. A genetic algorithm is superior in its robustness 

against near singularities in the modeling process. The 

particular algorithm used allows multiple competing 

objectives and has proved competent in homing in onto 

globally optimal solutions in reasonable time. Each 

solution set is graphed as a Pareto front. 

For example, Fig. 5 shows that the occupied beam 

phase space diminishes as the buncher to capture distance 

is reduced from 1.55 to 1.05 m. 

 

Figure 4: Transverse (top) and longitudinal (bottom) 

emittance growth for configurations (see Table 2) as 

function of the linac element: buncher =10, capture1 =14, 

capture2 =15, injector =17 and cavity1-4 =19-20-22-23. 

 

 
Figure 5: Pareto fronts for 1.55 m (red) buncher-to-

capture distance and 1.05 m distance (green) 

For example, Fig. 6 shows the performance in 

transverse and longitudinal emittance space as functions 

of the single-cell configurations including fault cases 

where only one cell is operative.  

Figure 7 is a plot of the solution space; it summarizes 

many possible operating points and where one particular 

PARMELA tracking, solution 6, intersects the possible 

space of operating points consistent with equipment 

hardware parameters. The colours distinguished the data 

in the 3D space (blue points) from the projections (orange 

,  red z, green E) on  the three  planes of the  same data. 
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Figure 6: Performance comparison between normal and 

exception cases: red: =0.7+ =1.0 capture cavities, green: 

=0.7+ =0.7, blue: 1st capture only ( =0.7), pink: 2nd 

capture only ( =1.0), olive: 2nd capture only ( =0.7).  

 
Figure 7: The 3D graph shows a population of ASTRA 

optimized solutions. The dotted lines on the three 

projection planes represent the PARMELA solution 6.  

 

This graph shows that the independent solution found in 

PARMELA is in good agreement with the bulk of 

solutions found through the optimization routine in 

ASTRA. This give confidence in the final solution we are 

going to choose. 

PROJECT TIMELINE 

The University of Victoria and TRIUMF applied to the 
Canadian Foundation for Innovation (CFI), a federal 
agency for infrastructure projects, to fund the e-linac 
project in October 2008. The application for $17.8 million 
Canadian was approved in July 2009, contingent on 
matching funds for the civil construction from the 
Provincial government. A final decision on the latter is 
expected autumn 2009. The e-linac project also represents 
an integral part of TRIUMF’s 5-Year Plan in support of 
the laboratory flagship RIB program at ISAC. This plan 
envisages early “new physics” outcome based on an 
intermediate phase of e-linac construction. This first stage 
will produce 100 kW beam power at 25 MeV, which will 

provide sufficient amount of photo-fissions to initiate a 
neutron-rich physics program in 2013. In order to further 
fast track this already challenging schedule TRIUMF has 
entered into a collaborative agreement with Variable 
Energy Cyclotron Centre (VECC) in Kolkata for 
development of 1.3 GHz SCRF technology. The e-linac 
Injector Cryomodule (ICM) development and beam test is 
a subject of the present stage of collaboration. Two 
identical ICM’s, one for each collaborator, will be 
constructed and the first unit beam tested in 2011. 
Intensive beam dynamics studies[5] are almost completed, 
and engineering design has just started for  cryomodule 
development. The final 0.5 MW machine specification 
and matching photo-fission converter-target capability 
(yet to be developed) will be achieved in 2017. 

Accelerator Components Design  

TRIUMF decided to initiate an early start in development 
of the crucial components of the accelerator. The 
collaboration with VECC has allowed fast progress in the 
development of a 1.3 GHz SRF vertical test stand and the 
injector design and prototyping. The following sections 
summarise some recent achievements. 

Electron Gun 

An electron source test stand is being constructed based 

on the 100 keV thermionic gun obtained from the TJNAF. 

The gun has been modified from diode to triode operation 

to allow modulation at 650 MHz and individually formed 

bunches of 170 ps FW. The method was previously 

developed at the FELIX facility[10].  

Simulations of the beam parameters have been 

performed with the code SIMION 3D Ver. 8.0 which 

allows tracking of particle bunches including space-

charge forces and application of variable electrical 

potentials. Particle tracing through the electrical field of 

the extraction electrodes quantifies the beam pulses 

shown in Fig. 8: at a bunch charge of 29 pC, almost 

double the requested one, the normalized transversal rms 

emittance is 2.76  μrad and the normalized longitudinal 

rms emittance is 28  keV-ps.  

 
Figure 8: Particle distribution in the energy RF-phase 

space ( W, ) at the gun exit.  
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Elliptical Cavity 

Pursuing the 1.3 GHz technology, TRIUMF joined the 
Tesla Technology Collaboration (TTC) in 2007. In 
addition to SRF knowledge exchange in a framework of 
this agreement, TRIUMF has obtained from DESY and 
Fermilab two niobium cavities to gain expertise in a 1.3 
GHz domain through cavity cold tests. Collaboration with 
VECC has pushed the e-linac development forward and 
helped setting up a vertical test stand. A single cell cavity 
test at 2K has validated the infrastructure required for the 
cavity development. The Richmond B.C. based company 
PAVAC is in the process of fabricating a couple of single 
cell and one 9-cell cavities in a framework of the e-linac 
cavity development program. 

LLRF 

The 1.3 GHz LLRF control system is based on the 
existing ISAC-2 106/144 MHz design, which operates 
under self-excited phase-locked mode. 
The 1.3 GHz signal is first down-converted to an IF of 
138 MHz, and then converted to base band to separate 
amplitude and phase detection.  An IF is necessary 
because the digital phase detector, a Type 4 
phase/frequency detector built using a Xilinx Spartan 
FPGA, provide only 300 degree phase detection at less 
than 250 MHz.  The demodulated signals are sampled by 
 two separate 18-bit ADCs to eliminate crosstalk between 
channels. The digitized signals are then processed by a 
Freescale 24-bit integer DSP.  The processed signals are 
first up-converted to 138 MHz and then to 1.3 GHz. A 
prototype system has been built and tested using the 
single-cell cavity; closed-loop amplitude regulation was 
achieved.  
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FUTURE SRF-LINAC BASED LIGHT SOURCES:  
INITIATIVES AND ISSUES *  

J. Bisognano, UW-Madison/SRC, Madison, Wisconsin, USA                                                         

Abstract 
The light source communities have become more and 

more aware of the substantial advantages of 
superconducting linear accelerators for the production of 
the brightest and most intense electromagnetic radiation.   
The basic needs of these researchers are reviewed.   
Currently contemplated light sources driven by SRF 
linacs are presented together with their unique features 
and the issues that must be addressed to bring them to 
fruition.  

WHAT DO USERS WANT? 
The history of accelerator-based light has seen ever 

increasing demands on the brightness and intensity of the 
photon sources. The driving desire is to probe matter at 
substantially finer length and time resolutions, and the 
next scientific frontier is where physical, chemical, and 
biological systems can be viewed on their characteristic 
temporal, spatial, and energy scales—femtoseconds, 
nanometers, and millivolts.  Dynamics will be the key 
theme of the future, supplanting the studies of static 
systems that have been the bread and butter of today’s 
light sources.  The science enabled includes, for example, 
delineating the elementary steps of catalysis and chemical 
transformations, understanding how correlations of 
electrons and spins create high Tc superconductors, and 
elucidation of the remarkable functionality of complex 
biological systems [1].  In addition, high average photon 
flux density is often required, whether to perform photon-
in/photon-out experiments on condensed matter systems 
or to study multi-photon atomic physics or to develop 
speed-of-light weaponry for missile defense [2, 3].  

These user requirements translate into accelerator beam 
specifications, and these specifications are well matched 
to the capabilities of superconducting linacs.  Short pulses 
(subpicosecond) are central to many of the next 
generation light source initiatives.  While this parameter 
range is difficult, if not impossible, for storage rings, it is 
typical of linear accelerators.  With their weaker 
wakefields from relatively larger apertures, SRF linacs 
can maintain low energy spread at high bunch charge 
more easily than room temperature linacs.  The superb 
emittances generated by state-of-the-art electron guns, 
much less than what is possible in reasonably sized 
storage rings, can be preserved in SRF linacs.  For FELs, 
a linear accelerator is preferred over a storage ring 
because the FEL interaction is disruptive of the beam 
quality and fresh beam is continuously needed; for ERLs, 
energy recovery is most effective in a superconducting 
structure with its low losses.  CW operation allows for the 
required high average beam power demanded by many 

applications.   In addition, a typical light source user is 
part of a small research team, and there is a premium on 
high repetition rates to allow many simultaneous 
experiments to keep the cost/experiment-hour comparable 
to that of today’s storage rings. 

   
SOFT X-RAY FELS 

SASE and Seeded FELs  
First generation FELs such as LCLS and FLASH are 

based on the principle of Self Amplified Spontaneous 
Emission (SASE) which produces only transversely 
coherent radiation.  Since the start-up radiation is 
generated from shot noise on the particle beam, the output 
radiation is noisy and temporally incoherent.  Shot to shot 
reproducibility is poor.  A key goal for future X-ray FEL 
light sources is to generate fully coherent radiation, both 
transversely and longitudinally (temporally).  For soft X-
rays several seeding approaches are available.  As 
developed at BNL [4], seeding with a conventional 
(typically IR) laser starts the FEL process by modulating 
the energy of the electron beam on passage through an 
undulator tuned to the laser wavelength.  After passing 
through a buncher, higher harmonics in density are 
generated which are amplified and radiate in a following 
undulator tuned to a harmonic. The resulting radiation is 
temporally coherent, mimicking the coherence of the 
conventional laser seed.  Furthermore, this process can be 
cascaded to offer several stages of up conversion in 
photon energy.  Since these original experiments, the 
process of high harmonic generation (HHG) [5] using IR 
laser ionization of a noble gas can produce sufficient 
power to seed at much shorter wavelengths, ~ 40 nm.   An 
additional advantage of seeding is that the FEL can be 
turned down in intensity, since it need not be driven into 
saturation to generate reproducible radiation. 

Early designs called for a so-called “fresh bunch” 
technique, where substantial beam degradation develops 
as the FEL reaches saturation in a cascade stage.  To 
continue cascading, the timing of the longer electron 
bunch is slipped relative to the photon pulse to offer 
previously unperturbed electrons for continued FEL 
amplification.  Since the overall peak current must be 
high (~1 kA), nanocoulomb bunch charge was required.  
More recently, approaches utilizing low gain sections and 
HHG have shown that keV photons can be generated with 
lower bunch charge [2].  See Fig. 1.  This enables, for a 
given average current (typically of the order of a 
milliampere), more simultaneous users to be supported.   

Another method, echo enhancement [6], utilizes two 
stages of laser seeding to develop filamentation of the 
electron bunch.  This process generates very high 

___________________________________________ 
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harmonic content and enables production of keV photons 
with few if any cascades.  See Fig. 2. 
 

 
 
Figure 1: Cascading in WiFEL with 200 pC bunch 
charge. 
 

 

 
 

Figure 2:  Echo enhancement configuration [6]. 
 

Soft X-ray FEL Initiatives 
There are three major projects on the drawing boards 

for soft X-ray FELs using SRF linacs: the Wisconsin FEL 
(WiFEL), the UK New Light Source Project (NLS), and 
the future light source at Berkeley Lab [2, 7, 8].  Given 
that all projects aim at ~1 keV photons in first harmonic 
and serving multiple users, the linac energies (2.2-2.4 
GeV) and layouts are similar.  For example, see Fig. 3.    
Differences can be found in assumed repetition rates, 
cascading schemes, undulator gap/period assumptions, 
and auxiliary capabilities.  

 
The common specifications are: 
 
1. High brightness (> 1011 photons/pulse) 
2. Transform limited output--both transverse and 

longitudinal 
3. Short pulses, tens of femtoseconds, with potential 

upgrades to subfemtosecond performance 
4. Energy resolution of meV or less 
5. Tunability in photon energy and polarization 
6. Synchronization with short pulsed  lasers 

 
Pulse repetition rates for these projects vary from 
kilohertz to several megahertz.  Rates of a kilohertz 
represent present technology, whereas megahertz rates 
depend on the success of R&D programs on CW electron 
guns and high power seed and photocathode lasers.    
Both low frequency room temperature and high and low 
frequency SRF guns are under consideration. Ancillary 
devices may include terahertz sources based on coherent 
synchrotron radiation from short bunches. 

Cascading schemes for the NLS and WiFEL use the 
low gain approach of Fig. 1, with typical bunch charges 
of 200 pC.  The LBNL design may invoke the enhanced 
SASE scheme (ESASE) [9], with laser induced bunch 
compression to generate spikes with high harmonic 
content, or the echo scheme discussed earlier. 

Recirculation has been considered to reduce costs, but 
beam quality preservation may be marginal in the 
recirculation arcs because of CSR and wakefield 
degradation.   Further modelling and experimental work 
needs to be done to make a convincing case for this 
approach. 

 

 
 Figure 3:  WiFEL layout. 

 
The beam currents envisioned for these light sources, of 

the order of one milliampere, are well within the range of 
current technology.  RF phase and amplitude stability are 
tight but feasible (typical numbers are 0.02% and 0.03°).  
The baseline approaches do not require recirculation, so 
high order mode damping is much less stringent than in 
energy recovery linacs (ERLs), which also must 
accelerate substantially higher average currents. The 
designs invoke existing L-band technologies, either 
variations on the Jefferson Lab/Cornell cavities or CW 
versions of the DESY cavities.  This choice has been 
made for the practical reason of likely availability. 
However, since bunch repetition rates are megahertz, not 
gigahertz, other frequency choices could be considered. A 
full study of the optimal frequency, both for cost and 
beam dynamics considerations, has not yet been 
performed. 

TOWARD TEMPORALLY COHERENT 
HARD X-RAY FELS 

For harder X-rays (> 1keV), the seeding approaches 
discussed above become inefficient because of the many 
stages of up conversion required.  Current projects, 
including the European XFEL [10], utilize SASE.  For 
temporal coherence one might consider simply using a 
soft X-ray seeded FEL in saturation as the seed for a hard 
X-ray FEL, but this requires real estate and fresh bunches.  
Two other approaches, self-seeding [11] and X-ray 
oscillators based on crystal cavities [12] are other avenues 
for better temporal coherence and spectral purity  

Self seeding consists of two undulators separated by a 
magnetic chicane and a monochromator. See Fig. 4. 

 
 

Figure 4:  Self seeding configuration from [11]. 
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In the self seeding approach, SASE radiation not in 
saturation is filtered by a monochromator and used to 
seed a subsequent FEL.  The bypass removes the beam 
modulation generated in the first undulator and equalizes 
the time delay of the monochromator. Spectral brightness 
can be increased by a factor of 100 over straight SASE. 

 In an X-ray Oscillator FEL (XFELO), Figure 5, a low-
loss Bragg crystal cavity and low charge bunches at 
megahertz repetition rates with very low emittance are 
used. 

  
 

Figure 5:  XFELO configuration [12]. 
 
Beam energies of ~7 GeV are required for 1Å output.  
The pulses are temporarily and transversely coherent, 
with an rms bandwidth of about 2 meV and rms 
pulselength of about 1 ps. Compared to SASE from a 
high-gain FEL, the pulse intensity of an XFELO is lower, 
but the XFEL spectrum is narrower by a larger factor, 
giving an overall brighter photon beam.    

The bunch charge is ~20 pC with a normalized 
emittance of ~ 0.1 mm-mrad.  The optical cavity length 
requires the bunch repetition frequency of order one 
megahertz. In combination, this would allow many such 
oscillators to be driven by a one milliampere average 
current linac.  Energy recovery is not required, although 
recirculation may reduce costs significantly if emittance 
degradation of these high quality but low charge bunches 
can be minimized.  One possible layout is shown in 
Fig. 6. 
 

 

  
 
Figure 6:  A multi-XFELO facility with recirculation [12]. 

SPONTANEOUS EMISSION ERLS 
The emittance of electron storage rings results from an 

equilibrium reached between the damping and the 
quantum fluctuations induced by the synchrotron 
radiation process.  Achieving sub-nanometer geometric 
emittances, especially at higher energies, is difficult.  
Superconducting linacs driven by photocathode sources 
appear to be able to better this performance [13].  To 
achieve significant flux requires acceleration of currents 
of order 100 mA, which requires energy recovery for 

reasonable power costs.  A 5 to 7 GeV, 10 to 200 mA 
ERL machine could produce electron beams of a few 
microns diameter with very low emittances (8 to 100 pm) 
in both the horizontal and the vertical planes, if in practice 
source performance meets theoretical estimates.  With a 
lower beam energy spread than found in storage rings, 
longer undulators (possibly 25 meters in length) can be 
considered to produce ultra-high transverse brightness 
X-ray beams by spontaneous emission.  The most mature 
design is that of the Cornell ERL.  See Fig.7. 
 

 
Figure 7:  Cornell ERL. [14]. 

 
ERLs have also been considered for an upgrade of the 

Advanced Photon Source and for construction in Japan in 
collaboration between KEK, JAEA, ISSP, and other 
synchrotron radiation institutes.  The peak and average 
transverse brightness of these sources do not match those 
of ultimate CW FEL sources, but offer the advantage of 
closely spaced, lower peak intensity pulses that more 
closely mimic storage rings. 

As with CW FELs, the electron gun technology for 
ERLs has yet to be demonstrated. Average currents are at 
the 100 mA level rather than the milliampere level for 
FEL drivers.  With recirculation at these currents, higher 
order mode damping becomes critical both for beam 
breakup and for ensuring dissipation of higher order mode 
losses outside the cryogenic environment.  Halo, gas 
scattering, and ion trapping limits are being investigated. 

 

ERLS FOR FELS ET AL. 
Energy recovery linacs have been utilized successfully 

as drivers for FEL oscillators at longer wavelengths (IR), 
where beam parameters for lasing are relaxed and do not 
preclude recirculation and clean beam transport.  The 
Jefferson Laboratory IR FEL is a prime example of this 
approach [15], achieving 14 kW average power at 
1.6 microns. Other similarly sized demonstration projects 
(ALICE, BerlinPro, US Naval Postgraduate School, and 
Japan Compact ERL) are at various stages of 
construction.   The Jefferson FEL is a prototype of a 
weapons system with the goal of a megawatt CW FEL to 
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defend naval ships from missile attack [3].  The Navy is 
supporting design of a 100 kW palletized system for 
deliver in FY 2014-2015, with initial awards made to 
Boeing and Raytheon. 

 At Jefferson Lab a major upgrade is being proposed—
JLAMP, a 4th generation FEL light source covering the 
range 10 eV–200 eV in the fundamental mode with 
harmonics to 1 keV [16], Fig. 8. For the highest energies, 
an amplifier FEL would be used at repetition rates of a 
few megahertz.  This light source is based on an energy 
upgrade to the existing energy recovery linac at Jefferson 
Lab, using technology developed for the CEBAF 12 GeV 
upgrade.  Specifically, gradients of 20 MV/m and re-
circulation allow electron beam energies of greater than 
600 MeV to be achieved with bunch charge of ~200 pC.  
Preliminary studies indicate that emittance degradation in 
the arcs can be controlled, and the facility offers the 
ability to more fully characterize degradation processes 
such as coherent synchrotron radiation (CSR). 
 

 
Figure 8:  JLAMP, using new recirculation arcs and 
upgraded SRF added to the JLab IR FEL prototype  [16]. 
 

The US National High Magnetic Field Laboratory is 
pursuing an initiative named BigLight [17], whose layout 
is shown in Fig. 9. It is to provide photons commensurate 
with the energy- and time-scales typically encountered in 
materials research at high magnetic fields. The BigLight 
design offers unique measurement capabilities: three co-
located narrow-band tuneable sources with overlapping 
frequency ranges spanning the full terahertz-to-infrared 
(THIR) regime.  

 

 
Figure 9:  BigLight [17]. 

The BigLight design builds on the concept of the 
JLab IR prototype, and it uses a photo-injected electron 
accelerator with beam energy of 60 MeV, an average 
current of 3 mA, an SRF linac, and undulators within 
optical cavities to generate light. It uses energy recovery 
to minimize capital and operating costs, as well as to 
minimize radiation hazards.  

The ARC-EN-CIEL [18] concept brings together 
both spontaneous sources, oscillators FELs, and HGHG 
seeded FELs into one project, with both straight linac and 
ERL operation.  See Fig. 10.  Installation will be phased, 
first with a single-pass linac up to 1 GeV for seeded FELs 
followed by construction of recirculation loops, either for 
energy recovery or multipass operation.  Spontaneous 
hard X-ray undulators, VUV oscillators, and extraction at 
3 GeV for a HGHG X-ray FEL will then be possible.  
Terahertz CSR can also be produced.  Recirculated beam 
currents may be as high as 100 mA. 

 

Figure 10:  ARC-EN-CIEL [18]. 

REVERSE COMPTON SOURCES 
The limited availability of high quality, hard X-ray 

beams for academic research and commercial applications 
has driven interest in developing small, high performance 
sources to supplement synchrotron radiation facilities.  
One promising approach is inverse Compton scattering, 
using an electron beam interacting with an intense laser 
beam.  Ruth et al. [19] are pursuing a small synchrotron 
as the electron source, where a relatively high current 
beam (60 mA) is stored.  Since a small ERL can achieve 
similar currents with smaller transverse emittances, one 
can construct a Compton source using one of the low 
energy superconducting ERLs that exist or are currently 
under construction.  For example, such a source is being 
developed at Daresbury’s ALICE facility [20], driven by 
a multi-terawatt laser. Hard X-rays, ranging from 15 keV 
to 30 keV, depending on the backscattering geometry, 
will be generated through the interaction of the laser pulse 
and an electron bunch delivered by ALICE. The X-rays 
created contain 15×106 photons per pulse from head-on 
collisions, with pulse duration comparable to that of the 
incoming electron bunch, and 5×106

 photons per pulse 
from side-on collisions, where the laser pulse defines the 
pulse width. The peak spectral brightness is about 1020 

photons/s/mm2/mrad2
������ � . 

However, the cost of such high current ERLs for 
commercial and academic applications may still be 
prohibitively expensive.  An alternate design, CUBIX, 
has been proposed by an MIT group using a short 
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superconducting linac [21], Fig. 11.  Although the time-
average current is low in the linac (1 mA), a much smaller 
interaction volume is generated using the lower emittance 
from a low charge bunch from a photocathode electron 
gun.  The electron–photon interaction is additionally 
improved with a laser enhancement cavity that stores 
1 MW pumped from a 1 kW CW laser. 

   

 
Figure 11: Layout for MIT Reverse Compton Source [21]. 
 

The facility can operate in two modes: at high 
(megahertz) repetition rates with flux and brightness 
similar to that of a beamline at a large 2nd generation 
synchrotron, but with short ~1 ps pulses, or as a 10 Hz 
high flux-per-pulse single-shot machine. The high 
brightness electron beam is to be produced by a 
superconducting RF photoinjector. The photocathode 
laser will produce electron pulses at either many 
megahertz with 10 pC per bunch or at 10 Hz with 1 nC 
per bunch.  At low charge, emittance of 0.1 mm-mrad, 
energy spread of 10 keV, and rms bunch lengths as short 
as 100 fs are expected.  Cost control is necessary to make 
such a source commercially viable.  One approach may be 
to use lower frequency cavities to allow operation at 4K. 

 
CONCLUSION 

Superconducting RF has become the key ingredient in 
many, if not most, of future light source projects, from 
terahertz to hard X-rays.  
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THE ESS SUPERCONDUCTING LINEAR ACCELERATOR

M. Lindroos, ESS-S, Lund, Sweden
C. Oyon, ESS-Bilbao, Bilbao, Spain

S. Peggs, ESS-S, Lund, Sweden/BNL, Upton, New York, USA

Abstract

In 2003 the joint effort to design a European Spallation
Source resulted in a set of reports. Two new designs were
presented at PAC09 by ESS-Bilbao and ESS-Scandinavia.
Both designs exploit synergies with projects such as SPL at
CERN, eRHIC at BNL, and the EURISOL Design Study.
Lund was agreed to be the ESS site in late May 2009. ESS-
S then began to prepare for a coordinated European effort
to update the design, and to prepare all legal and organisa-
tional matters that will be needed during the construction
phase. The design update phase is expected to end in 2012.
The present status of the preparatory work is presented, to-
gether with an outline of future work. The baseline for the
updated design is presented and discussed. It delivers 5
MW of 2.5 GeV protons to a single target, in 2 ms long
pulses with a 20 Hz repetition rate. Potential future up-
grades of power and intensity are considered, with the pos-
sibility of increasing the average beam power to as much as
7.5 MW, for delivery to one or perhaps two target stations.

ESS-BILBAO INITIATIVE WORKSHOP

During its phase as candidature for hosting ESS, ESS-
Bilbao designed a comprehensive, international and col-
laborative R&D programme which addresses some of the
critical design challenges of the ESS and provides a collab-
orative platform for research efforts across Europe.

Within this R&D programme ESS-Bilbao organised
the ESS-Bilbao Initiative Workshop Multi-MW Spalla-
tion Neutron Sources: Current Challenges and Future
Prospects, held in Bilbao in March 2009. More than 160
worldwide experts gathered to discuss the status, plans, is-
sues and challenges facing the development of high power,
long pulse spallation sources and synergies with other on-
going related projects. The workshop succeeded in its goal
of bringing together people working on programmes of rel-
evance to high power spallation neutron sources, to iden-
tify:

1. The challenges next generation machines will en-
counter.

2. How these challenges might be addressed by a series
of truly collaborative, international research efforts.

The workshop proceedings[1] highlight the current chal-
lenges, address future prospects, and define some collabo-
rative development programmes. The workshop tried also
to put together the user’s point of view of such a neutron
facility, and the requirements from the accelerator and tar-
get experts, in order to get a preliminary set of parameters
that fulfils the needs of the three groups.

Table 1: Primary ESS Performance Parameters in the
Long Pulse Conceptual Design. Columns B and S show
the minor differences between the ESS-Bilbao and ESS-
Scandinavia nominal parameters.

INPUT B S

Average beam power [MW] 5.0
No. of instruments 22
Macro-pulse length [ms] 1.5 2.0
Pulse repetition rate [Hz] 20
Proton kinetic energy [GeV] 2.2 2.5
Peak coupler power [MW] 1.2 1.0
Beam loss rate [W/m] <1.0

OUTPUT

Duty factor 0.03 0.04
Ave. current on target [mA] 2.3 2.0
Ave. pulse current [mA] 75 50
Ion source current [mA] ∼90 60
Total linac length [m] ∼420

Table 1 shows the tentative set of primary ESS parame-
ters that were established at the workshop (column B) side-
by-side with the nominal parameters developed by ESS-
Scandinavia (column S). In many cases the values are iden-
tical. The differences are relatively minor, where they do
deviate. The ESS-B parameters take the ESFRI road map
values (5MW, 1 GeV, 150 MA, 16,7 Hz) as a starting point,
and take advantage of on-going research activity estab-
lished by ESS-Bilbao, with the aim of simplifying the linac
design and increasing reliability. In essence the current has
been decreased (75 mA) and the final energy has been in-
creased (2.2 GeV), keeping the linac elements essentially
the same. The decrease of the current allows an increase of
the cavity gradient, which results in an increase of the linac
energy while keeping the linac length unchanged. The rep-
etition rate has been increased to 20 Hz, a value that is ac-
ceptable by the user community and avoids problems for
linac operation. The pulse length may also be reduced to
1.5 ms, since this value is preferred by neutron scientists
and also eases some design efforts for the RF equipment.

With this set of parameters in mind, the accelerator com-
ponent group discussed the present status, issues and chal-
lenges, and future R&D developments needed for cavities
and cryomodules. Special focus was placed on power cou-
plers, transitions from warm to cold sections, the use of
spoke cavities, higher order modes, cryomodules and cryo-
genics. They also established some recommendations for
the area of high power RF architecture
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The beam dynamics and diagnostics group addressed the
problems of modelling codes, radiation issues and longitu-
dinal and transverse measuring techniques. Their recom-
mendations came in three main sub-areas:

1. Beam diagnostics: the working group clearly recom-
mended more diagnostic equipment than previously
envisaged.

2. Linac Front End: an approach for obtaining high
reliability FE system capable of meeting the speci-
fied parameters was specified, considering each major
component of the FE separately – ion source, LEBT
and RFQ.

3. Beam dynamics: the clear conclusion was that a de-
tailed study of the beam line, from the ion source to
the target, must be completed.

PARAMETER OVERVIEW

Proton beam macro-pulses around 1.0 ms are close to
ideal from the users point of view[2]. Pulse repetition rates
as large as 33 Hz are viable, although rates of 20 Hz or
less are preferred. The 22 neutron instruments must be
served with very high reliability. Currently the PSI SINQ
cyclotron achieves ∼90% reliability, while the more com-
plex SNS SRF linac achieves ∼80% at 680 kW. Reliability
is related to maintainability, so the ESS requires low beam
loss rates (preferably ≪1 W/m with localized exceptions)
to control beam component activation. Reliability and low
losses run counter to the desire for high performance, low
cost, and low risk in construction and commissioning.

The primary parameters in Table 1 evolved from the val-
ues originally proposed in 2003, with almost the same linac
components[3]. The most significant changes are the cur-
rent decrease (from 150 mA) and the energy increase (from
1.0 GeV).

The beam energy is increased while keeping the overall
length almost constant by raising the SC elliptical cavity
gradient. The neutron flux is almost unchanged – the num-
ber of neutrons per proton-Joule appears to be almost con-
stant above 1 GeV. The final focusing system is modified.
An active beam painting scheme is being considered.

The average beam current reduction, enabled mainly by
the increased beam energy, in turn reduces the space charge
forces and so helps to minimize halo generation at low en-
ergies, where the beam quality for the whole linac is de-
fined. Lowering the beam current eliminates the need for a
beam funnel to combine beams from two front-ends. Beam
funnels have never been used in routine accelerator oper-
ations, although proof-of-principle experiments have been
successful. Lower beam currents reduce the commission-
ing time, reduce beam losses, and facilitate an upgrade to
higher beam powers.

The maximum cavity gradient in the high current SRF
linac is limited by the maximum peak power that can be fed
via the power couplers. Current technologies limit the peak
coupler power to about 1.0 MW, sufficient for a peak gra-

dient of 15 MV/m in a 5-cell 704 MHz cavity accelerating
a 60 mA beam. This is consistent with present technology.

Increasing the repetition rate slightly from 16.67 Hz to
20 Hz appears to be acceptable to the user community and
helps keep the average current low. It also avoids possible
problems related to subharmonics at 1/3 of the power grid
frequency.

Design Update

The ESS-B and ESS-S parameter sets and designs – both
of which evolved from the 2003 design – will converge
during the process of writing the ESS Conceptual Design
Report, scheduled for release and critical review in 2012.
Strategic questions that remain to be resolved more clearly
by future ESS users and by ESS technical teams, working
closely together, include:

1. How long is the ideal “long pulse” and what is ideal
repetition rate?

2. Can the neutron pulse be shaped more usefully for the
instruments, by pre-shaping the proton pulse, not in a
square wave?

3. Can it be confirmed that the number of neutrons deliv-
ered to the instruments is proportional to the proton-
Joules delivered to the target, for energies up to 3 GeV
or more?

4. What flexibility can be left in the design for future
upgrades, without compromising construction time,
schedule and budget?

5. Using the best SCRF technology, what is the optimum
design of the linac with given objectives?

FLEXIBLE PULSE STRUCTURE

Although the nominal ESS pulse rate is 20 Hz, the capa-
bility of operating at 40 Hz can be built-in from day one,
providing technical headroom and avoiding unnecessarily
precluding future upgrade possibilities, however unlikely
they may seem at this point. During nominal operation
there would only be beam in every second macropulse.
We are examining the ability of the ESS to re-tune the
macropulse length – and possibly intensity – on a pulse-
to-pulse basis. Pre-shaped pulses – not square waves – are
also a possibility, with advantages to the beam user.

It is far from clear what an upgrade would look like, but
there are various paths towards 7.5 MW operation. Generic
classes of upgrade options include:

1. Increasing the ion source current from (for example)
60 mA to 90 mA, with all other parameters held con-
stant, to deliver 7.5 MW long pulses.

2. Adding an accumulator ring to provide 2.5 MW short
pulses to a second target station, in addition to 5 MW
long pulses.

3. Doubling the rate to 40 Hz, filling 3 out of 4 buckets,
with 2.5 and 5 MW long pulses at 10 and 20 Hz to 2
target stations.
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Figure 1: Block layout of the ESS linac. (TOP) The ESS-B layout, as it had evolved by the end of the Initiative Workshop,
and as discussed at this conference [10]. (BOTTOM) A block diagram of the ESS-S layout, showing space in a “Transport”
section that is reserved for a potential upgrade, in which additional cryomodules are installed to increase the beam power
to 7.5 MW at a constant top energy of 2.5 GeV.

Table 2: Possible ESS upgrade performance that will be
built into the flexible pulse structure during baseline con-
struction.

INPUT Nominal Upgrade

Average beam power [MW] 5.0 7.5
Macro-pulse length [ms] 2.0 2.0
Pulse repetition rate [Hz] 20 20
Proton kinetic energy [GeV] 2.5 2.5
Peak coupler power [MW] 1.0 1.0
Beam loss rate [W/m] < 1.0 < 1.0

OUTPUT

Duty factor 0.04 0.04
Ave. pulse current [mA] 50 75
Ion source current [mA] 60 90
Total linac length [m] 418 418

RADIO FREQUENCY SYSTEMS

Front End (Normal Conducting)

Linac sub-systems are summarized in Fig. 1 and Table 3.
A single ECR proton ion source generates 60 mA, 2 ms
pulses[4, 5]. Such sources have demonstrated routine oper-
ation with currents >100 mA, with >99% reliability. The
beam pulse rise time of 1 to 2 ms is reduced to ∼100 ns
using a chopper included in the extraction system by seg-
menting one electrode.

The LEBT line matches the beam extracted from the ion
source into the RFQ with minimal emittance growth, using
a dual solenoid system. Magnetic focusing permits space
charge neutralization via the ionization of the residual gas.
The slow chopper system beam dump embedded in the first
part of the LEBT is mainly an aperture reduction of the
cooled vacuum chamber. A negatively polarized ring lo-
cated at the RFQ entrance acts as an electron barrier, and

provides two functions:

1. Eliminating an electron flow from the LEBT into the
RFQ which would provoke incorrect DCCT current
measurements;

2. Inducing a better space charge neutralization near the
RFQ entrance, helping beam focusing into the cavity.

The pressure of a few 10−5 hPa gives a rise time for space
charge neutralization of a few tens of microseconds.

High beam intensity and low emittance growth are driv-
ing forces in the RFQ design, since it plays a significant
role in determining the quality of the beam in the rest of
the linac. The length of the bunching section exceeds 1 m
in order to bunch the beam as adiabatically as possible. The
conservative Kilpatrick value of 1.8 allows significant mar-
gin for a 4% duty cycle. The four vane structure has a vari-
able voltage increasing from 66 kV to 100 kV, providing
a high current limit. No resonant coupling gap is needed,
thanks to the 4 m length. The resonator is mechanically
divided into four segments, each with four tuners per quad-
rant.

The DTL accelerates beam to 50 MeV, using a Linac4
based scheme in which three tanks are each fed by a sin-
gle klystron (1.3 and 2.5 MW), for an accelerating gradient
of more than 3 MV/m[6]. Post-couplers installed at every
third drift tube stabilize the field profile against structural
perturbations. The DTL has a very high shunt impedance
thanks to the compact size of the drift tubes, which contain
PMQs in an FFDD lattice.

Superconducting Linac

Single and Triple Spoke Resonator cavities are chosen
to accelerate beam to 200 MeV because they are much less
sensitive to mechanical perturbations than elliptical cavi-
ties, and because they provide large transit time factors
in the 𝛽 range from 0.3 to 0.5[7]. Installing SSRs with a
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FODO lattice just after the DTL enables cavities to be in-
dependently phased at relatively low energies, responding
to the SNS experience that this is very useful for longitudi-
nal acceptance tuning.

Table 3: Primary Linac Sub-system Parameters

System T Energy Freq. 𝛽 Length
[K] [MeV] [MHz] v/c [m]

Source 300 0.075 – – 2.5
LEBT 300 – – – 1.1
RFQ 300 3 352.2 – 4.0
MEBT 300 – 352.2 – 1.1
DTL 300 50 352.2 – 19.2
SSR 4 80 352.2 0.35 23.3
TSR 4 200 352.2 0.50 48.8
Ellipt-1 2 660 704.4 0.65 61.7
Ellipt-2 2 2500 704.4 0.92 154.0

The electromagnetic design of the elliptical cavities
originates in a single-cell cavity currently under testing for
use in a BNL high-current ERL[8]. The design in Fig. 2
reduces the surface fields and relaxes tuning criteria[9].

The power couplers will deliver 1.0 or 1.2 MW of peak
power with a 3 or 4% duty factor, causing the accelerat-
ing gradient to decrease in inverse proportion to the beam
current. There is one coupler per cavity, with a single disk-
type ceramic window to isolate the cavity vacuum.

Lorentz detuning is dynamically compensated in order
to constrain the resonant frequency of each cavity within
the available bandwidth, maximizing the efficiency of en-
ergy transfer to the beam. Microphonics due to ambient
acoustical noise also need to be considered. Stiffeners may
be needed, to compensate for the inherent structural weak-
ness of elliptical cavities. Detailed finite element analysis
is underway to evaluate and optimize the closed loop sys-
tem, including RF fill factor, cavity response, and dynamic
tuning.

Figure 2: The five-cell 704 MHz cavity, showing the simi-
larities between ESS, SPL and eRHIC structures.

Two families of elliptical cavities accelerate the beam
to its final energy, using a cryomodule with 8 five-cell
704 MHz cavities that extends approximately 13 m. A con-
tinuous superconducting channel providing 2 K superfluid
helium reduces cryogenic complexity and minimizes the
number of external noise sources. Reducing the cryomod-
ule length by shortening the transition section between cav-

ities tends to reduce accelerating structure and civil en-
gineering costs, but requires careful attention to the sup-
pression of cross talk between neighboring cavities, and to
efficient HOM damping and power extraction outside the
cryogenic environment[9]. The transition section strongly
damps the HOMs with a combination of multiple coaxial
couplers and 80 K ferrites. The RF parameters of interest
for the fundamental mode are listed in Table 4.

Cavity fabrication, testing and cryomodule assembly is
complex and expensive, while quality control to assure the
performance of ultra-clean cavity surfaces over hundreds of
meters is challenging. Complex procedures need to be es-
tablished in a horizontal cryomodule test stand, to reliably
reach 15 MV/m with a quality factor 𝑄0 ≥ 1010. A joint
collaboration between ESS, BNL, CERN, Saclay and other
institutes will develop a standard 704 MHz cryomodule to
meet specific requirements of cavity-coupler performance,
RF controls, cryogenics and operations.

Table 4: RF Parameters for 704 MHz Five-cell Cavities

ESS-1 ESS-2 eRHIC/SPL

Frequency [MHz] 704.4 704.4 703.8/704.4
𝛽𝐺𝑒𝑜𝑚 [v/c] 0.65 0.92 1.0
Cells/cavity 5 5 5
Cavities/module 8 8 6-8
𝐸𝑝/𝐸𝑎 3.52 2.58 2.34
𝐻𝑝/𝐸𝑎 [ 𝑚𝑇

(𝑀𝑉/𝑚) ] 7.51 5.09 5.73
𝑅/𝑄 [Ω] 305 738 930
𝑑𝐹/𝑑𝑅 [MHz/mm] 3.48 3.62 3.68
Cell coupling [%] 4.79 5.20 4.68

BEAM INSTRUMENTATION

The exact number of Beam Loss Monitors, and their
strategic locations along the linac, are being optimized.
They have multiple integration times with different abort
limits to shut off the beam based on both small DC losses
(causing activation at the ∼1 W/m level) and loss spikes
(causing problems with SC components).

Beam Current Monitors use toroids that are integrated
into the cryostats, limiting maintenance accessibility.

Beam Position Monitors integrated into the cryostats
near focusing quadrupoles enable stabilization schemes to
center the beam in the aperture, reducing halo generation
and minimizing beam losses[11]. Beam positions can also
be measured using HOM damper signals.

Candidate noninvasive Beam Profile Monitor technolo-
gies include Ionization Profile Monitors and beam scanners
(Profilometers). IPMs, commonly used in rings[12], need a
local pressure bump to enable single pass operation. Beam
scanners pass a beam of ions or electrons at right angles
through the main beam, and infer the profile from the de-
flection caused by the beam potential well[13]. Wire scan-
ners can only be used at low intensities, and may distribute

Proceedings of SRF2009, Berlin, Germany FROBAU02

02 Future projects

921



wire fragments in the vacuum system if they overheat and
break[14]. Laser wire profile monitors unfortunately only
work with H− beams.

Quadrupole pick-ups could be used to non-invasively
measure the rms beam size, albeit not its distribution[15].

A movable diagnostics plate will be used for initial com-
missioning.

TARGET AND MODERATOR

A management structure is being put in place to min-
imize risks in building the long pulse target station, re-
flectors, moderators and neutron lines, and to complete the
construction on time. Design optimization depends on:

1. Integrating diverse user requirements for all 22 instru-
ments.

2. Respecting ambitious but realistic safety objectives
for operation, maintenance and de-commissioning.

3. Using robust nuclear industry standard qualifications
for design and construction.

User requirements will be quantified as a set of neu-
tronic performance parameters for the instrument suite.
The design process will explore several hundred combina-
tions of all possible parameters, using a Design of Exper-
iment methodology to allow the optimum combination of
parameters to be determined in a finite amount of time.

Radiation release guidelines will be calculated to limit
the radiation doses to the population and the environment
during normal operations and accident scenarios. Refer-
ence accident sequences will first be defined and docu-
mented in an Accident Analysis Specification, based on the
actual design and on values in the Project Safety Guide-
lines. The most relevant parameters and assumptions will
be documented in a Safety Analysis Data List, ensuring
consistent conservative analysis. The PIE-PIT method will
be used to identify paths along which radioactivity could
be transported to the environment in an accident[16]. De-
fined accident sequences will then be analyzed, to verify
that the design is robust and that releases would be well
below acceptable levels.

Equipment in the target – heavy metal liquid circuits,
beam windows, moderator mechanical supports, et cetera
– may be exposed to moderate or major structural dam-
age from irradiation, creep, fatigue, corrosion, pressure, or
a combination. Their design, construction and operation –
and manufacturers and sub-contractors – will respect qual-
ified nuclear industry design standards RCC-MR (2007)
and RCC-MX (2008), taking into account safety, reliability
and cost requirements.

THE ESS LINAC COLLABORATION

The ESS linac collaboration will address the specific
challenges of the ESS linac design, to produce a Concep-
tual Design Report by 2012, followed by a full Engineering
Design Report. The collaboration will follow through to

manage and monitor distributed industrial contracts during
the construction phase, and will participate in linac com-
missioning.

This collaboration model has the advantage of immedi-
ately involving partners from accelerator institutes and uni-
versities, so that development work can be performed using
the best available individuals and equipment for each given
task. It is a bottom-up approach enabling success by shar-
ing rewarding design and development work in the early
phases, that can later be translated into industrial contracts.
Industrial contacts will be established during the develop-
ment phase, for the most part local to the collaboration part-
ners. A strong Coordination Team in Lund will take intel-
lectual ownership of the design, in order to assure good
project cost control, and to be responsible for project inte-
gration.

The collaboration model is well suited to international
projects, opening up the possibility for all partners to par-
ticipate and learn during the development phase. Addi-
tional potential returns include training opportunities for
partners and industry, new know-how, intellectual property
rights for other projects and technology transfer to industry.

Work Packages

The collaboration will have eight major Work Packages
lead by different partners. Each Work Package will have
several Work Units that can be distributed among other par-
ticipants. Three Work Packages will be lead by the Coordi-
nation Team in Lund – Management Coordination, Beam
Physics, and Infrastructure Services. The lead partners for
the other Work Packages are in the process of being identi-
fied, now that a site decision has been made. Each external
Work Package will have a single dedicated link person in
the Coordination Team at Lund.

Similar contemporary projects with direct technical links
to the ESS linac are the XFEL project at DESY, the SPL
project at CERN, Project X at FNAL, and eRHIC at BNL.
It is essential (especially during the development phase)
for the ESS collaboration to share technical resources with
these projects.

Management co-ordination Coordinate the collabo-
ration, with ultimate responsibility for cost control. Inte-
grate all ESS activities into a single coherent project.

Assure the smooth transition between phases: design and
development, construction, and commissioning.

Establish and maintain linac parameter lists. Responsi-
ble for the configuration control system.

Beam physics Perform detailed studies of all beam dy-
namics issues for the ESS linac. Perform detailed studies of
beam loss and collimation. Propose and develop a collima-
tion system design. Follow the collimator system through
construction and installation. Provide support for commis-
sioning.

Develop and maintain appropriate linac layout descrip-
tions for use in other Work Packages. Design and construct
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the High Energy Beam Transport line, including a chicane
or dog-leg system before the target to avoid neutron flow
down the linac. Evaluate and possibly design a beam paint-
ing system. Maintain the ability to integrate possible up-
grade options in the beam transport design.

Design and prototype linac beam diagnostic instrumen-
tation, including beam loss monitors, beam current mon-
itors, beam position monitors and beam profile monitors.
Interface with the Spoke Cavities and Elliptical Cavities
Work Packages, for the integration of beam current mon-
itors and beam position monitors in the cryostats. Interact
with the target group to assure that adequate instrumen-
tation is available for beam observation before the target.
Follow the construction and maintain responsibility for the
installation and commission of the linac beam instrumen-
tation systems.

Infrastructure services Responsible for all infrastruc-
ture and services, including HVAC, water, electricity, and
networking.

Spoke Cavities Take responsibility for the supercon-
ducting spoke cavities and for the construction of fully
equipped cryomodules. Design and prototype the couplers
and magnets in the cryomodules. Integrate beam current
monitors and beam position monitors into the cryostats.
Design and prototype the interconnections between cry-
omodules and the transition to the NC linac. Follow the
construction and installation of the cryomodules and be re-
sponsible for their commissioning.

Elliptical Cavities Take responsibility for the super-
conducting elliptical cavities and for the construction of
fully equipped cryomodules. Design and prototype the
HOM damping system, high power couplers and magnets
in the cryomodules. Integrate beam current monitors and
beam position monitors into the cryostats. Design and pro-
totype the interconnection between cryomodules, and the
transition to the HE beam transport. Follow the construc-
tion and installation of the cryomodules and be responsible
for their commissioning. Study upgrade options requiring
additional elliptical cavity cryomodules.

Front End and normal conducting linac Design and
prototype the proton ion source, RFQ, NC linac, and the
chopper section that will initially be used only for low en-
ergy beam collimation. Be responsible for the low energy
beam transport elements up to warm-cold transition. Fol-
low the construction and installation and be responsible for
the commissioning of the ion source, RFQ and NC linac.

Beam transport, normal magnets, and power sup-
plies Responsible for all power supplies and normal con-
ducting magnets. Follow their construction and be respon-
sible for installation and commissioning.

RF systems Responsible for the design of the RF
sources, RF distribution system, the low level RF controls
and the modulators and klystrons. Follow the construction
and be responsible for the installation and commissioning
of the systems.
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HIE-ISOLDE: THE SUPERCONDUCTING RIB LINAC AT CERN
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Abstract

In the frame of the upgrade of the ISOLDE facility at
CERN, a R&D program on superconducting linac for Ra-
dioactive Ion Beams (RIBs) has started in 2008. The linac
will be based on superconducting Quarter Wave Resonators
(QWRs) and will make use of high field SC solenoids for
the beam focusing. The sputtering technology has been
chosen as the baseline technique for the cavity manufac-
turing and prototype and sputtering tests are in advanced
state. A status report on the SC activities will be presented.

INTRODUCTION

In the present REX-ISOLDE facility the RIBs are accel-
erated to high energies with a compact Normal Conducting
(NC) linac, making use of a special low energy preparatory
scheme where the ion charge state is boosted so that the
maximum mass to charge ratio is always 2.5 < A/q < 4.5.
This scheme consists of a Penning trap (REXTRAP), a
charge breeder (REXEBIS) and an achromatic A/q sepa-
rator of the Nier spectrometer type. The NC accelerator
is designed with an accelerating voltage for a correspond-
ing maximum A/q of 4.5 and it delivers a final energy of
3 MeV/u for A/q < 3.5 and 2.8 for A/q < 4.5. After
charge breeding, the first acceleration stage is provided by
a 101.28 MHz 4-rod Radio Frequency Quadrupole (RFQ)
which takes the beam from an energy of 5 keV/u up to
300 keV/u. The beam is then re-bunched into the first
101.28MHz interdigital drift tube (IH) structure which in-
creases the energy to 1.2 MeV/u. Three split ring cavities
are used to give further acceleration to 2.2 MeV/u and fi-
nally a 202.58 MHz 9-gap IH cavity is used to boost and
to vary the energy between 2 < E < 3 MeV/u. Fig. 1
illustrates the scheme of the present linac.

Figure 1: REX-ISOLDE present scheme.

The operation of the REX complex has started in 2002
and it sports now the largest variety of accelerated radioac-
tive ion beams available worldwide [1].

In order to respond to the ever increasing demand for
beams of higher energy, higher intensity and better quality
(purity and emittance-wise) [2], a new upgrade program
has been launched under the name of HIE-ISOLDE.

The higher energy requirement is achieved by means of a
modular superconducting linac based on QWRs which will
be installed downstream the normal conducting linac. In
the short term the new accelerator modules will boost the
energy up to 5.5, 8 and 10 MeV/u, while in the longer term,
part of present normal conducting linac will be replaced by
new superconducting cavities in order to allow the full en-
ergy variability between 1.2 and 10 MeV/u [3]. The staging
of the installation allows to minimize the down time of the
physics program and to profit of the periodic winter shut-
down period to commission the machine. Fig 2 shows a
possible scheme for the machine installation.

Figure 2: HIE-ISOLDE installation staging.

Concerning the higher beam intensity, ISOLDE will
profit from the ongoing upgrade of the proton injectors
chain at CERN [4] which will allow the beam power on tar-
get to be doubled and for which new target stations, targets
and their associate handling system will need new develop-
ment. Moreover, an upgrade of the REX trap and charge
breeder is planned to cope with the increased intensity.

Finally in order to improve the quality of the beam a new
mass separator with higher resolution is under study and
new targets and ion sources are under development.

Because of the limited resources available the priority
of the HIE-ISOLDE project has been given to the design
and construction of the SC linac. In particular the R&D
effort has focused on the development of the high β cav-
ity (β = 10.3%), for which it has been decided to adopt
the Nb sputtered on Cu substrate technology. Other R&D
activities are related to the beam dynamics studies which
seek to define a very compact accelerating lattice and con-
sequently the shortest possible machine, a design of com-
pact SC solenoids with limited fringe fields, and the study
of the cryomodule concept.

CAVITIES DESIGN

The superconducting linac is designed to deliver an ef-
fective accelerating voltage of at least 39.6 MV with an
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average synchronous phase φs of -20 deg. This is the min-
imum voltage required in order to achieve a final energy of
at least 10 MeV/u with A/q = 4.5. Because of the steep
variation of the ions velocity, at least two cavity geome-
tries are required in order to have an efficient acceleration
throughout the whole energy range. A total number of 32
cavities are needed to provide the full acceleration voltage.
The geometries chosen corresponding to low (β0 = 6.3%)
and high (β0 = 10.3%) “β” cavities maintain the funda-
mental beam frequency of 101.28 MHz and their design
parameters are given in Table 1. The design accelerating
gradient aims at reaching 6 MV/m with a power consump-
tion of 7 W per low β cavity and 10 W per high β cavity.

Table 1: Cavity design parameters

Cavity Low β highβ

No. of Cells 2 2
f (MHz) 101.28 101.28
β0 (%) 6.3 10.3
Design gradient Eacc(MV/m) 6 6
Active length (mm) 195 300
Inner conductor diameter (mm) 50 90
Mechanical length (mm) 215 320
Gap length (mm) 50 85
Beam aperture diameter (mm) 20 20
U/Eacc

2 (mJ/(MV/m)2 73 207
Epk/Eacc 5.4 5.6

Hpk/Eacc (Oe/MV/m) 80 96

Rsh/Q (Ω) 564 554
Γ = Rs · Q0 (Ω) 23 30.34
Q0 for 6MV/m at 7W 3.2 · 108 7 · 108

TTF max 0.85 0.9
No. of cavities 12 20

Coupler

An adjustable power coupler has been designed with a
large dynamic range. In fact the Qext can be adjusted be-
tween 104 up to 109 so that it is possible to reach critical
coupling at room temperature and a moderate undercou-
pling when the cavity is superconducting. This feature al-
lows to perform some preliminary room temperature con-
ditioning that should help in cleaning the multipacting bar-
rier at low field level and allow to fine tune the coupling
needed for the field and phase stabilisation loops. From the
mechanical point of view the sliding mechanism concept is
dust free as the contact points are reduced to the minimum
(see Fig. 3). This should avoid any seizure of the moving
parts and guarantees the functionality of the system. A full
electromagnetic design of the coupler line has been per-
formed and reported in [5]. The mechanical design is now
frozen and construction is expected to be completed by end
of November.

Figure 3: Coupler schematics.

Tuner

The tuning system chosen for the HIE-ISOLDE cavi-
ties takes advantage from the experience developed at TRI-
UMF [6]. An oil-can shaped diaphragm of CuBe has been
hydroformed with a pressure up to 120 bar. All radial
slot necessary for the elongation and contraction of the di-
aphragm are performed with a laser beam. The same plate
can be mounted directly on the low β cavity or welded to
a flange in the case of the high β cavity. The actuator is
designed to have no backlash. A coarse frequency tuning
range of 220 kHz is expected. Such large tuning range (for
this type of cavity) allows to maintain the tolerance on the
geometry to a value in the order of tenth of mm. The first
prototype of the tuner is available and the internal surface
should be sputtered by the end of 2009.

Figure 4: 3D view of the tuner with the lever actuator.

BEAM DYNAMICS

The main goal of the beam dynamics study is to define
an optics and acceleration scheme that minimises the ma-
chine length and at the same time maintains the emittance
of the beam. The resulting lattice has been discussed in [7]
and latest results are reported in [8]. In the high β sec-
tion the lattice consists in a short drift length outside the
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cryomodule where all the beam instrumentation and small
corrector magnets will be installed, followed by two super-
conducting cavities, a single SC solenoid and finally three
more SC cavities (see Fig. 5).

Figure 5: Schematics of the high energy cryomodule.

A full three dimensional integration of the motion equa-
tion routine has been written in order to study the motion of
the single particle inside the high β cavity. The electromag-
netic cavity fields used in the tracking code were calculated
using the MWS code [9]. The multi-particle beam dynamics
simulations are performed by implementing the fields map
in the TRACK code [10].

An intrinsic characteristic of the QWR is the asymmetry
of the electromagnetic field in the beam region. There is in
fact a net magnetic component which steers the beam de-
pending on the accelerating phase. The radial electric field
is also not symmetric and the compensation scheme pro-
posed by Ostroumov [11] would lead to a loss of aperture
of roughly 30% in case of a circular aperture. It was then
decided to modify the shape on the beam port from circu-
lar to a race-track one, and the loss of aperture due to the
compensation scheme is now only 1%. Fig. 6 shows the
effect of the compensation scheme. The net diverging kick
given to the beam is reduced to less than 0.1mrad only for
the first cavity and as soon as the beam picks more velocity
the kick becomes rapidly negligible.

Fig. 7 shows the result of the beam dynamics study of
the high energy section in case of a beam with A/q=4.5 and
with a transversed matched beam coming from the present
NC machine.

The beam dynamics study in now focused on the error
study, considering longitudinal fast error (RF jitter) and
static error as well as static transverse misalignment. It
is found that the longitudinal emittance in the high energy
section of the machine increases by 20% if the RF jitter is
limited at 0.5% in amplitude and at 0.5 deg in phase for a
beam with A/q=4.5. In the latest study a high order analy-
sis of the defocusing term has been performed and results
shows that even in the case of solenoid focusing with asym-
metric beams the transverse emittance is still kept under
control [12].
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phase of -20 deg as a function of the incoming beam veloc-
ity.
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Figure 7: Beam dynamic of A/q=4.5 in the case of the high
energy section only.

SC Solenoid

The employment of the SC solenoids as unique focusing
elements allows to increase the transverse acceptance of
the beam with respect to the un-matched beam condition
and allows a great reduction of the tuning knobs, hence
making the tuning and operation of the machine easier. The
magnetic and mechanical specifications of the solenoid are
summarized in Table 2.

Table 2: Solenoid specifications

Magnetic Integral
∫

B2dz 16.2 T2 m
Mechanical Length 0.4 m
Fringe field at 23 cm from center < 0.2 G
Inner Diameter 30 mm

A 2D electromagnetic study of the solenoid has been per-
formed: the specifications are met with 360A Nb3Sn coils
which produces a peak field in the center of the solenoid of
120kG. The return yoke is made by high quality iron. The

FROBAU03 Proceedings of SRF2009, Berlin, Germany

02 Future projects

926



fringe fields level are at the level of 50G when the solenoid
is powered at the maximum field. This value is largely safe
when the QWRs next to the solenoid are superconducting.
Fig. 2 show a schematic of the mechanical assembly of the
solenoid.

Figure 8: Solenoid schematics.

A comparison of the parameters between Nb-Ti and
Nb3-Sn solenoid giving the same field has been performed
and results are listed in Table 3. A model for checking the
tools and assembly procedures of the coils is in preparation.

Table 3: Parameters comparison between Nb-Ti and Nb3-
Sn solenoid

Parameters Nb-Ti Nb3-Sn

Number of turns # 16500 4500
Wire length (m) 5200 740
Working point (%) 93 55
Operating current (A) 100 360
Inductance (mH) 3500 142
Stored energy (kJ) 17.5 9.5
Radial force (kN/rad) 250 145
Coil weight (kg) 36 5.2
Inner diameter (mm) 34 34
Outer diameter (mm) 166 70
Solenoid length (mm) 250 250

HIGH β CAVITY MANUFACTURING
The construction of a high β cavity prototype started

in the middle of 2008 and the copper body which makes
the substrate for the Nb sputtering was completed in April
2009. During the same period a new sputtering chamber
was constructed and is now under commissioning. The
cavity manufacturing process is reported in [13] and now
the critical fabrication steps have been identified. In de-
tails the long longitudinal full penetration electron beam
weldings have shown the creation of some porousness that
could harm the Nb deposit. This defect could be removed

by passing the electron beam in smoothing mode from the
inside of the cavity - this operation would require the use
of a special electron beam welding machine with a minia-
turized head - but it was not felt as a immediate action to
take. Moreover after the chemical etching all the micro-
difects seems to be disappeared and hence not harmful for
the subsequent Nb sputtering. The most critical and also
time-consuming step was the direct extrusion of the beam
port. This step requires high precision in mounting and
remounting the different tools and particular care in han-
dling the cavity since for the production of the beam ports,
the cavity needs to undergo to eight heat treatments which
locally soften the copper. Finally the construction of the
prototype suffered a couple of accidents which are related
to human errors. For this reason a strong QA procedure
needs to be in place for the series production. The cavity
has been checked also with a series of RF measurement,
especially the variation of the resonance frequency during
the several manufacturing steps and all the measurements
are in line with the prediction. The mechanical fabrication
of the copper cavity has been completed and the chemical
polishing has been performed. Details about the different
procedures for the surface treatment are reported in [14]
Fig. 9 shows the cavity after the final low water pressure
rinsing subsequent to the chemical polishing.

Figure 9: Cavity copper substrate towards final machining
steps.

In parallel to the copper cavity a dummy cavity made in
stainless steel was built. The purpose of this dummy cav-
ity is to use it as samples holder for the characterization of
the plasma inside the chamber, to test the assembly proce-
dure of the sputtering chamber itself and to serve also as a
training tool for the handling operation during the chemical
treatment.

The sputtering chamber is now operational and the first
plasma has been produced. The vacuum level of the cham-
ber after baking reached the 10−9 mbar level and a proce-
dure is now in place to routinely obtain this value. This
is of course of great importance as the vacuum level is di-
rectly linked to the quality of the Nb films produced. All
subsystems have been checked and a characterization of the
plasma and hence of the Nb deposit quality is ongoing as a

Proceedings of SRF2009, Berlin, Germany FROBAU03

02 Future projects

927



function of the different gas pressure level, cathode voltage
and bias voltage. First Nb deposit on the copper cavity is
expected towards the end of October. Fig. 10 shows on the
left a moment during the installation of the dummy cavity
inside the sputtering chamber and on the right the sputter-
ing chamber closed.

Figure 10: On the left the dummy cavity during mounting
for the first sputtering. On the right the sputtering chamber
closed

CRYOMODULES

An initial study of the cryomodule concept was reported
in [15]. Specifically, in that report the choice for a single
vacuum system with an active thermal shield was shown to
best fit the requirements of the new machine. In the last
months, work has continued at a level of a concept study
and a series of major choices have been taken concern-
ing the dimensions, accessibility, assembly procedure and
maintenance of the cryomodule, the holding system for the
cavities and for the solenoid, and the alignment system.

One of the general consideration that set the pathway
to the concept of the HIE-ISOLDE cryomodule was the
maintenance service. In order to minimize cost and down-
time of repairs it is clear that the maintenance should take
place at CERN and that at this point one needs to con-
sider the available infrastructure such as clean rooms. All
the clean rooms at CERN are quite limited in height but
they are quite large and long. As a consequence the dis-
mounting of the cryomodule can occur only if the access is
from the lateral side (see Fig. 11). Starting from this con-
sideration a study concerning the stability of a mechanical
structure with two openings on the side has been performed
and found that this structure is feasible. The mounting and
pre-alignemt of the cavities will be externally in the sup-
port girder which, with the help of a special forklift can be
positioned inside the cryomodule and hooked to the sup-
port stems. Given the recent result in the error study it has
been decided to have a separate frame for the support of the
solenoid which can be adjusted from outside even when the
system is cold.

Concerning the alignment system, it is under study the
possibility to use a BCAM system [16]. Such a system

consists of a calibrated laser source that can track changes
in the position with an accuracy in the order of few tens of
μm with a rather large span in distances. The advantage of
such system is that the active part of the alignement system
is kept outside the vacuum envelope and that it is possible
to perform a continuous survey so that in case of accident
one can retrace the position of the different elements just
before the accident. A small test set-up to test the window
perturbation of the measurement is being prepared.

Figure 11: Cryomodule schematics.

INFRASTRUCTURES

A study covering all the issues of the infrastructure and
the integration of the machine inside the experimental hall
is ongoing. This has permitted to identify the suitable area
for the construction of the building for the compressor for
the liquid He system, the location of the He liquefier with
the associated control room and also the other subsystem
like the new ventilation unit, the new electricity distribu-
tion panels and the position of the different racks. This
aspect of the project cannot be left behind as the location
of such infrastructures determines the free space left for
the accelerator, for the high energy beam transfer line and
for the physics instrumentation. Fig. 12 shows the result
of the study. Around the linac a semi-permanent tunnel-
like shielding made of concrete blocks will be installed all
along the machine length. This is strictly required from
the radioprotection point of view as the whole area will re-
main accessible during the physics runs. The LHe liquefier
will be installed at the end of the machine in a separate light
construction building. In this way it is possible to minimize
the length of the LHe distribution system and to maintain
the geometry of the line as simple as possible which is a
condition for a easier and stable operation of the cryogenic
system.

SUMMARY

The HIE-ISOLDE proposal has been submitted to the
CERN management which has recognized the scientific
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Figure 12: ISOLDE facility planimetric view. In the bottom left part one can identify the compressor building, while on
the centre right there is the He liquefier. This configuration minimizes the length of the LHe distribution line, and set the
condition for the optimum operation of the cryogenic system.

value of the project. The R&D cavity will continue with
the production of 5 more cavities and with the construction
of a single cavity test cryostat. RF tests will be initially
performed at TRIUMF and the validation of the cavity con-
struction procedure will follow soon after.
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SPL AT CERN 
R. Garoby, CERN, Geneva, Switzerland 

for the SPL study team
Abstract 

The existing complex of accelerators at CERN is 
capable to provide the Large Hadron Collider (LHC) with 
the beam required to reach its nominal characteristics. 
Higher performance injectors will however be necessary 
to exceed this limit and maximize the physics reach of the 
LHC. As a first step, the construction of a new 160 MeV 
H- linac (Linac4) has started, and the study of a 4 GeV 
Superconducting Proton Linac (SPL) is being pursued in 
view of submitting a project proposal by mid-2012. The 
basic design choices of the SPL are described, as well as 
its potential interest for other physics programmes. The 
goals and plans of the on-going study are explained. 

NEW PROTON INJECTORS FOR LHC 
The different options foreseen for increasing the 

luminosity of the LHC require new injectors that can 
satisfy the needs of the most demanding scenario [1]. 
Simplicity and performance margin are necessary features 
of these new accelerators which are also expected to 
operate with the very high reliability required to achieve 
an integrated luminosity per day an order of magnitude 
larger than nominal. The proposed future LHC injector 
complex [1] is sketched in Fig. 1, together with the 
present machines. 

Because of its superiority in terms of beam 
performance and potential for future applications, a 
superconducting linac (the LP-SPL) has been selected as 
the injector for the 50 GeV proton synchrotron PS2 [2]. 
The construction of Linac4 [3], the LP-SPL front-end, has 
been approved by the CERN Council at the end of 2007, 
as an efficient means to double the brightness of the beam 
delivered by the PSB and to prepare for the LP-SPL itself. 
The study of the LP-SPL, PS2 and SPS upgrade have 
been approved at the same time, with the goal of 
presenting a project proposal by mid-2012, and starting 
construction the following year. The layout of these new 
accelerators on the CERN site has been decided [4] and 
Linac4 is being built at its final location (Fig. 2). 

For the needs of the LHC, only a 4 GeV low power 
version of the SPL is needed (the “LP-SPL”). For future 
possible applications like a neutrino facility or a 
Radioactive Ion Beam facility of the next generation [5], 
it would have to be upgraded to 4 MW of beam power at 
respectively 5 or 2.5 GeV or at both energies 

simultaneously. The specifications of the accelerator in its 
different phases of implementation are summarized in 
Table 1. 

 
Table 1: Successive Phases of Implementation of the SPL 

 LP-SPL SPL     
(5? GeV) 

SPL     
(2.5 GeV)

Users PS2 
ISOLDE 

+ ν 
facility 

+ RIB 
facility 

Kinetic energy [GeV] 4 5 ? 2.5 

Beam power [MW] 0.14 4 4 

Repetition rate  [Hz] 2 50 50 

Source current [mA] 40 40 (80) 40 

Chopping yes yes no 

Average pulse current 
[mA] 

20 20 (40) 40 

Pulse duration [ms] 0.9 0.8 (0.4) 0.8 

LINAC4 
Design 

The planned evolution of the accelerator complex 
imposed Linac4 to be designed for operating successively 
in three different modes: 
• as a PSB injector (1.1 Hz rate, 40 mA, 400 μs), 
• as the front-end of the LP-SPL (2 Hz rate, 20 mA, 

0.9 ms), 
• and finally as the front-end of the high power SPL 

(50 Hz rate, 20 to 40 mA, 0.4 to 1.2 ms). 
This requirement had consequences on items which 

cannot be easily upgraded, like civil engineering for 
radiation shielding reasons and accelerating structures 
which shall be able to withstand the maximum foreseen 

Figure 1: Present and future LHC injector complex. 

Figure 2: Layout of the new accelerators. 
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duty factor. The main beam characteristics of Linac4, as it 
is initially being built, are given in Table 2. The frequency 
of 352.2 MHz has been selected because it is very 
convenient for accelerating protons in this energy range, 
and because of the availability of a large inventory of LEP 
RF equipment. 

Table 2: Linac4 Beam Characteristics 

Kinetic energy 160 MeV 

Bunch frequency 352.2 MHz 

Maximum repetition rate 2 Hz 

Maximum beam pulse duration 1.2  ms 

Chopper beam-on factor 65 % 

Average pulse current 40 mA 

Transverse emittances 0.4 π mm.mrad 
 
A block diagram of the accelerator is sketched in Fig. 3. 

Thirteen former-LEP klystrons and six new pulsed 
devices are used to excite the four different types of 
normal conducting accelerating structures. A 4 vane RFQ 
bunches and accelerates the beam up to 3 MeV where a 
wideband / high speed chopper (rise and fall time <2 ns) 
tailors the bunch train to the needs of the following 
synchrotron. An Alvarez DTL equipped with permanent 
quadrupole magnets brings the energy up to 50 MeV. 
Cavity-Coupled DTL (CCDTL) structures are used in the 
energy range from 50 to 102 MeV followed by Pi Mode 
Structures (PIMS) for acceleration up to 160 MeV. 

Figure 3: Block diagram of Linac4. 

Schedule 
Started in 2008, Civil Engineering will finish at the end 

of 2010. Installation of the infrastructure will then take 
place in 2011, followed by the installation of the 
accelerating structures in 2012. Linac beam 
commissioning will start in the middle of 2012 and last 
until the third quarter of 2013, when all accelerators will 
be stopped and the PSB will be modified. After 3 months 
of commissioning with Linac4, operation for physics will 
resume in April 2014.  

LP-SPL AND SPL 
Basic Design 

The main beam characteristics of the different phases of 
implementation of the SPL are listed in Table 1. To meet 
these requirements, the SPL is made up of 2 sections of 
superconducting cavities accelerating the H- beam from 
160 MeV to 4 GeV [6]. As a result of a recent review of 
the main design parameters [7], both sections operate at 

704 MHz and use 5-cell elliptical cavities having a 
geometric β of 0.65 and 1.0 [8], respectively. Assuming 
peak surface fields of 50 MV/m (and 100 mT), 
accelerating gradients of 19.3 and 25 MV/m are expected 
for the chosen geometric betas. Although the cavities will 
operate at 2 K, these gradients are considered as 
challenging. The present estimate is that approximately 
90% of all cavities will reach 22-23 MV/m without re-
processing [7]. At the present stage of the design, medium 
β (resp. high β) cavities are grouped by 6 (resp. 8) in a 
11.5 (resp. 14.3) meter long cryomodule, together with 2 
(resp. 1) quadrupole doublets. The main SPL parameters 
are summarised in Table 3, and the resulting real estate 
gradient is shown in Fig. 4. 

 
Table 3: Main SPL Parameters in its Successive Phases of 
Implementation 

 LP-SPL SPL        
(ν) 

SPL   
(RIB) 

Kinetic energy [GeV] 4  4 (5 ?) 2.5  

Beam power [MW] 0.14 4  4 

Length [m] 427 427 (502 ?) 502 

Nb. of cryo-modules 
with β=0.65 

9 9 9 

Nb. of cryo-modules 
with β=1.0 

19 19 (24) 19 

Maximum peak power 
per cavity [MW] 

0.5 1.0 1.0 

 

Figure 4: Real estate gradient along the SPL. 

As shown in the block diagram of Fig. 5, beam 
extraction at ~1.4 GeV is foreseen in the layout of the LP-
SPL, for supplying particles to the ISOLDE experimental 
area (Fig. 2). The length of one cryomodule is assumed 
for this extraction section. To minimize irradiation close 
to the main linac, stripping of the H- ions has to be 
avoided in the extraction and in the first part of the 
transfer line, where low field bending magnets have 
therefore to be used. 

For the needs of an RIB facility of the next generation, 
the high power version of the SPL is planned to have an 
extraction at 2.5 GeV which is assumed to fit within the 
length of one cryomodule. Low field magnets must also 
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be used for extraction and transfer to this facility which 
requires H- ions for splitting the beam onto multiple 
targets. 

For a neutrino factory, the high power SPL has to be 
complemented with an accumulator and a bunch 
compression ring to give an adequate time structure to the 
beam [9]. According to a recent investigation [10], the 
initial requirement of 5 GeV kinetic energy for the proton 
beam producing pions seems not justified and 4 GeV 
might perfectly be used. 

Goals and Means of the SPL Study 
The goal of the SPL study is to prepare for a start of 

construction of the LP-SPL optimized for PS2 and LHC 
at the beginning of 2013. For that purpose, a detailed 
Conceptual Design Report and a cost estimate will be 
published in May 2012. The cost of leaving the possibility 
of a later upgrade to high beam power will also be 
quantified. To arrive at a sufficiently accurate design and 
to be able to estimate cost: 

• enough cavities must designed, built and tested for a 
reliable assessment of the reasonably achievable 
gradient, 

• a full size prototype cryomodule must be designed 
and assembled, 

• the SM18 test place at CERN must be upgraded to 
allow for exercising multiple cavities in the 
prototype cryomodule at the nominal RF power, 

• Civil Engineering and Integration must be studied, 
including safety and environment concerns. 

These tasks are accomplished in the context of the SPL 
Collaboration by multiple laboratories and institutions 
worldwide (including CERN) and with the support of the 
European Community in the context of its 7th Framework 
Programme. Contacts are established with the ESS project 
team, in view of maximizing synergy and sharing efforts. 
Two SPL collaboration meetings have already taken place 
since the start of the study in 2008, and the third one is 
planned in November 2009 at CERN [11]. 

Status and Plans 
As reported before, the first subjects addressed in 2008 

have concerned the cavities frequency, gradient and 
cooling temperature. The effects of the cavities’ HOMs on 
the beam and on the cooling system have been 
investigated more recently [12, 13], the outcome being 
that a weak damping of these resonances is sufficient to 
prevent beam break-up and keep a low heat load [14]. It is 

planned to be obtained by a careful design of the inter-
cavity sections, where normal conducting elements are 
located (e.g. stainless steel bellows). 

The architecture of the high power RF distribution is an 
important subject where decision is required soon because 
of the long lead time for getting high power RF 
amplifier(s) (e.g. klystron) and power supplies for the test 
place. The initial choice was to use multi-MW klystrons, 
each one feeding 4 cavities in the high β region and more 
in the medium β part. However, due to the difficulties of 
stabilizing the field in pulsed superconducting cavities 
using high power vector modulators, the economical 
advantage of this choice is being revisited, in view of 
reducing the number of cavities per klystron. 

The possible options for the sectorization of cryogenics 
will be debated during a workshop organized in 
November 2009 [15]. Impact on construction and 
operational costs as well as on maintenance and repair 
will be analysed. The outcome of this workshop will 
provide the information required to decide on multiple 
issues, like the number of cavities and quadrupoles per 
cryo-module and the need for a separate cryo-line. 

The major milestones in 2010 will concern the detailed 
design and the start of construction of cavities and of 
cryomodule components. Moreover Civil Engineering 
will be have to defined and orders for the upgrade of the 
CERN test facility will have to be made. All these 
subjects will be addressed during the 3rd SPL 
collaboration meeting [11]. 
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J-PARC UPGRADE 

N. Ouchi#, J-PARC Center, JAEA, Tokai, Ibaraki, Japan

Abstract
J-PARC is in the first phase now, which consists of 

three accelerators; linac, 3-GeV synchrotron, and 50-GeV
synchrotron, and three experimental facilities; Materials
and Life Science Experimental Facility (MLF), Hadron
Experimental Facility, and Neutrino Experimental Facility.
Proton beams have reached to the all experimental
facilities up to now, and user operation of MLF started in
2008. Superconducting proton linac (SCL) from 400 to
600 MeV and Transmutation Experimental Facility are
planned in the second construction phase. SCL will
consist of 11 cryomodules and two 9-cell 972 MHz
elliptical cavities will be installed in each cryomodule. As
two cavities will be driven by one klystron, phase stability
between two cavities under the dynamic Lorentz force
detuning in the pulsed operation is most important issue
to be developed. A prototype cryomodule was fabricated,
which was designed to be less Lorentz force detuning.
Two-cavity excitation of the cryomodule was tested and
phase stability at 2K was confirmed to be safficiently
acceptable, while it deteriorated at 4K due to the
microphonic noise. Design of SCL and the experimental
results of the prototype cryomodule are presented.

INTRODUCTION
The High Energy Accelerator Research Organization

(KEK) and the Japan Atomic Energy Agency (JAEA)
have been promoting the Japan Proton Accelerator
Research Complex (J-PARC) project at the JAEA Tokai
site since 2001 [1]. Figure 1 shows an overview of J-
PARC, which consists of proton accelerators of a 600-
MeV linac, a 3-GeV rapid-cycling synchrotron (RCS),
and a 50-GeV main ring synchrotron (MR), as well as 
experimental facilities of Materials and Life Science
Experimental Facility (MLF), Hadron Experimental
Facility, Neutrino Experimental Facility, and 
Transmutation Experimental Facility (TEF). 400-MeV
proton beams accelerated by using a normal conducting 
linac are injected into RCS, which produces proton beams
with a nominal power of 1 MW. The 3-GeV proton beams
are mainly injected into MLF, in which a pulsed neutron
source and a muon source are located, and are partly
injected into MR. The proton beams extracted slowly 
from MR are injected into Hadron Experimental Facility 
for studies of nuclear and particle physics. Fast extracted
beams from MR are injected into Neutrino Experimental
Facility, in which intense neutrino beams are shot towards
the Super-Kamiokande. 600-MeV proton beams
accelerated by using a superconducting linac (SCL) are
injected into TEF, in which reactor physics studies and
material development are being conducted for an
accelerator driven nuclear transmutation system [2]. 

Therefore, J-PARC is a very challenging and unique
research complex for the purposes of neutron science,
muon science, nuclear and elementary particle physics,
and nuclear engineering with very high intensity proton
beams.

Figure 1: Overview of J-PARC.

The construction of J-PARC is divided into two phases;
the J-PARC is in the first phase at the moment, and SCL
from 400 to 600 MeV and TEF are in the second
construction phase. The higher-energy part of the normal
conducting linac in phase-I, which consists of an annular
coupling structure (ACS), has been delayed. Therefore,
the beam commissioning and operation are being
performed at the linac beam energy of 181 MeV, which
causes the limited beam power of RCS up to several
hundred kW.

This paper provides the J-PARC upgrade program
based on SCL in the second construction phase, and R&D
results of the cryomodule development for SCL.

STATUS OF J-PARC
Commissioning of J-PARC has been successfully

performed on schedule, up to now. The history of the
commissioning is summarized in table 1.

The construction started in 2001. Installation of the
linac components started in 2005 and the beam
commissioning of the linac started in November, 2006.
The designed beam energy of 181 MeV was achieved in 
January, 2007. The beam commissioning of the linac were
performed up to June, 2007. In RCS, the first beam
injection, circulation, acceleration to 3 GeV and
extraction of the 3-GeV beam were successfully
performed within only one month in October, 2007. The
beam commissioning of RCS was performed up to
February, 2008. The first beam injection and circulation in 
MR were succeeded in May, 2008. The first beam
injection to the neutron target in MLF was also succeeded
in May, 2008. In September, 2008, high beam power
demonstrations were performed at RCS; 210 kW for a 
period of 70 seconds at 25Hz, and 315kW-equivalent
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power in one-pulse operation, in which the periods of the
powerful beams were limited by the acceptable capacity
of the beam dump. The first muon beam was also
successfully extracted at MLF in September, 2008. The
beam acceleration to 30 GeV in MR was successfully
performed in December, 2008. User operation of the MLF 
neutron beam lines was also started in December, 2008. In
January, 2009, slow extracted 30-GeV beam from MR
was successfully transported to Hadron Experimental
Facility. The beam commissioning of Neutrino
Experimental Facility started in April, 2009, and the first
neutrino beam production is confirmed by observing the
muons by the muon monitor system installed downstream
of the neutrino beam line. Upgrade of the linac beam
energy to 400 MeV was founded and started in March,
2009, which will complete in 2012.

Table 1: History of J-PARC commissioning

Year Month Events

2001 Apr. Construction started.

2006 Nov. Linac beam commissioning started. 

Jan. Linac beam energy of 181 MeV was
achieved.

2007

Oct. RCS beam commissioning started.
RCS beam energy of 3 GeV was 
achieved.

May MR beam commissioning started.
First proton beams reached to the
neutron target in MLF.

Sep. High beam power demonstration was
performed at RCS.
First muon beam was extracted in MLF.

2008

Dec. User operation of MLF started.
MR beam energy of 30 GeV was
achieved.

Jan. First proton beam was transported to the
Hadron Experimental Facility.

Mar. Energy upgrade of linac to 400 MeV
started.

2009

Apr. First proton beams reached to the
Neutrino target.

SCL FOR J-PARC UPGRADE
This section provides the configuration of the linac and

the preliminary conceptual design of SCL.

Configuration of the Linac 
Figure 2 shows the schematic configuration of the linac.

The linac consists of the front-end part, a drift-tube linac
(DTL), a separated-type DTL (SDTL), an ACS linac, and
beam transport between the linac and the RCS (L3BT).
The front-end part consists of the negative hydrogen ion
source, the radio-frequency quadrupole linac (RFQ), low-
energy beam transport between the IS and the RFQ, and
medium-energy beam transport between the RFQ and the

DTL (MEBT). The extraction energies for the IS and the
RFQ are 50 keV and 3 MeV, respectively. Chopper
cavities for beam chopping, which is necessary for beam
injection to RCS, are located in MEBT as well as 
quadrupole magnets and buncher cavities for beam
matching to the following DTL. DTL consists of 3 tanks,
and the output energy is 50 MeV. Up to the first DTL tank,
the beam commissioning has been successfully carried
out at the output beam energy of 20 MeV at the KEK site 
[3]. SDTL consists of 32 tanks, and the nominal energy is
191 MeV, while the last two tanks are used as debuncher
cavities now until the construction of ACS linac.
Therefore, the beam commissioning and the operation of
J-PARC were started at the linac beam energy of 181 MeV.
The ACS part is currently used as a beam transport. As
the frequency of the linac up to SDTL is 324 MHz, newly
developed klystron and its RF system are in operation in
the linac. On the other hand, as triple frequency, 972 MHz,
is chosen for ACS, new 972 MHz RF system will be
installed in the energy upgrade program to 400 MeV.

181(191)MeV (400MeV) (600MeV )

L3BT
Ion

Source RFQ DTL SDTL
SCL

(3.1m) (27.1m)
(3.0m)

(91.2m)
(15.1m)

(109.3m)

(58m)
(324MHz) (972MHz)

To RCS

To
TEF

50 keV 3 MeV 50.1 MeV

250m

ACS

181(191)MeV (400MeV) (600MeV )

L3BT
Ion

Source RFQ DTL SDTL
SCL

(3.1m) (27.1m)
(3.0m)

(91.2m)
(15.1m)

(109.3m)

(58m)
(324MHz) (972MHz)

To RCS

To
TEF

50 keV 3 MeV 50.1 MeV

250m

ACS

Figure 2: Schematic configuration of the linac.

Main parameters are listed in Table 2. The linac
accelerates negative hydrogen, which is converted into 
proton by charge exchange foils at the injection part of
RCS. At the moment, the output energy and the maximum
peak beam current of the linac are 181 MeV and 30 mA,
respectively, which will be increased to 400 MeV and 50 
mA by installing ACS linac and replacing front end part.
This upgrade program, which is still phase-I of J-PARC,
is necessary to achieve 1 MW beam power at RCS.

Table 2: Main parameters of the linac
Accelerating particle Negative hydrogen (H-)

Beam Energy 181 MeV
400 MeV (with ACS linac)
600 MeV (with SCL)

Peak beam current 30 mA
(50 mA for 1MW beam power)

Repetition rate 25 Hz 
(50 Hz in phase-II)

Pulse width 0.5 ms

In phase-II, SCL will be installed to accelerate negative
hydrogen beam from 400 to 600 MeV to deliver the beam
to TEF. In TEF, most of the 200 kW beams will be
injected into the material test facility, and small part of the
beam about 10W will be injected into the subcritical
assembly to study reactor physics [2]. In phase-I,
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repetition rate of the normal conducting linac up to 400 
MeV is 25 Hz, which will be doubled in phase-II to
provide beam to TEF through SCL.

Preliminary Conceptual Design of SCL
Preliminary conceptual design of SCL for J-PARC has

been performed [4, 5]. The main parameters of the SCL
are listed in Table 3. 9-cell elliptical cavities are used for 
the beam acceleration, of which frequency is same as that 
of ACS, 972 MHz. Designed surface peak field is 30 
MV/m and corresponding accelerating field is in the
range between 9.7 and 11.1 MV/m. The ratio of surface
peak field to accelerating field is about 3. Two cavities
will be installed in a cryomodule, which is designed to be
driven by one klystron to reduce construction cost. Eleven
cryomodules are required for beam acceleration between
400 and 600 MeV. This conceptual design is based on the
optimum geometrical , which means geometrical ’s are
same as the beam ’s. If constant geometrical  is applied
for all cavities, one more cryomodule or more surface
peak field is required. The designed loaded Q is about
500,000, which is lower then the optimum one deduced
from the beam loading but leads easier control due to the
wider band width. In this condition, total peak RF power
is estimated to be about 10 MW.

Table 3: Main parameters of the SCL
Energy 400 – 600 MeV 

Frequency 972 MHz

Beam 0.71 – 0.79

Number of cell per cavity 9
Number of cavity per cryomodule 2
Number of cryomodule 11
Length 58 m
Surface peak field 30 MV/m
Accelerating field 9.7 – 11.1 MV/m
Synchronous phase -30 degree
Number of klystron 11
Total RF power 10 MW
Loaded Q of cavity 500,000

As for the layout of the SCL, we have currently two
options; extend linac in a straight line or bending 90
degree. In a former option, the output beam line of SCL
has to turn back towards TEF (see figure 1). On the other
hand, the latter option limits the area of TEF. Figure 3
shows the layout of the latter option.

According to the beam dynamics study, required field
stability of the cavity is 1 % in amplitude and 1 deg. in
phase [5]. Pulsed excitation of an elliptical cavity
generates dynamic Lorentz force, which leads dynamic
detuning and phase change of the cavity [6]. As it is

designed that two cavities are driven by one klystron, low
level RF can control not each cavity field but vector-sum
field of two cavities driven by one klystron. Therefore,
stabilization of the RF field in each cavity, especially in 
phase, is most important issue to be developed to satisfy
the beam dynamics requirement.

Figure 3: Layout of SCL after bending 90 deg.

Figure 4 shows the design of the 972MHz 9-cell cavity.
Inner diameter at iris and equator are 90 and 277 mm,
respectively. Beam pipe diameter at input coupler side is 
enlarged to be 126 mm to achieve enough coupling. Total
cell length is about 1 m. In order to reduce the Lorentz
force detuning, the wall thickness of the pure niobium
cavity is designed to be 4 mm, which is rather thick
compared to the common elliptical cavities. The cavity is 
surrounded by a liquid helium tank made from titanium.
As the tuner force is applied between both sides of the
bellows of the tank for the cavity tuning, the tank and the
tuner system are designed to have enough stiffness to
maintain cavity length, which is also effective to reduce
the Lorentz force detuning. The calculated static Lorentz
force detuning at the surface peak field of 30 MV/m is
131 Hz, of which corresponding detune angle is only 8
deg. by assuming loaded Q of 500,000.

Figure 4: Design of 972MHz 9-cell cavity of =0.725.

Figure 5 shows the design of the cryomodule. Two
input couplers and tuners are located at the central part
and outer sides, respectively, which enables stiff tuning
system. As operating temperature of the cavity is designed
at 2K, a JT-valve is included in the cryomodule. A
magnetic shield and thermal shield at 80 K are located
just inner side of the vacuum vessel. Thermal intercepts at 
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5K are also designed between cavity and thermal shield at 
80 K to reduce heat leak to the cavities.

Figure 5: Design of the cryomodule.

DEVELOPMENT OF CRYOMODULE
According to the design of the cavity and cryomodule

presented in the previous section, a prototype cryomodule
was fabricated. Cryogenic performance, high power test
results of the input couplers, RF property of the cavities
and horizontal test results with pulsed single-cavity
excitation have been already reported [7-11]. Two-cavity
excitation by one klystron has been newly performed.
This section provides the field performance of the cavity
in the vertical and horizontal test and test results of the
two-cavity excitation.

Field Performance of the Cavities 
Figure 6 shows the vertical test results of the two

cavities of =0.725, which are named “R-Type” and “L-
Type” and were installed in the prototype cryomodule.
The tests were performed at 2K. The surface peak fields
of 32 and 34 MV/m were achieved for R-Type and L-
Type cavities, respectively, which were satisfied the target
value of 30 MV/m. Obtained quality factors of these
cavities at surface peak field at 30 MV/m, more than 1010,
were high enough compared to its specification of 5×109.

Figure 6: Vertical test results of the two cavities.

As for the horizontal test results, Fig. 7 shows the
waveforms of the cavity surface peak field and RF input 

power for the R-type cavity [10], which are measured at
the conditions of operating temperature at 2.1K, repetition
rate of 10 Hz and RF pulse width of 3 ms. The surface
peak field of 37 MV/m was achieved at the input power at 
210 kW as shown in this figure. For the L-Type cavity, the
surface peak field of 35 MV/m was achieved. These
results satisfied the target value of 30 MV/m. However, in
higher repetition rate of 25 Hz, the super-fluid state of the
liquid helium was broken due to the large heat leak of the
prototype cryomodule [7] and our poor cryogenic
performance for evacuation of evaporated helium gas. In
a condition of pulse width of 1.5 ms, which is long
enough to obtain 0.5 ms flat top for beam acceleration at
J-PARC, demonstration of surface peak field of 30 MV/m 
was successfully performed at the repetition rate of 25 Hz
for both cavities.
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Figure 7: Horizontal test result for R-Type cavity.

Test for Two-cavity Excitation
Two-cavity excitation was tested using a magic-T to 

feed RF power to both cavities. A 972MHz digital
feedback system was used for the low level RF control, 
which is developed for the ACS cavity. The design of the
feedback system is almost same as that used in the current
324-MHz RF system except for the frequency [12, 13]. As
it is designed for normal conducting cavity, pulse length is 
limited up to 1 ms and feedback parameters are not
optimized for superconducting cavity.
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In the first step of the study, amplitude and phase of the
klystron output were stabilized using the digital feedback
system in order to observe cavity phase behaviour in a 
pulsed operation. Figure 8 shows the power and the phase
of the klystron output at the pulse width of 1 ms. Except
for the rise time up to about 0.2 ms, the amplitude and the
phase were confirmed to be well stabilized. Figure 9
shows the accelerating field and phase for both cavities at
the repetition rate of 25 Hz. Accelerating fields for the L-
Type and the R-Type cavities at the flat top were 9.7 and 
10.4 MV/m, respectively. This disagreement is due to the
different loaded Q values, 240,000 and 300,000 for the L-
Type and the R-Type cavities, respectively. Phase
behaviours in a pulse looked almost same for both
cavities as shown in Fig. 9. 
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Figure 8: Power and amplitude of the klystron output
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of 4.2 K and 2.1 K, respectively. At 4.2 K, cavity phases
were scattered about 5 deg. at the flat top due to
microphonic noise as shown in Fig. 10. However, at 2.1 K,
cavity phases were well stable within 1 deg. as shown in
Fig. 11. In the experiment at 4.2 K, there was no external
vibration source because liquid helium was supplied from
dewars. On the other hand, a big vacuum pump was 
active in the experiment at 2.1 K to evacuate evaporated
helium gas, which might generate external vibration.
Therefore, the source of the microphonic noise was not
from external mechanical vibration but from inside of the
cryomodule, which is considered bubbling of the liquid
helium. The viscosity of the super-fluid liquid helium is
very low and bubbles can flow very smoothly at 2.1 K.
These results indicate that the effect of the dynamic
Lorentz force detuning is not significant for phase
stability due to the design of stiff cavity system and the
two-cavity excitation is promising at 2 K to achieve phase
stability within 1 deg.
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dth is 1.5 ms and not same as this experiment.
Frequencies of the dominant mechanical vibration modes
are 3.9 and 6.3 kHz, of which deformations are shown in
Fig. 13. The cycles of these modes are also shown in Fig.
11. The measured systematic vibration looks consistent
with the cycles of the dominant mechanical modes
obtained in the simulation.

dth is 1.5 ms and not same as this experiment.
Frequencies of the dominant mechanical vibration modes
are 3.9 and 6.3 kHz, of which deformations are shown in
Fig. 13. The cycles of these modes are also shown in Fig.
11. The measured systematic vibration looks consistent
with the cycles of the dominant mechanical modes
obtained in the simulation.
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Figure 11: Multi-pulse waveforms for cavity phase at 
2.1K.
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system was optimized for the normal conducting cavity,
small overshoot was found at the rise time and flat top
region was about 0.4 ms, which is not enough to the J-
PARC linac beam width of 0.5 ms. A very slow phase
shift was also observed in this experiment, of which time
constant is in the range of several minutes. This slow
phase shift is due to the pressure change of the liquid
helium tank and can be stabilized by using a feedback
control of the tuner. In spite of them, the results
demonstrated sufficient stabilities within 1 % in
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amplitude and 1 deg. in phase in the two-cavity
excitation.

40

Figure 12: Simulation result for the dynamic Lorentz
force detuning.

Figure 14: Waveforms of accelerating field and phases for 
each cavity under the vector sum control. 
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nceptual design of SCL has been already done; it
consists of 22 superconducting elliptical cavities and 11

cryomodules. To reduce the construction cost, it is
designed that two cavities are driven by one klystron.
Under this operating condition, phase stability between
these two cavities is most important issue to be developed.

A prototype cryomodule has been developed based on
the conceptual design. The field performance of the
cavities satisfied the target value of surface peak field of

 MV/m in both vertical test and horizontal test. Two-
cavity excitation was also tested. Due to the design of stiff
cavity system, the dynamic Lorentz force detuning is
confirmed not to affect the phase stability. On the other
hand, it was found that the microphonic noise deteriorates
phase stability to be about 5 deg. at operating
temperature of 4.2 K. However, the microphonic noise
disappeared at 2.1 K, where phase stability less than 1
deg. was achieved. In the test of vector sum control,
required stabilities within 1 % in amplitude and 1 deg.
in phase were successfully demonstrated. In this
development work, we jumped over the highest hurdle for
realization of J-PARC SCL.
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Figure 13: Dominant mechanical vibration modes 
obtained in the simulation. Red and black lines indicate 
the original and the amplified deformed cavity shape. The 
frequencies of the vibration modes are also presented. 
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ILC

K. Yokoya, KEK, Ibaraki

Abstract

The general status of the International Linear Collider
(ILC) project will be presented. It will include the status of
the various test facilities for the damping ring, final focus
and superconducting acceleration. The design presented in
the Reference Design Report published in summer 2007 is
being revisted with mid 2010 as the target. The possible
design change will also be described.
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